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Abstract

The Amazonian and Atlantic Forest share several organisms that are currently isolated but
were continuously distributed during the Quaternary period. As both biomes are under different
climatic regimes, paleoclimatic events may have modulated species’ niches due to a lack of
gene flow and imposing divergent selection pressure. Here, we assessed patterns of ecologi-
cal niche overlap in 37 species of birds with disjunct ranges between the Amazonian and Bra-
zilian Atlantic Forests. We performed niche overlap analysis and ecological niche modeling
using four machine-learning algorithms to evaluate whether species’ ecological niches evolved
or remained conserved after the past South American biogeographic events. We found a low
niche overlap among the same species populations in the two biomes. However, niche similar-
ity tests showed that, for half of the species, the overlap was higher than the ones generated
by our null models. These results lead us to conclude that niche conservatism was not enough
to avoid ecological differentiation among species even though detected in many species. In
sum, our results support the role of climatic changes in late-Pleistocene—that isolated Ama-
zon and the Atlantic Forest—as a driving force of ecological differences among the same spe-
cies populations and potential mechanism of current diversification in both regions.

Introduction

The Quaternary paleoclimatic cycles of glaciation and interglaciation events profoundly
affected neotropical rainforests ecosystems [1-6]. During the Last Glacial Maximum (LGM;
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21,000 YBP), low temperatures, dry climates, and the low CO2 concentration favored the
expansion of C4 plants [7]. As a consequence, neotropical savannas expanded replacing for-
ested areas thus forming the South American "Dry Diagonal” isolating the biota of the two
largest rainforests of South America: the Amazon and the Atlantic Forest [8].

The retraction of the historical connections (at least three of them are well-supported: [4, 9,
10], at the end of the Pleistocene, isolated populations of the same species that occurred in
both biomes [6]. This isolation prevented gene flow, keeping disjunct populations under dif-
ferent evolutionary pressures that might ultimately driven allopatric speciation [11]. Some
authors argued that the time since the Last Glacial Maximum might not have been enough to
generate speciation, especially for species with slow life cycles [12-15]. However, the isolation
of the two forests may have led to observable ecological differentiation that could set the path
for speciation in the long run. For instance, pairs of disjunct sister species of bees (with nearly
indistinguishable morphologic characteristics) that occur in the Amazon and the Atlantic For-
est had lower ecological niche overlap compared to pairs of phylogenetically distant species in
the same biome [16]. This result could indicate that the rapid Grinnellian niche (i.e., the set of
coarse-grained environmental conditions suitable for the persistence of a species, sensu [17])
evolution resulted from the populations’ rupture after the two forests separated utterly. Still,
there are a handful of examples that may be cited with plants [18, 19], birds [4, 20], mammals
[21, 22], and amphibian species [9, 23].

Even though there is support for a fast Grinnellian niche differentiation, a larger body of
evidence shows that species do tend to retain their ancestral niche—the so-called niche conser-
vatism [24]. Previous results suggest that ecological differentiation commonly emerges in deep
evolutionary time (taxonomic family level), much more than the last 10 thousand years since
the last glacial maximum took place [24, 25]. Such evidence also suggests that speciation would
begin before considerable changes in the ecological niche being noticeable. This phenomenon
would happen because ecological niches are the product of a complex combination of physio-
logical, morphological, behavioral, and ecological traits that are under several evolutionary
constraints [26]. Hence, multiple trait changes may be necessary before they can reflect into
ecological niche evolution. Different from the bees in the example mentioned above, vertebrate
species have a slower life cycle. Therefore, the time since the last glaciation might not have
been enough for populations to have evolved different ecological niches.

Investigating how fast vertebrate species can modify their ecological niches is central to
understand the speciation process and ongoing diversification drivers in the two most diverse
tropical forests of South America. In this paper, we used 37 bird species disjunctly distributed
between Amazon and Atlantic Forest to test whether their populations show signs of rapid
Grinnellian niche evolution. For this, we used two approaches: (I) we first tested whether eco-
logical niche models built from occurrence records of one population could predict the distri-
bution of the other; (II) we also examined the niche overlap between populations using a
recently developed framework, which considers the differences in environmental conditions
spatially available in each region—such differences, if not taken into account, could mask
actual niche evolution [27].

Methods

Target species and database

The 37 selected bird species (Table 1) have unique disjunct distribution between the Amazon
and the Atlantic Forest (Fig 1). Although there is a large number of species that present such
distribution patterns, some of them occur in the Cerrado and Caatinga biomes, and this would
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Table 1. Bird species that are disjunctly distributed between Amazon and the Atlantic Forest, common names and, number of unique geographical records.

Order Family Taxon and author English names Records
Tinamiformes Tinamidae Crypturellus variegatus (Gmelin, 1789) Variegated Tinamou 476
Nyctibiiformes Nyctibiidae Nyctibius aethereus (Wied, 1820) Long-tailed Potoo 168
Caprimulgiformes Caprimulgidae Antrostomus sericocaudatus Cassin, 1849 Silky-tailed Nightjar 119
Nyctiphrynus ocellatus (Tschudi, 1844) Ocellated Poorwill 289
Apodiformes Apodidae Panyptila cayennensis (Gmelin, 1789) Lesser Swallow-tailed Swift 928
Trochilidae Lophornis chalybeus (Temminck, 1821) Festive Coquette 184
Hylocharis sapphirina (Gmelin, 1788) Rufous-throated Sapphire 246
Hylocharis cyanus (Vieillot, 1818) White-chinned Sapphire 631
Discosura langsdorffi (Temminck, 1821) Black-bellied Thorntail 115
Discosura longicaudus (Gmelin, 1788) Racket-tailed Coquette 73
Heliothryx auritus (Gmelin, 1788) Black-eared Fairy 557
Trogoniformes Trogonidae Trogon collaris Vieillot, 1817 Collared Trogon 1114
Galbuliformes Bucconidae Monasa morphoeus (Hahn & Kiister, 1823) White-fronted Nunbird 769
Piciformes Picidae Picumnus exilis (Lichtenstein, 1823) Bahia Piculet 279
Piculus flavigula (Boddaert, 1783) Yellow-throated Woodpecker 606
Celeus torquatus (Boddaert, 1783) Ringed Woodpecker 388
Psittaciformes Psittacidae Amazona farinosa (Boddaert, 1783) Mealy Parrot 1925
Passeriformes Thamnophilidae Herpsilochmus rufimarginatus (Temminck, 1822) Rufous-winged Antwren 754
Thamnomanes caesius (Temminck, 1820) Cinereous Antshrike 623
Thamnophilus palliatus (Lichtenstein, 1823) Chestnut-backed Antshrike 421
Cercomacroides laeta (Todd, 1920) Willis’s Antbird 64
Scleruridae Sclerurus caudacutus (Vieillot, 1816) Black-tailed Leaftosser 186
Dendrocolaptidae Glyphorynchus spirurus (Vieillot, 1819) Wedge-billed Woodcreeper 1816
Xenopidae Xenops minutus (Sparrman, 1788) Plain Xenops 1801
Pipridae Ceratopipra rubrocapilla (Temminck, 1821) Red-headed Manakin 438
Dixiphia pipra (Linnaeus, 1758) White-crowned Manakin 577
Pipritidae Piprites chloris (Temminck, 1822) Wing-barred Piprites 711
Rhynchocyclidae Mionectes oleagineus (Lichtenstein, 1823) Ochre-bellied Flycatcher 1799
Rhynchocyclus olivaceus (Temminck, 1820) Olivaceous Flatbill 488
Tolmomyias poliocephalus (Taczanowski, 1884) Gray-crowned Flycatcher 782
Hemitriccus griseipectus (Snethlage, 1907) White-bellied Tody-Tyrant 183
Tyrannidae Ornithion inerme Hartlaub, 1853 White-lored Tyrannulet 554
Rhytipterna simplex (Lichtenstein, 1823) Grayish Mourner 816
Vireonidae Hylophilus thoracicus Temminck, 1822 Lemon-chested Greenlet 388
Turdidae Turdus fumigatus Lichtenstein, 1823 Cocoa Thrush 360
Thraupidae Hemithraupis flavicollis (Vieillot, 1818) Yellow-backed Tanager 596
Cardinalidae Habia rubica (Vieillot, 1817) Red-crowned Ant-Tanager 1094

https:/doi.org/10.1371/journal.pone.0238729.t001

not allow us to classify them, a priori, with exclusively Amazonian or Atlantic populations.
Thus, we excluded those species from our study.

We built our database from occurrence records available at the Global Biodiversity Infor-
mation Facility (http://www.gbif.org), eBird (http://ebird.org/content/ebird/), Museu Paraense
Emilio Goeldi, VertNet (http://vertnet.org/) and, WikiAves (http://www.wikiaves.com/). For
each species, we compiled information on geographical coordinates, country, state, municipal-
ity, biome, genus, epithet, scientific name, sources, and identification number (voucher). We
excluded species with less than ten geographically unique occurrence records in each biome,
considering the resolution of the climatic variables (see below). We drew a minimum convex
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Fig 1. Distribution of Amazonian and Atlantic Forest population of each species. Green dots represent occurrence records of populations in the Amazon
while purple ones represent population occurrences in the Atlantic Forest. Both green and purple areas were generated from the minimum convex polygon and
a 1-degree buffer around each occurrence record for each species in both biomes.

https://doi.org/10.1371/journal.pone.0238729.9001

polygon around the occurrences and added a 1° buffer (~111.19 km). We used Ornithological
gazetteers [28-35] and Google Earth version 7.3 (2018) to obtain information on occurrence
records that lacked geographical coordinates but had some information about the sampling
site as long as they were registered by acknowledged observers (Conservation Units, institutes,
and private properties). Records referencing only to the municipality were not included in the
analysis. We obtained 23,318 unique occurrences for the 37 species (Table 1) from both Ama-
zonian and Atlantic forest populations.

Climate data

We downloaded all 19 environmental variables available at WorldClim 1.0 (http://www.
worldclim.org/; [36]; see supplementary material) at a spatial resolution of 2.5 minutes (~16
km? area at the equator) for the entire Neotropical region. We calculated mean and standard
deviation for each bioclimatic variable in grid cell values. Then, we subtracted mean value and
the cell value and divided by standard deviation.

Ecological niche modeling

We performed principal component analysis (PCA) and used a correlation matrix for the deri-
vation of 19 components (PC) from which we retained the first seven axes as our final environ-
mental layer (97% of all original climate variation, see supplementary material). The seven
axes of the PCA were used as new predictor variables in the distribution models and were stan-
dardized to have zero mean and variance |1|. We use the environmental layers generated by
PCA to avoid over-parameterization of the models due to the number of climatic variables
[37-39], thus maximizing the variance explained by each component avoiding the correlation
between variables [40].

For model construction, we partitioned species’ occurrences according to their origin:
Amazon or Atlantic Forest. We then used the data from one region to fit the model and evalu-
ated its accuracy using occurrence data from the other biome. We performed this analysis on
both ways, in which models fitted using occurrences from the Amazon were evaluated with
data from the Atlantic Forest. Likewise, models fitted with Atlantic forest data were evaluated
using data from the Amazon. By adjusting the model for one population and evaluating its
effectiveness when predicting the other population (reciprocal analysis), we obtain an estimate
of niche change, since these models characterize the niche of the species. Since we geographi-
cally partitioned species’ data, there is a risk of artificially creating a sampling bias if pseudo-
absence and background allocation are also not restricted [41]. In order to avoid this bias, we
delimited the accessible area for each subset by calculating the minimum convex polygon and
adjusting the buffer around the polygon [42]. The pseudo-absences selection method was used
through a simple bioclimatic presence model—Bioclim [43, 44]—to randomly allocate the
pseudo-absences with the environmental profile and accessible areas to the species along with
the same number of presences for each species. Pseudo-absences were randomly sampled with
the environmental profile (RSEP; [45]) restricted to species’ accessible areas [46].

We built niche models using the following machine-learning algorithms, based on presence
and pseudo-absences: Support Vector Machine (SVM), Gaussian (GAU), and based on Pres-
ence and Background, Random Forest (RDF) and, General Linear Models (GLM): i). The SVM
method belongs to the family of generalized linear classifiers. This method obtains a limit
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around the database, rather than estimating probability density [47], characterized by mini-
mizing the probability of classifying patterns not observed by the probability distribution of
the data erroneously [48]. The GLM method works with logistic regression, based on the rela-
tionship between the mean response variable and the linear combination of explanatory vari-
ables, suitable for ecological relationships analysis when dealing with non-linear data
structures [49]. The GAU method is a probabilistic model in which Gaussian distribution
models both the spatial dependency and the binary observation, generating the corresponding
Gaussian variable [50]. The RDF method is an effective tool in forecasting, which uses individ-
ual predictors and correlations [51]. The RDF method builds several classification trees relat-
ing presences and absences to the environmental variables, and then combine all predictions
based on trees frequency of classification [52]. The modeling process was carried out using the
ENMTML package [53].

We used the Receiver Operating Characteristic (ROC) threshold, which balances commis-
sion and omission errors (sensitivity and specificity), to transform the suitability matrices into
absence-presence maps. The area below the ROC threshold is known as AUC and serves as an
evaluation measure of the model independently from the chosen limit [54]. The AUC values
range from 0 to 1, with values below 0.5 indicating that the model has no better efficacy than a
randomized distribution; values between 0.5-0.7 indicate acceptable accuracy while values
between 0.7-0.9 indicate good accuracy. Lastly, the values above 0.9 indicate optimal predic-
tions [55]. This procedure has criticisms about its use because it omits information about the
goodness of model performance, the uncertainty of false positives, and their spatial distribu-
tion dimensions [56-58]. However, we used this evaluation method for providing results that
optimize the probability thresholds by maximizing the percentage of actual presence and
absences [56], as well as being widely used in niche modeling studies [48, 59-63]. Finally, to
mitigate the errors and uncertainties of individual models, we used the ensemble technique,
which consists of averaging out the best models for each species to generate a more robust pre-
diction [64].

Analysis of the species’ climatic niche

We used the 19 bioclimatic variables obtained from WorlClim to compare the niche of 37 spe-
cies that have populations in both Amazon and the Atlantic Forest. We performed a calibrated
PCA in the entire environmental space of the study ([67], PCA-env) to measure the niche
overlap of target species based on the use of the available environment. This method quantifies
the overlap of climatic niche involving three steps: (1) calculation of the density of occurrence
points and environmental factors along the environmental axes, using a multivariate analysis,
(2) measurement of niche overlap over gradients of the multivariate analysis and (3) analysis
of niche similarity through statistical tests [27].

We then calculated the niche overlap between the Amazonian and Atlantic populations
using Schoener’s D metric (1970). This metric ranges from 0 (without overlap) to 1 (complete
overlap) for each pair of disjunctly distributed species [27]. Then, to evaluate the hypothesis of
niche evolution or conservation, the method performs two different routines of randomization
[27], through two distinct components in the niche comparison: the equivalence test and the
similarity test. The niche equivalence test verifies whether the niche overlap between popula-
tions is constant by randomly relocating the occurrences of each species of both biomes [27].
The similarity test assesses whether related species occupy similarly, but rarely identical, niches
[65]. In this test, we verify whether niche overlap values remain unchanged (1 to 2), followed
by a reciprocal comparison (2 to 1) given a randomly distributed interval. We performed this
test 1,000 times, which guarantees the rejection of the null hypothesis. However, if the
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Schoener’s D ranges within 95% of the simulated density values, the null hypothesis—niche
equivalence—cannot be rejected [27].

Among the distinct components in the niche comparison, in addition to the niche equiva-
lence and similarity tests, it is also possible to assess niche stability, expansion and unfilling,
when comparing the known distributions of the species in both biomes. The stability test rep-
resents the niche proportion of species populations in a biome superimposing the niche in the
other biome, demonstrating the stability that species retain their niches in space and time [66].
The expansion test evaluates the niche proportion of species populations in one biome that
does not overlap with the niche of those in another biome [66]. In expansion, species occupy
areas with different climatic conditions than those in the compared niche [67]. The unfilling
test evaluates niche expansion of the populations in climatically analogous areas, only partially
filling the climatic niche in this area, not overlapping with the compared niche [68]. We con-
sidered threshold values above 0.7 as high (results representing at least 70% of the analogous
niche), between 0.5 and 0.7 as partial, and below 0.5 as low (results representing at most 50%
of the analogous niche), for evaluation of the stability, expansion and unfilling test results
based on previous studies [54, 69-74]. Finally, we estimated how much the niche of each spe-
cies evolved or remained conserved in the Amazonian and Atlantic populations.

Results

Ecological niche models (ENM) of birds with disjunct distribution between
Amazon and the Atlantic Forest

The ecological niche models of Amazonian populations presented higher values of AUC than
those found for populations of the same species in the Atlantic Forest (Table 2). Such better
performance was likely partially due to the higher number of occurrence records in the Ama-
zon (n = 19,828, mean = 535.89) than in the Atlantic Forest (n = 3,490, mean = 94.32); which
allowed a better characterization of the realized niche of Amazonian populations. Ecological
niche models of Amazonian populations presented 57% (n = 21 species) of model with AUC
values between 0.7 to 0.9 (considered a good performance), and 35% (n = 13) above 0.9 (con-
sidered optimal performance). Only 8% (n = 3) had AUC values between 0.5 and 0.7 (consid-
ered acceptable). For the Atlantic Forest ENMs, 73% (n = 27) had an acceptable prediction
(AUC =0.5-0.7), and 27% (n = 10) showed a good one (AUC = 0.7-0.9). The resultant poten-
tial distribution included both large and restricted distribution as in Antrostomus sericocauda-
tus Cassin, 1849, which is distributed from Southern Central America to Southern Uruguay
and Discosura longicaudus (Gmelin, 1788) that is restricted to the north of the Atlantic Forest
and North and Eastern Amazon.

In general, models of Amazonian populations were able to predict suitable areas in Atlantic
Forest for 36 species: 49% (n = 18) of them predicted suitable areas for the populations in both
north and south of the Atlantic Forest; 38% only in the northern part of the Atlantic Forest
(n =14); and 11% (n = 4) predicted suitable areas exclusively in southern Atlantic Forest (Fig
2). Only for Monasa morpheus (Hahn & Kiister, 1823), the model was unable to predict distri-
bution beyond Amazon.

Models of Atlantic Forest populations predicted suitable areas in Amazon for all 37 species
analyzed. Western and Eastern Amazon regions were present in 14% (n = 5) of the predicted
areas. The predicted area mostly covered Western Amazon (76%; n = 28), and less frequently,
itincluded the eastern region of this biome (11%; n = 4). Predictions in the Central-South
Region of the Cerrado appeared in 22% (n = 8) of the Amazonian models and 38% (n = 14) of
Atlantic models.
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Table 2. Modeling results we obtained for each one of the models species we evaluated.

Taxon ENS RDF SVM GAU GLM

AM MA AM MA AM MA AM MA AM MA
Amazona farinosa 0.898 0.77 0.971 0.763 0.872 0.736 0.878 0.764 0.87 0.816
Antrostomus sericocaudatus 0.667 0.618 0.371 0.651 0.729 0.573 0.604 0.582 0.427 0.665
Celeus torquatus 0.889 0.594 0.964 0.61 0.795 0.41 0.906 0.579 0.892 0.368
Ceratopipra rubrocapilla 0.827 0.641 0.776 0.519 0.825 0.711 0.844 0.618 0.863 0.718
Cercomacroides laeta 0.637 0.551 0.529 0.362 0.533 0.521 0.433 0.582 0.848 0.287
Crypturellus variegatus 0.934 0.645 0.981 0.638 0.901 0.685 0.926 0.613 0.927 0.487
Discosura langsdorffi 0.901 0.679 0.91 0.713 0.903 0.673 0.861 0.651 0.931 0.446
Discosura longicaudus 0.849 0.663 0.479 0.809 0.878 0.261 0.889 0.529 0.778 0.65
Dixiphia pipra 0.87 0.615 0.985 0.681 0.891 0.587 0.769 0.586 0.837 0.607
Glyphorhynchus spirurus 0.971 0.762 0.988 0.788 0.941 0.699 0.972 0.722 0.982 0.838
Habia rubica 0.907 0.763 0.926 0.757 0.908 0.776 0.944 0.754 0.85 0.764
Heliothryx auritus 0.903 0.671 0.903 0.684 0.924 0.734 0.94 0.725 0.845 0.541
Hemithraupis flavicollis 0.883 0.635 0.976 0.615 0.931 0.648 0.853 0.641 0.771 0.478
Hemitriccus griseipectus 0.843 0.637 0.874 0.637 0.884 0.451 0.85 0.484 0.763 0.467
Herpsilochmus rufimarginatus 0.83 0.642 0.871 0.568 0.805 0.694 0.852 0.679 0.791 0.629
Hylocharis cyanus 0.911 0.659 0.936 0.581 0.962 0.689 0.938 0.658 0.807 0.708
Hpylocharis sapphirina 0.899 0.753 0.947 0.753 0.909 0.773 0.91 0.805 0.829 0.682
Hylophilus thoracicus 0.802 0.681 0.939 0.731 0.91 0.718 0.795 0.595 0.565 0.418
Lophonis chalybeus 0.749 0.576 0.472 0.548 0.731 0.578 0.763 0.593 0.754 0.585
Mionectes oleagineus 0.987 0.715 0.987 0.76 0.981 0.703 0.994 0.726 0.987 0.672
Monasa morphoeus 0.97 0.639 1,000 0.719 0.997 0.674 0.924 0.663 0.959 0.502
Nyctibius aethereus 0.833 0.583 0.704 0.55 0.93 0.56 0.871 0.596 0.826 0.624
Nyctiphrynus ocellatus 0.872 0.719 0.917 0.744 0.949 0.655 0.878 0.665 0.746 0.815
Ornithion inerme 0.868 0.673 0.931 0.74 0.902 0.609 0.811 0.634 0.829 0.709
Panyptila cayennensis 0.918 0.748 0.886 0.78 0.885 0.701 0.966 0.759 0.935 0.753
Piculus flavigula 0.724 0.667 0.834 0.582 0.741 0.742 0.664 0.75 0.656 0.593
Picumnus exilis 0.757 0.648 0.708 0.663 0.663 0.39 0.755 0.597 0.904 0.684
Piprites chloris 0.868 0.686 0.916 0.702 0.898 0.683 0.893 0.675 0.766 0.475
Rhynchocyclus olivaceus 0.924 0.734 0.991 0.744 0.897 0.722 0.9 0.737 0.909 0.405
Rhytipterna simplex 0.85 0.633 0.977 0.634 0.891 0.609 0.769 0.658 0.764 0.487
Sclerurus caudacutus 0.695 0.71 0.694 0.762 0.577 0.691 0.689 0.69 0.821 0.695
Thamnomanes caesius 0.921 0.771 0.888 0.779 0.961 0.737 0.897 0.786 0.941 0.781
Thamnophilus palliatus 0.806 0.567 0.758 0.594 0.802 0.544 0.815 0.528 0.846 0.604
Tolmomyias poliocephalus 0.885 0.635 0.981 0.606 0.909 0.65 0.814 0.65 0.834 0.319
Trogon collaris 0.95 0.56 1,000 0.595 1,000 0.559 0.99 0.526 0.81 0.275
Turdus fumigatus 0.732 0.689 0.61 0.67 0.792 0.732 0.773 0.699 0.753 0.655
Xenops minutus 0.937 0.685 0.985 0.67 0.946 0.683 0.93 0.683 0.887 0.704

The values of the Area Under the Curve (AUC) values for each Amazonian and Atlantic Forest population pair of each species obtained from different methods.

AM = Amazon; MA = Atlantic Forest; ENS = Ensemble; RDF = Random Forest; SVM = Support Vector Machine; GAU = Gaussian; GLM = General Linear Models.

https://doi.org/10.1371/journal.pone.0238729.t002

Niche comparison between birds with disjunct distribution

The first two axes of PCA-env accounted for 70% of the environmental variation in the studied
areas. It can be drawn from Table 3 that Amazonian and Atlantic populations have only small
Grinellian niche overlap (Schoener’s D mean = 0.12; SD = 0.09; range = 0-0.37). Antrostomus
sericocaudatus and Cercomacroides laeta populations’ niche did not overlap at all (D = 0) (Fig
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Fig 2. Model ensemble of potential distributions produced from occurrence records in both Amazon (green) and the Atlantic Forest
(purple) for each species evaluated in the present work.

https://doi.org/10.1371/journal.pone.0238729.9002

3). Even though species had low niche overlap values, niche similarity tests indicate that 54%
(n = 20) of the species have a more similar niche than would be expected just by chance
(p < 0.05).

Stability between Amazonian and Atlantic niches was generally high (mean = 0.81;
SD =0.27). Only 13.5% (n = 5) of the species showed either no or low niche stability (<0.5).
Expansion in the Atlantic populations’ niche compared to Amazonians was only detected in
21% (n = 8) of the species. In general, populations in the Atlantic Forest only filled partially the
niche of Amazonian populations (mean = 0.39; SD = 0.27). Both A. sericocaudatus and C. laeta
that had no niche overlap (D = 0) showed complete expansion and unfilling, and no stability.
On the other hand, niches of Atlantic populations of eight species [Celeus torquatus (Boddaert,
1783), Hemitriccus griseipectus (Snethlage, 1907), Mionectes oleagineus (Lichtenstein, 1823),
Monasa morphoeus, Rhynchocyclus olivaceus (Temminck, 1820), Thamnophilus palliatus
(Lichtenstein, 1823), Trogon collaris Vieillot, 1817, and Xenops minutus (Sparrman, 1788)]
were only a subset of the larger Amazonian niches (no expansion, and complete stability).

Discussion

Our results indicate that bird populations that have disjunct distribution in the Amazon and
Atlantic Forest show signs of Grinellian niche divergence, mainly supported by the low niche
overlap among populations of the same species. Although, underlying processes of niche con-
servatism seemingly constrain niche evolution in these species because for nearly half of the
studied species, observed niche overlap—although small—tended to be higher than what
would just be expected by chance (similarity test results). Results from the ecological niche
models also confirm that the dry diagonal prevents genetic flow between these two forests, as
suitable areas almost always fall within the distribution of current forested regions.

[24] reviewed previous tests of niche conservatism in a temporal context, where he found
that most of them did not show considerable niche divergence in the time frame examined
here (Pleistocene). Our results represent one of the few examples where niche divergence can
occur under the such short evolutionary time. One primary mechanism is the lack of gene
flow between the populations—supported by phylogeographic studies [75-79] and further
inferred by our ecological niche models—that prevent swamping adaptations to the climatic
regime characteristics of each forest [26, 80]. Indeed, Atlantic Forest presents more climatic
variation and lower temperatures and a smaller volume of precipitation than Amazon [5]. As
observed in Fig 2, species niche centroid changes tend to follow the changes in the environ-
mental centroid available in the accessible region for the populations.

When comparing the predictive capacity of the ecological niche models built with Amazo-
nian records, we observed that, for most species, predicted areas agree with the current pattern
of occurrence observed in the Atlantic Forest. The same is true for the models of the Atlantic
Forest population. These results support a general species niche conservatism of forest habitats
constantly recreated by either population, even when their specific niches do not overlap.
Niche conservatism—as a process—isolates the populations between Amazon and Atlantic
Forest because it besets species adaptation to the conditions found at the dry diagonal.

Atlantic populations’ niche showed in general high unfilling, small expansion, and high sta-
bility, taking the niches of Amazonian populations as a reference. In other words, niches of the
Atlantic Forest populations resemble a subset of that in Amazonian populations. These results
support previous genetic evidence of an Amazonian origin of these species [81], which,
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Table 3. Result of niche overlap between populations of Amazonian and Atlantic forest birds, with the result of similarity, expansion, stability and unfilling test.

Species D Similarity Expansion Stability Unfilling
Amazona farinosa 0.084 0.059 0.011 0.989 0.096
Antrostomus sericocaudatus 0.000 1.000 1.000 0.000 1.000
Campylorhynchus turdinus 0.110 0.158 0.001 0.999 0.229
Celeus torquatus 0.069 0.020 0.000 1.000 0.669
Ceratopipra rubrocapilla 0.196 0.109 0.554 0.446 0.562
Cercomacroides laeta 0.000 1.000 1.000 0.000 1.000
Crypturellus variegatus 0.232 0.030 0.056 0.944 0.104
Discosura langsdorffi 0.047 0.069 0.226 0.774 0.667
Discosura longicaudus 0.338 0.010 0.286 0.714 0.095
Dixiphia pipra 0.033 0.010 0.145 0.855 0.136
Glyphorhynchus spirurus 0.026 0.020 0.002 0.998 0.209
Habia rubica 0.308 0.079 0.014 0.986 0.399
Heliothryx auritus 0.070 0.020 0.027 0.973 0.278
Hemithraupis flavicollis 0.069 0.079 0.043 0.957 0.106
Hemitriccus griseipectus 0.095 0.079 0.000 1.000 0.460
Herpsilochmus rufimarginatus 0.203 0.010 0.041 0.959 0.213
Hylocharis cyanus 0.376 0.010 0.064 0.936 0.220
Hylocharis sapphirina 0.115 0.059 0.285 0.715 0.565
Hylophilus thoracicus 0.105 0.089 0.478 0.522 0.704
Lophonis chalybeus 0.094 0.594 0.743 0.257 0.822
Mionectes oleagineus 0.063 0.238 0.000 1.000 0.213
Monasa morphoeus 0.052 0.010 0.000 1.000 0.424
Nyctibius aethereus 0.034 0.109 0.615 0.385 0.697
Nyctiphrynus ocellatus 0.275 0.079 0.007 0.993 0.599
Ornithion inerme 0.113 0.040 0.003 0.997 0.282
Panyptila cayennensis 0.075 0.030 0.071 0.929 0.324
Piculus flavigula 0.103 0.030 0.449 0.551 0.451
Picumnus exilis 0.226 0.010 0.254 0.746 0.201
Piprites chloris 0.115 0.069 0.001 0.999 0.812
Rhynchocyclus olivaceus 0.037 0.010 0.000 1.000 0.179
Rhytipterna simpex 0.246 0.010 0.093 0.907 0.072
Sclerurus caudacutus 0.116 0.040 0.095 0.905 0.155
Thamnomanes caesius 0.054 0.010 0.323 0.677 0.674
Thamnophilus palliatus 0.169 0.396 0.000 1.000 0.274
Tolmomyias poliocephalus 0.070 0.030 0.027 0.973 0.322
Trogon collaris 0.006 0.802 0.000 1.000 0.667
Turdus fumigatus 0.207 0.010 0.035 0.965 0.171
Xenops minutus 0.131 0.010 0.000 1.000 0.087

https://doi.org/10.1371/journal.pone.0238729.t003

coupled with the process of niche conservatism, would explain the observed pattern—although
some species defy this general interpretation (e.g., A. sericocaudatus and C. laeta).
As previously pointed out by several authors (e.g., [82]), to confirm or not the presence of

niche conservatism is not a fundamental approach (although it should surely be tested, see

[83]) as to examine the possible consequences of niche conservatism as an ecological and evo-
lutionary process. [26] further explored this topic and proposed that there is a conceptual mis-
interpretation that niche conservatism presumes the propensity of species to retain the
ancestral niche; instead, species would retain their current niche. They called it the
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https://doi.org/10.1371/journal.pone.0238729.9g003
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instantaneous niche retention, which is a key concept because, when geographic distance also
reflects environmental distance (as in this context), the lack of gene flow associated with diver-
gent natural selection would lead populations to track its instantaneous niche [26]. Therefore,
the niche would rapidly evolve as a resulting process of niche conservatism.

These differences could be already driving speciation. For instance, phylogenetic studies
indicate that some of the species in our study (such as A. sericocaudatus, C. laeta, G. spirurus,
H. rubica, and X. minutus) are evolutionarily independent units with recognized subspecies in
both biomes [75-79]. For instance, Glyphorynchus spirurus populations even have significantly
different morphological and vocalization patterns [76]. Molecular clock techniques confirm
that some of these populations seem to have diverged during the Pleistocene (e.g., C. laeta, G.
spirurus, and H. rubica), although for some divergence may have happened before, during the
Pliocene (e.g., X. minutus) [76-79]. Phylogenetic divergence during Pleistocene has also been
observed in primates [84-86], snakes [87], rodents, and marsupials [21, 88]. The diversifica-
tion of these taxa is consistent with the cycles of isolation of rainforests due to the expansion of
savannas during the Pleistocene [1, 4, 21, 84-86, 88-90], supporting this mechanism as an
essential current driver of diversification in the Amazon and Atlantic Forest.

Still, it is crucial to bear in mind that the observed niche divergence is not only a result of
the most recent isolation of the two forests but likely to be a product of the long process of iso-
lation and recurrent formation of secondary contact zones following the climatic cycles of the
quaternary. Accordingly, we advise some caution in inferring the exact time of niche evolution
here. Also, as pointed by [91], if both the lack of gene flow (by allopatry or the development of
reproductive isolation) and the divergent selection are not stable through time, the role of eco-
logical speciation in driving diversification in the region will not sustain.

Conclusion

We observed low niche overlap among disjunct populations of the same species that inhabit
the Amazon and the Atlantic Forest. However, our results suggest that in 53% of the examined
species, the low niche overlap is still higher than predicted under a null model. In general,
Grinnellian ecological niches of the population in the Atlantic Forest resemble, to a certain
extent, a subset of that of the Amazonian population. However, it is worth noting that some
remarkable niche expansions occurred in Atlantic Forest populations. While we have not
observed much overlap among the studied species populations, ecological niche models gener-
ated with occurrence records of populations from one biome usually recovered the general dis-
tribution of populations present on the other. These results lead us to conclude that niche
conservatism, while present in many species, was not enough to avoid ecological differentia-
tion among species’ Grinnellian ecological niches. In sum, our results support the role of cli-
matic changes that happened at the end of the Pleistocene—that isolated Amazon and Atlantic
Forest—as driving ecological differences among the same species populations, and it is also a
key mechanism of ongoing diversification in both regions.

Supporting information

S1 Data.
(TXT)

S2 Data.
(TXT)

S1 Fig.
(TTF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0238729  October 13, 2020 13/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0238729.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0238729.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0238729.s003
https://doi.org/10.1371/journal.pone.0238729

PLOS ONE

The role of ecological niche evolution on speciation patterns of birds Amazonia and Atlantic rainforests

Acknowledgments

We thank Prof. Dr. Paulo De Marco and Dr. Santiago Velazco for their support and help with
niche modeling; and all citizen scientists that shared their species occurrence data in online
databases.

Author Contributions

Conceptualization: Bruno Vilela, Daniel Paiva Silva, Pablo Vieira Cerqueira, Gabriela Silva
Ribeiro Gongalves.

Formal analysis: Ricardo Ribeiro da Silva, Bruno Vilela, André Felipe Alves de Andrade.
Investigation: Ricardo Ribeiro da Silva, Daniel Paiva Silva.

Methodology: Ricardo Ribeiro da Silva, Daniel Paiva Silva.

Project administration: Pablo Vieira Cerqueira, Marcos Pérsio Dantas Santos.
Resources: Pablo Vieira Cerqueira, Gabriela Silva Ribeiro Gongalves.

Supervision: Daniel Paiva Silva, Marcos Pérsio Dantas Santos.

Visualization: Marcos Pérsio Dantas Santos.

Writing - original draft: Ricardo Ribeiro da Silva.

Writing - review & editing: Ricardo Ribeiro da Silva, Bruno Vilela, Daniel Paiva Silva, André
Felipe Alves de Andrade, Pablo Vieira Cerqueira, Gabriela Silva Ribeiro Gongalves, Marcos
Pérsio Dantas Santos.

References

1. Haffer J. Speciation in Amazonian Forest Birds. Science. 1969. pp. 131-137. https://doi.org/10.1126/
science.165.3889.131 PMID: 17834730

2. Brown KS Jr., Ab’Saber AN. Ice-ages forest refuges and evolution in the Neotropics: correlation of
paleoclimatological, geomorphological, and pedological data with modern biological endemism. Paleo-
climas. 1979; 5: 1-30. https://doi.org/10.26848/rbgf.v2i1.232629

3. Mayle FE, Beerling DJ, Gosling WD, Bush MB. Responses of Amazonian ecosystems to climatic and
atmospheric carbon dioxide changes since the last glacial maximum. Philos Trans R Soc B Biol Sci.
2004; 359: 499-514. https://doi.org/10.1098/rstb.2003.1434 PMID: 15212099

4. Batalha-Filho H, Fjeldsa J, Fabre PH, Miyaki CY. Connections between the Atlantic and the Amazonian
forest avifaunas represent distinct historical events. J Ornithol. 2013; 154: 41-50. https://doi.org/10.
1007/s10336-012-0866-7

5. Sobral-Souza T, Lima-Ribeiro MS, Solferini VN. Biogeography of Neotropical Rainforests: past connec-
tions between Amazon and Atlantic Forest detected by ecological niche modeling. Evol Ecol. Springer
International Publishing; 2015; 29: 643—-655. https://doi.org/10.1007/s10682-015-9780-9

6. Sobral-Souza T, Lima-Ribeiro MS. De volta ao passado: Revisitando a histdria biogeografica das flor-
estas neotropicais Umidas. Oecologia Aust. 2017; 21: 93—107. https://doi.org/10.4257/0ec0.2017.2102.
01

7. Beerling DJ, Osborne CP. The origin of the savanna biome. Glob Chang Biol. 2006; 12: 2023-2031.
https://doi.org/10.1111/j.1365-2486.2006.01239.x

8. Behling H, Hooghiemstra H. Neotropical Savanna Environments in Space and Time: Late Quaternary
Interhemispheric Comparisons. Interhemispheric Clim Linkages. 2001; 307—323. https://doi.org/10.
1016/B978-012472670-3/50021-5

9. Fouquet A, Loebmann D, Castroviejo-Fisher S, Padial JM, Orrico VGD, Lyra ML, et al. From Amazonia
to the Atlantic forest: Molecular phylogeny of Phyzelaphryninae frogs reveals unexpected diversity and
a striking biogeographic pattern emphasizing conservation challenges. Mol Phylogenet Evol. Elsevier
Inc.; 2012; 65: 547-561. hitps://doi.org/10.1016/j.ympev.2012.07.012 PMID: 22842094

PLOS ONE | https://doi.org/10.1371/journal.pone.0238729  October 13, 2020 14/18


https://doi.org/10.1126/science.165.3889.131
https://doi.org/10.1126/science.165.3889.131
http://www.ncbi.nlm.nih.gov/pubmed/17834730
https://doi.org/10.26848/rbgf.v2i1.232629
https://doi.org/10.1098/rstb.2003.1434
http://www.ncbi.nlm.nih.gov/pubmed/15212099
https://doi.org/10.1007/s10336-012-0866-7
https://doi.org/10.1007/s10336-012-0866-7
https://doi.org/10.1007/s10682-015-9780-9
https://doi.org/10.4257/oeco.2017.2102.01
https://doi.org/10.4257/oeco.2017.2102.01
https://doi.org/10.1111/j.1365-2486.2006.01239.x
https://doi.org/10.1016/B978-012472670-3/50021-5
https://doi.org/10.1016/B978-012472670-3/50021-5
https://doi.org/10.1016/j.ympev.2012.07.012
http://www.ncbi.nlm.nih.gov/pubmed/22842094
https://doi.org/10.1371/journal.pone.0238729

PLOS ONE

The role of ecological niche evolution on speciation patterns of birds Amazonia and Atlantic rainforests

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.
30.

31.

32.

33.

Da Rocha PA, Ferrari SF, Feij6 A, Gouveia SF. Zoogeography of South American forest-dwelling bats:
Disjunct distributions or sampling deficiencies? PLoS One. 2015; 10: 1-10. https://doi.org/10.1371/
journal.pone.0133276 PMID: 26186587

Wiens JJ. Speciation and Ecology Revisited: Phylogenetic Niche Conservatism and the Origin of Spe-
cies. Evolution (N Y). 2004; 58: 193. https://doi.org/10.1554/03-447

Hewitt GM. Some genetic consequences of ice ages, and their role in divergence and speciation. Biol J
Linn Soc. 1996; 58: 247-276. https://doi.org/10.1006/bijl. 1996.0035

Stewart JR, Lister AM, Barnes |, Dalén L. Refugia revisited: Individualistic responses of species in
space and time. Proc R Soc B Biol Sci. 2010; 277: 661—671. https://doi.org/10.1098/rspb.2009.1272
PMID: 19864280

Avise JC, Walker D, Johns GC. Speciation durations and Pleistocene effects on vertebrate phylogeo-
graphy. Proc R Soc B Biol Sci. 1998; 265: 1707—1712. https://doi.org/10.1098/rspb.1998.0492 PMID:
9787467

Hewitt GM. The genetic legacy of the Quaternary ice ages. Nature. 2000;405. https://doi.org/10.1016/j.
rmr.2013.12.006 PMID: 24750956

Silva DP, Vilela B, De Marco P, Nemésio A. Using ecological niche models and niche analyses to under-
stand speciation patterns: The case of sister neotropical orchid bees. PLoS One. 2014; 9: 1-17. https://
doi.org/10.1371/journal.pone.0113246 PMID: 25422941

Soberdn J. Grinnellian and Eltonian niches and geographic distributions of species. Ecol Lett. 2007; 10:
1115-1128. https://doi.org/10.1111/j.1461-0248.2007.01107.x PMID: 17850335

Méio BB, Freitas C V., Jatoba L, Silva MEF, Ribeiro JF, Henriques RPB. Influéncia da flora das florestas
Amazonica e Atlantica na vegetacao do cerrado sensu stricto. Rev Bras Botanica. 2003; 26: 437-444.
https://doi.org/10.1590/s0100-84042003000400002

Oliveira-Filho A, Ratter J. A study of the origin of central Brazilian forests by the analysis of plant species
distribution patterns. Edinburgh J Bot. 1995; 52: 141-194. https://doi.org/10.1017/
S0960428600000949

da Silva JMC. Distribution of Amazonian and Atlantic Birds in Gallery Forests of the Cerrado Region,
South America. Oritologia Neotrop. 1996; 7: 1—18. Available: http://elibrary.unm.edu/sora/ON/v007n01/
p0001-p0018.pdf

Costa LP. The historical bridge between the Amazon and the Atlantic Forest of Brazil: A study of molec-
ular phylogeography with small mammals. J Biogeogr. 2003; 30: 71-86. https://doi.org/10.1046/j.1365-
2699.2003.00792.x

Redford KH, da Fonseca GAB. The Role of Gallery Forests in th Zoogeography of the Cerrado’s Non-
volant Mammalian Fauna. Biotropica. 1986; 18: 126. https://doi.org/10.2307/2388755

Fouquet A, Recoder R, Teixeira M, Cassimiro J, Amaro RC, Camacho A, et al. Molecular phylogeny
and morphometric analyses reveal deep divergence between Amazonia and Atlantic Forest species of
Dendrophryniscus. Mol Phylogenet Evol. Elsevier Inc.; 2012; 62: 826—838. https://doi.org/10.1016/j.
ympev.2011.11.023 PMID: 22166838

Peterson AT. Ecological niche conservatism: A time-structured review of evidence. J Biogeogr. 2011;
38: 817-827. https://doi.org/10.1111/j.1365-2699.2010.02456.x

Peterson AT. Conservatism of Ecological Niches in Evolutionary Time. Science (80-). 1999; 285: 1265—
1267. https://doi.org/10.1126/science.285.5431.1265 PMID: 10455053

Pyron RA, Costa GC, Patten MA, Burbrink FT. Phylogenetic niche conservatism and the evolutionary
basis of ecological speciation. Biol Rev. 2015; 90: 1248—-1262. https://doi.org/10.1111/brv.12154 PMID:
25428167

Broennimann O, Fitzpatrick MC, Pearman PB, Petitpierre B, Pellissier L, Yoccoz NG, et al. Measuring
ecological niche overlap from occurrence and spatial environmental data. Glob Ecol Biogeogr. 2012;
21:481-497. https://doi.org/10.1111/j.1466-8238.2011.00698.x

Paynter R a. Ornithological Gazetteer of Colombia. Harvard Univ Press. 1997; https://doi.org/10.2307/
1382089

Paynter R a. Ornithological Gazetteer of Argentina. Havard Univ Press. 1995;

Paynter R a. Ornithological Gazetteer of Brazil. Havard Univ Press. 1991; https://doi.org/10.2307/
1223351

Stephens L, Traylor MA. Ornithological Gazetteer of Peru. Ornithol Gazet Neotrop. 1992; 273. https:/
doi.org/10.2307/1382089

Paynter R a. Ornithological Gazetteer of Venezuela. Havard Univ Press. 1982; https://doi.org/10.1016/
j.ridd.2015.12.009 PMID: 26773692

Paynter R a. Ornithological Gazetteer of Bolivia. Havard Univ Press. 1992;

PLOS ONE | https://doi.org/10.1371/journal.pone.0238729  October 13, 2020 15/18


https://doi.org/10.1371/journal.pone.0133276
https://doi.org/10.1371/journal.pone.0133276
http://www.ncbi.nlm.nih.gov/pubmed/26186587
https://doi.org/10.1554/03-447
https://doi.org/10.1006/bijl.1996.0035
https://doi.org/10.1098/rspb.2009.1272
http://www.ncbi.nlm.nih.gov/pubmed/19864280
https://doi.org/10.1098/rspb.1998.0492
http://www.ncbi.nlm.nih.gov/pubmed/9787467
https://doi.org/10.1016/j.rmr.2013.12.006
https://doi.org/10.1016/j.rmr.2013.12.006
http://www.ncbi.nlm.nih.gov/pubmed/24750956
https://doi.org/10.1371/journal.pone.0113246
https://doi.org/10.1371/journal.pone.0113246
http://www.ncbi.nlm.nih.gov/pubmed/25422941
https://doi.org/10.1111/j.1461-0248.2007.01107.x
http://www.ncbi.nlm.nih.gov/pubmed/17850335
https://doi.org/10.1590/s0100-84042003000400002
https://doi.org/10.1017/S0960428600000949
https://doi.org/10.1017/S0960428600000949
http://elibrary.unm.edu/sora/ON/v007n01/p0001-p0018.pdf
http://elibrary.unm.edu/sora/ON/v007n01/p0001-p0018.pdf
https://doi.org/10.1046/j.1365-2699.2003.00792.x
https://doi.org/10.1046/j.1365-2699.2003.00792.x
https://doi.org/10.2307/2388755
https://doi.org/10.1016/j.ympev.2011.11.023
https://doi.org/10.1016/j.ympev.2011.11.023
http://www.ncbi.nlm.nih.gov/pubmed/22166838
https://doi.org/10.1111/j.1365-2699.2010.02456.x
https://doi.org/10.1126/science.285.5431.1265
http://www.ncbi.nlm.nih.gov/pubmed/10455053
https://doi.org/10.1111/brv.12154
http://www.ncbi.nlm.nih.gov/pubmed/25428167
https://doi.org/10.1111/j.1466-8238.2011.00698.x
https://doi.org/10.2307/1382089
https://doi.org/10.2307/1382089
https://doi.org/10.2307/1223351
https://doi.org/10.2307/1223351
https://doi.org/10.2307/1382089
https://doi.org/10.2307/1382089
https://doi.org/10.1016/j.ridd.2015.12.009
https://doi.org/10.1016/j.ridd.2015.12.009
http://www.ncbi.nlm.nih.gov/pubmed/26773692
https://doi.org/10.1371/journal.pone.0238729

PLOS ONE

The role of ecological niche evolution on speciation patterns of birds Amazonia and Atlantic rainforests

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

Paynter RA. Ornithological Gazetter of Ecuador. Harvard Univ Press. 1993; 2. https://doi.org/10.2307/
1382089

Stephens L, Traylor, Melvin AJ. Ornithological Gazetteer of the Guianas. Ornithol Gazet Neotrop. 1985;
123.

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A. Very high resolution interpolated climate sur-
faces for global land areas. Int J Climatol. 2005; 25: 1965—1978. https://doi.org/10.1002/joc.1276

Jiménez-Valverde A, Peterson AT, Soberon J, Overton JM, Aragén P, Lobo JM. Use of niche models in
invasive species risk assessments. Biol Invasions. 2011; 13: 2785-2797. https://doi.org/10.1007/
s10530-011-9963-4

De Marco P, Nébrega CC. Evaluating collinearity effects on species distribution models: An approach
based on virtual species simulation. PLoS One. 2018; 13. https://doi.org/10.1371/journal.pone.0202403
PMID: 30204749

Dormann CF, Elith J, Bacher S, Buchmann C, Carl G, Carré G, et al. Collinearity: A review of methods
to deal with it and a simulation study evaluating their performance. Ecography (Cop). 2013; 36: 027—
046. https://doi.org/10.1111/j.1600-0587.2012.07348.x

Robertson MP, Caithness N, Villet MH. A PCA-based modelling technique for predicting environmental
suitability for organisms from presence records. Divers Distrib. 2001; 7: 15-27. https://doi.org/10.1046/
j.1472-4642.2001.00094.x

Phillips SJ. Transferability, sample selection bias and background data in presence-only modelling: a
response to Peterson et al. (2007). Ecography (Cop). 2008; 0: 080227084236895—0. https://doi.org/10.
1111/j.2007.0906-7590.05378.x

Barve N, Barve V, Jiménez-Valverde A, Lira-Noriega A, Maher SP, Peterson AT, et al. The crucial role
of the accessible area in ecological niche modeling and species distribution modeling. Ecol Modell.
Elsevier B.V.; 2011; 222: 1810-1819. https://doi.org/10.1016/j.ecolmodel.2011.02.011

Hirzel AH, Arlettaz R. modeling habitat suitability for complex species distributions by environmental-
distance geometric mean. 2003. pp. 614—623. https://doi.org/10.1007/s00267-003-0040-3 PMID:
15015699

Beaumont LJ, Hughes L, Poulsen M. Predicting species distributions: Use of climatic parameters in
BIOCLIM and its impact on predictions of species’ current and future distributions. Ecol Modell. 2005;
186: 250—269. https://doi.org/10.1016/j.ecolmodel.2005.01.030

Iturbide M, Bedia J, Herrera S, del Hierro O, Pinto M, Gutiérrez JM. A framework for species distribution
modelling with improved pseudo-absence generation. Ecol Modell. Elsevier B.V.; 2015; 312: 166-174.
https://doi.org/10.1016/j.ecolmodel.2015.05.018

VanDerWal J, Shoo LP, Graham C, Williams SE. Selecting pseudo-absence data for presence-only dis-
tribution modeling: How far should you stray from what you know? Ecol Modell. 2009; 220: 589-594.
https://doi.org/10.1016/j.ecolmodel.2008.11.010

Tax DMJ, Duin RPW. Support Vector Data Description. Mach Learn. 2004; 54: 45—-66. https://doi.org/
10.1023/B:MACH.0000008084.60811.49

Marco-Junior P, Siqueira MF. Como determinar a distribuicdo potencial de espécies sob uma aborda-
gem conservacionista? Megadiversidade. 2009; 5: 65—-76. Available: http://www.conservation.org.br/
publicacoes/files_mega5/Como_determinar_a_distribuicao.pdf

Guisan A, Edwards TC, Hastie T. Generalized linear and generalized additive models in studies of spe-
cies distributions: setting the scene. Ecol Modell. 2002; 157: 98—100.

Weir IS, Pettitt AN. Binary Probability Maps Using a Hidden Conditional Autoregressive Gaussian Pro-
cess with an Application to Finnish Common Toad Data. J R Stat Soc. 2000; 49: 473—484.

Breiman L. Random forests. Mach Learn. 2001; 45: 5-32. https://doi.org/10.1023/A:1010933404324
Cutler DR, Edwards TC, Beard KH, Cutler A, Hess KT, Gibson J, et al. Random Forests for Classifica-
tion in Ecology. Ecology. 2007; 88: 2783-2792. https://doi.org/10.1890/07-0539.1 PMID: 18051647

Andrade AFA de, Velazco SJE, De Marco Junior P. ENMTML: An R package for a straightforward con-
struction of complex ecological niche models. Environ Model Softw. Elsevier Ltd; 2020; 125: 104615.
https://doi.org/10.1016/j.envsoft.2019.104615

Manel S, Ceri Williams H, Ormerod SJ. Evaluating presence-absence models in ecology: The need to
account for prevalence. J Appl Ecol. 2001; 38: 921-931. https://doi.org/10.1046/j.1365-2664.2001.
00647.x

Swets JA. the Accuracy of Diagnostic Systems. Science (80-). 1988; 80: 1285—1293. https://doi.org/10.
1126/science.3287615 PMID: 3287615

PLOS ONE | https://doi.org/10.1371/journal.pone.0238729  October 13, 2020 16/18


https://doi.org/10.2307/1382089
https://doi.org/10.2307/1382089
https://doi.org/10.1002/joc.1276
https://doi.org/10.1007/s10530-011-9963-4
https://doi.org/10.1007/s10530-011-9963-4
https://doi.org/10.1371/journal.pone.0202403
http://www.ncbi.nlm.nih.gov/pubmed/30204749
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1046/j.1472-4642.2001.00094.x
https://doi.org/10.1046/j.1472-4642.2001.00094.x
https://doi.org/10.1111/j.2007.0906%26%23x2013%3B7590.05378.x
https://doi.org/10.1111/j.2007.0906%26%23x2013%3B7590.05378.x
https://doi.org/10.1016/j.ecolmodel.2011.02.011
https://doi.org/10.1007/s00267-003-0040-3
http://www.ncbi.nlm.nih.gov/pubmed/15015699
https://doi.org/10.1016/j.ecolmodel.2005.01.030
https://doi.org/10.1016/j.ecolmodel.2015.05.018
https://doi.org/10.1016/j.ecolmodel.2008.11.010
https://doi.org/10.1023/B%3AMACH.0000008084.60811.49
https://doi.org/10.1023/B%3AMACH.0000008084.60811.49
http://www.conservation.org.br/publicacoes/files_mega5/Como_determinar_a_distribuicao.pdf
http://www.conservation.org.br/publicacoes/files_mega5/Como_determinar_a_distribuicao.pdf
https://doi.org/10.1023/A%3A1010933404324
https://doi.org/10.1890/07-0539.1
http://www.ncbi.nlm.nih.gov/pubmed/18051647
https://doi.org/10.1016/j.envsoft.2019.104615
https://doi.org/10.1046/j.1365-2664.2001.00647.x
https://doi.org/10.1046/j.1365-2664.2001.00647.x
https://doi.org/10.1126/science.3287615
https://doi.org/10.1126/science.3287615
http://www.ncbi.nlm.nih.gov/pubmed/3287615
https://doi.org/10.1371/journal.pone.0238729

PLOS ONE

The role of ecological niche evolution on speciation patterns of birds Amazonia and Atlantic rainforests

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Lobo JM, Jiménez-valverde A, Real R. AUC: A misleading measure of the performance of predictive
distribution models. Glob Ecol Biogeogr. 2008; 17: 145—151. https://doi.org/10.1111/j.1466-8238.2007.
00358.x

Austin M. Species distribution models and ecological theory: A critical assessment and some possible
new approaches. Ecol Modell. 2007; 200: 1-19. https://doi.org/10.1016/j.ecolmodel.2006.07.005

Pearson RG, Raxworthy CJ, Nakamura M, Townsend Peterson A. Predicting species distributions from
small numbers of occurrence records: A test case using cryptic geckos in Madagascar. J Biogeogr.
2007; 34: 102—117. https://doi.org/10.1111/j.1365-2699.2006.01594.x

Termansen M, McClean CJ, Preston CD. The use of genetic algorithms and Bayesian classification to
model species distributions. Ecol Modell. 2006; 192: 410-424. https://doi.org/10.1016/j.ecolmodel.
2005.07.009

Giannini TC, Maia-Silva C, Acosta AL, Jaffé R, Carvalho AT, Martins CF, et al. Protecting a managed
bee pollinator against climate change: strategies for an area with extreme climatic conditions and socio-
economic vulnerability. Apidologie. 2017; 48: 784—794. https://doi.org/10.1007/s13592-017-0523-5

Giannini TC, Tambosi LR, Acosta AL, Jaffé R, Saraiva AM, Imperatriz-Fonseca VL, et al. Safeguarding
ecosystem services: A methodological framework to buffer the joint effect of habitat configuration and
climate change. PLoS One. 2015; 10: 1-19. https://doi.org/10.1371/journal.pone.0129225 PMID:
26091014

Hill MP, Gallardo B, Terblanche JS. A global assessment of climatic niche shifts and human influence in
insect invasions. Glob Ecol Biogeogr. 2017; 26: 679—689. https://doi.org/10.1111/geb.12578

Galante PJ, Alade B, Muscarella R, Jansa SA, Goodman SM, Anderson RP. The challenge of modeling
niches and distributions for data-poor species: a comprehensive approach to model complexity. Eco-
graphy (Cop). 2018; 41: 726-736. https://doi.org/10.1111/ecog.02909

New M, Araujo MB. Ensemble forecasting of species distributions. 2006;22. https://doi.org/10.1016/j.
tree.2006.09.010 PMID: 17011070

Warren DL, Glor RE, Turelli M. Environmental niche equivalency versus conservatism: Quantitative
approaches to niche evolution. Evolution (N Y). 2008; 62: 2868—2883. https://doi.org/10.1111/j.1558-
5646.2008.00482.x PMID: 18752605

Guisan A, Petitpierre B, Broennimann O, Daehler C, Kueffer C. Unifying niche shift studies: Insights
from biological invasions. Trends Ecol Evol. Elsevier Ltd; 2014; 29: 260—269. https://doi.org/10.1016/].
tree.2014.02.009 PMID: 24656621

Strubbe D, Broennimann O, Chiron F, Matthysen E. Niche conservatism in non-native birds in Europe:
Niche unfilling rather than niche expansion. Glob Ecol Biogeogr. 2013; 22: 962—970. https://doi.org/10.
1111/geb.12050

Petitpierre B, Kueffer C, Broennimann O, Randin C, Daehler C, Guisan A. Climatic niche shifts are rare
among terrestrial plant invaders. Science (80-). 2012; 335: 1344—1348. https://doi.org/10.1126/science.
1215933 PMID: 22422981

Peterson AT, Soberon J, Pearson RG, Anderson RP, Martinez-Meyer E, Nakamura M, et al. Ecological
Niches and Geographic Distributions. Ecological Niches and Geographic Distributions (MPB-49). 2011.
https://doi.org/10.23943/princeton/9780691136868.001.0001

Manel S, Dias JM, Ormerod SJ. Comparing discriminant analysis, neural networks and logistic regres-
sion for predicting species distributions: A case study with a Himalayan river bird. Ecol Modell. 1999;
120: 337-347. https://doi.org/10.1016/S0304-3800(99)00113-1

Stockwell DRB, Peterson AT. Effects of sample size on accuracy of species distribution models. Ecol
Modell. 2002; 148: 1-13. https://doi.org/10.1016/S0304-3800(01)00388-X

Bailey SA, Haines-Young RH, Watkins C. Species presence in fragmented landscapes: Modelling of
species requirements at the national level. Biol Conserv. 2002; 108: 307-316. https://doi.org/10.1016/
S0006-3207(02)00119-2

Woolf A, Nielsen CK, Weber T, Gibbs-Kieninger TJ. Statewide modeling of bobcat, Lynx rufus, habitat
in lllinois, USA. Biol Conserv. 2002; 104: 191-198. https://doi.org/10.1016/S0006-3207(01)00164-1

Liu C, Berry PM, Dawson TP, Pearson RG. Selecting thresholds of occurrence in the prediction of spe-
cies distributions. Ecography (Cop). 2005; 28: 385—-393. https://doi.org/10.1111/j.0906-7590.2005.
03957.x

Marks BD, Hackett SJ, Capparella AP. Historical relationships among Neotropical lowland forest areas
of endemism as determined by mitochondrial DNA sequence variation within the Wedge-billed Wood-

creeper (Aves: Dendrocolaptidae: Glyphorynchus spirurus). Mol Phylogenet Evol. 2002; 24: 153—167.

https://doi.org/10.1016/s1055-7903(02)00233-6 PMID: 12128035

Fernandes AM, Gonzalez J, Wink M, Aleixo A. Multilocus phylogeography of the Wedge-billed Wood-
creeper Glyphorynchus spirurus (Aves, Furnariidae) in lowland Amazonia: Widespread cryptic diversity

PLOS ONE | https://doi.org/10.1371/journal.pone.0238729  October 13, 2020 17/18


https://doi.org/10.1111/j.1466-8238.2007.00358.x
https://doi.org/10.1111/j.1466-8238.2007.00358.x
https://doi.org/10.1016/j.ecolmodel.2006.07.005
https://doi.org/10.1111/j.1365-2699.2006.01594.x
https://doi.org/10.1016/j.ecolmodel.2005.07.009
https://doi.org/10.1016/j.ecolmodel.2005.07.009
https://doi.org/10.1007/s13592-017-0523-5
https://doi.org/10.1371/journal.pone.0129225
http://www.ncbi.nlm.nih.gov/pubmed/26091014
https://doi.org/10.1111/geb.12578
https://doi.org/10.1111/ecog.02909
https://doi.org/10.1016/j.tree.2006.09.010
https://doi.org/10.1016/j.tree.2006.09.010
http://www.ncbi.nlm.nih.gov/pubmed/17011070
https://doi.org/10.1111/j.1558-5646.2008.00482.x
https://doi.org/10.1111/j.1558-5646.2008.00482.x
http://www.ncbi.nlm.nih.gov/pubmed/18752605
https://doi.org/10.1016/j.tree.2014.02.009
https://doi.org/10.1016/j.tree.2014.02.009
http://www.ncbi.nlm.nih.gov/pubmed/24656621
https://doi.org/10.1111/geb.12050
https://doi.org/10.1111/geb.12050
https://doi.org/10.1126/science.1215933
https://doi.org/10.1126/science.1215933
http://www.ncbi.nlm.nih.gov/pubmed/22422981
https://doi.org/10.23943/princeton/9780691136868.001.0001
https://doi.org/10.1016/S0304-3800%2899%2900113-1
https://doi.org/10.1016/S0304-3800%2801%2900388-X
https://doi.org/10.1016/S0006-3207%2802%2900119-2
https://doi.org/10.1016/S0006-3207%2802%2900119-2
https://doi.org/10.1016/S0006-3207%2801%2900164-1
https://doi.org/10.1111/j.0906-7590.2005.03957.x
https://doi.org/10.1111/j.0906-7590.2005.03957.x
https://doi.org/10.1016/s1055-7903%2802%2900233-6
http://www.ncbi.nlm.nih.gov/pubmed/12128035
https://doi.org/10.1371/journal.pone.0238729

PLOS ONE

The role of ecological niche evolution on speciation patterns of birds Amazonia and Atlantic rainforests

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

and paraphyly reveal a complex diversification pattern. Mol Phylogenet Evol. Elsevier Inc.; 2013; 66:
270-282. https://doi.org/10.1016/j.ympev.2012.09.033 PMID: 23063588

Tello JG, Raposo M, Bates JM, Bravo GA, Cadena CD, Maldonado-Coelho M. Reassessment of the
systematics of the widespread Neotropical genus Cercomacra (Aves: Thamnophilidae). Zool J Linn
Soc. 2014; 170: 546-565. https://doi.org/10.1111/z0j.12116

Harvey MG, Brumfield RT. Genomic variation in a widespread Neotropical bird (Xenops minutus)
reveals divergence, population expansion, and gene flow. Mol Phylogenet Evol. Elsevier Inc.; 2015; 83:
305-316. https://doi.org/10.1016/j.ympev.2014.10.023 PMID: 25450096

Lavinia PD, Escalante P, Garcia NC, Barreira AS, Truijillo-arias N, Tubaro PL, et al. Continental-scale
analysis reveals deep diversification within the polytypic Red-crowned Ant Tanager (Habia rubica, Car-
dinalidae). Mol Phylogenet Evol. Elsevier Inc.; 2015; 89: 182—193. https://doi.org/10.1016/j.ympev.
2015.04.018 PMID: 25929787

Crisp MD, Cook LG. Phylogenetic niche conservatism: What are the underlying evolutionary and eco-
logical causes? New Phytol. 2012; 196: 681-694. https://doi.org/10.1111/j.1469-8137.2012.04298.x
PMID: 22943495

Rangel TF, Edwards NR, Holden PB, Diniz-filho JAF, Gosling WD, Coelho MTP, et al. Modeling the
ecology and evolution of biodiversity: Biogeographical cradles, museums, and graves. 2018; 5452.
https://doi.org/10.1126/science.aar5452 PMID: 30026200

Wiens JJ, Graham CH. Niche conservatism: Integrating evolution, ecology, and conservation biology.
Annu Rev Ecol Evol Syst. 2005; 36: 519-539. https://doi.org/10.1146/annurev.ecolsys.36.102803.
095431

Losos JB. Phylogenetic niche conservatism, phylogenetic signal and the relationship between phyloge-
netic relatedness and ecological similarity among species. Ecol Lett. 2008; 11: 995-1003. https://doi.
org/10.1111/.1461-0248.2008.01229.x PMID: 18673385

Ruiz-Garcia M, Pinedo-Castro MO. Molecular systematics and phylogeography of the genus Lagothrix
(Atelidae, primates) by means of the mitochondrial COIl gene. Folia Primatol. 2010; 81: 109-128.
https://doi.org/10.1159/000315070 PMID: 20714159

Lynch Alfaro JW, Boubli JP, Olson LE, Di Fiore A, Wilson B, Gutierrez-Espeleta GA, et al. Explosive
pleistocene range expansion leads to widespread amazonian sympatry between robust and gracile
capuchin monkeys. J Biogeogr. 2012; 39: 272-288. https://doi.org/10.1111/j.1365-2699.2011.02609.x

Chiou KL, Pozzi L, Lynch Alfaro JW, Di Fiore A. Pleistocene diversification of living squirrel monkeys
(Saimiri spp.) inferred from complete mitochondrial genome sequences. Mol Phylogenet Evol. Elsevier
Inc.; 2011; 59: 736-745. https://doi.org/10.1016/j.ympev.2011.03.025 PMID: 21443955

Dal Vechio F, Prates |, Grazziotin FG, Zaher H, Rodrigues MT. Phylogeography and historical demog-
raphy of the arboreal pit viper Bothrops bilineatus (Serpentes, Crotalinae) reveal multiple connections
between Amazonian and Atlantic rain forests. J Biogeogr. 2018; 45: 2415-2426. https://doi.org/10.
1111/jbi. 13421

Silva CR, Ribas CC, da Silva MNF, Leite RN, Catzeflis F, Rogers DS, et al. The role of Pleistocene cli-
mate change in the genetic variability, distribution and demography of Proechimys cuvieri and P. guyan-
nensis (Rodentia: Echimyidae) in northeastern Amazonia. PLoS One. 2018; 13: 1-20.

Haffer J. Hypotheses to explain the origin of species in Amazonia. Brazilian J Biol. 2008; 68: 917-947.
https://doi.org/10.1590/S1519-69842008000500003 PMID: 19197466

Ledo RMD, Colli GR. The historical connections between the Amazon and the Atlantic Forest revisited.
J Biogeogr. 2017; 44: 2551-2563. https://doi.org/10.1111/jbi. 13049

Svensson El. Non-ecological speciation, niche conservatism and thermal adaptation: How are they con-
nected? Org Divers Evol. 2012; 12: 229-240. https://doi.org/10.1007/s13127-012-0082-6

PLOS ONE | https://doi.org/10.1371/journal.pone.0238729  October 13, 2020 18/18


https://doi.org/10.1016/j.ympev.2012.09.033
http://www.ncbi.nlm.nih.gov/pubmed/23063588
https://doi.org/10.1111/zoj.12116
https://doi.org/10.1016/j.ympev.2014.10.023
http://www.ncbi.nlm.nih.gov/pubmed/25450096
https://doi.org/10.1016/j.ympev.2015.04.018
https://doi.org/10.1016/j.ympev.2015.04.018
http://www.ncbi.nlm.nih.gov/pubmed/25929787
https://doi.org/10.1111/j.1469-8137.2012.04298.x
http://www.ncbi.nlm.nih.gov/pubmed/22943495
https://doi.org/10.1126/science.aar5452
http://www.ncbi.nlm.nih.gov/pubmed/30026200
https://doi.org/10.1146/annurev.ecolsys.36.102803.095431
https://doi.org/10.1146/annurev.ecolsys.36.102803.095431
https://doi.org/10.1111/j.1461-0248.2008.01229.x
https://doi.org/10.1111/j.1461-0248.2008.01229.x
http://www.ncbi.nlm.nih.gov/pubmed/18673385
https://doi.org/10.1159/000315070
http://www.ncbi.nlm.nih.gov/pubmed/20714159
https://doi.org/10.1111/j.1365-2699.2011.02609.x
https://doi.org/10.1016/j.ympev.2011.03.025
http://www.ncbi.nlm.nih.gov/pubmed/21443955
https://doi.org/10.1111/jbi.13421
https://doi.org/10.1111/jbi.13421
https://doi.org/10.1590/S1519-69842008000500003
http://www.ncbi.nlm.nih.gov/pubmed/19197466
https://doi.org/10.1111/jbi.13049
https://doi.org/10.1007/s13127-012-0082-6
https://doi.org/10.1371/journal.pone.0238729

