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59,010 total landmarks across 2810 specimens, only 1.63% (959) required interpolation. We 

obtained species means by aligning specimens within each species using a generalized Procrustes 

analysis to remove non-shape variation of position, rotation, and scale, allowing semi-landmarks 

to slide between the bracketing landmarks by minimizing bending energy. We then aligned these 

means with the same procedure to use in all subsequent analyses. All morphological data, 

including a list of species and specimens used in this study, are available in Dryad 

(doi:10.5061/dryad.b554m44). 

 

Figure 2.1. Landmark placement for foot shape analysis. Eleven landmarks and ten semi-
landmarks captured foot shape for each specimen. Missing landmarks were estimated using 
interpolation. 

Phylogenetic Comparative Analyses 

We used both maximum-likelihood (ML) methods and Bayesian stochastic mapping to 

characterize the evolutionary history of microhabitat use across the phylogeny. First, we 
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compared the empirical fit of the microhabitat data to the phylogeny under three evolutionary 

models (equal rates: ER, symmetric: Sym, and all rates different: ARD), and identified the 

optimal model of discrete character evolution using AIC. We then used the matrix of transition-

rates (Q-matrix: sensu Pagel 1999) obtained under the optimal model (ARD, see Results) to 

estimate ancestral microhabitat use under a maximum likelihood (ML) framework. Additionally, 

we conducted Bayesian stochastic character mapping (Huelsenbeck et al. 2003; Bollback 2006) 

to estimate shifts in microhabitat use across the phylogeny, and to evaluate transition rates 

among microhabitat categories. Here we generated 1000 stochastic maps across the maximum 

clade credibility tree, using the Q-matrix calculated using maximum likelihood under the optimal 

ARD model (see Results). These stochastic maps were then summarized to obtain estimates of 

microhabitat use at each node of the phylogeny, including at the root of Plethodontidae, and to 

provide estimates of the number of evolutionary transitions between microhabitat categories.  

To evaluate morphological trends in body shape and foot shape, we employed a variety 

of comparative methods to examine shape mean, rate of evolution, and convergence. First, we 

performed a multivariate phylogenetic analysis of variance (phylogenetic ANOVA: sensu 

Garland et al 1993; Adams 2014a; Adams and Collyer 2018), to determine whether species 

utilizing distinct microhabitat types differ in mean shape. Residual randomization permutation 

procedures (Collyer et al. 2015) were used to evaluate model significance. Pairwise comparisons 

were then performed using Euclidean distances between phenotypic means for each 

microhabitat, which were statistically evaluated using the same permutation procedure. Next, 

patterns of phenotypic variation were visualized in a phylomorphospace (sensu Rohlf 2002; 

Sidlauskas 2008), where the phenotypic data were rotated via a principal component analysis 

(PCA) and the phylogeny was superimposed. To evaluate the extent to which arboreal species 

have converged morphologically, we quantified two convergence measures recently proposed by 
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Stayton (2015). The first (C1) characterizes the magnitude of morphological convergence in focal 

extant taxa relative to the maximal divergence in their ancestral values, with larger values 

representing a greater degree of phenotypic convergence. The second (C5) measures the 

frequency of convergence to a particular region of morphospace, estimated by the number of 

focal lineages whose evolution transects the boundary region defined by the focal taxa. Both 

measures were evaluated via phylogenetic simulation under Brownian motion (see Stayton 

2015). We also quantified the rate of multivariate phenotypic evolution across species within 

each microhabitat category (sensu Adams 2014b), and compared these evolutionary rates 

statistically using Brownian motion simulations. Because cave species display evolutionary 

ontogenetic convergence of foot shape across species related to climbing (Adams and Nistri 

2010), we also tested whether arboreal species’ foot shapes have allometrically converged with 

cave dwelling species’ foot shape. We tested this using a permutation procedure derived from 

Adam and Nistri (2010). 

To account for uncertainty in microhabitat designations, each analysis was repeated using 

the different microhabitat classification schemes described above (Table 2.1). Likewise, to 

account for phylogenetic uncertainty, all analyses were repeated on the set of chronograms from 

the posterior distribution of Bonett and Blair (2017) to estimate 95% confidence intervals on 

values obtained from the maximum clade credibility tree. All analyses were performed in R 3.5.0 

(R Core Team 2017), using the packages corHMM (Beaulieu et al. 2017), phytools (Revell 

2018), convevol (Stayton 2017), and geomorph (Adams and Otarola-Castillo 2013; Adams 

et al. 2018).  

Results 

The all rates differ (ARD) evolutionary model provided the best fit of the microhabitat 

data to the phylogeny (∆AIC > 27.45; Supplemental Table A1, Appendix A). Examination of the 
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resulting Q-matrix (Figure 2.3) revealed that transition rates to and from arboreality differed. 

Specifically, transition rates from terrestriality to arboreality were nearly 24 times lower than the 

converse (qtàa = 0.0013; qaàt = 0.0306: Figure 2.3), and transition rates to and from arboreality 

with other microhabitat categories (e.g., cave, fossorial, and aquatic) were zero (Figure 2.3). 

Results from stochastic mapping were consistent with these observations and provided support 

for multiple origins of arboreality in plethodontids (Figure 2.2). Further, we observed that the 

evolution to arboreality occurred primarily from a terrestrial ancestor (Figure 2.4). Though 

estimates varied slightly depending on which microhabitat classification scheme was evaluated, 

at least five independent transitions to arboreality were inferred by the data, thereby rejecting the 

hypothesis that arboreality evolved only once in the group (Figure 2.2; Supplemental Table A2, 

Appendix A). We also estimated over 60 transitions away from arboreality (Figure 2.4) primarily 

to the terrestrial microhabitat, which is consistent with the observed high transition rate from 

arboreal to terrestrial microhabitats. Notably, one transition to arboreality was deeply nested 

within the plethodontid phylogeny near the root of neotropical Bolitoglossini salamanders 

(Figure 2.2). This was not surprising, as most arboreal species are members of this lineage. 

Additionally, most transitions from arboreality to terrestriality were observed within the 

neotropical Bolitoglossini (Figure 2.2). The remaining transitions to arboreality were more recent 

and were scattered throughout the plethodontid phylogeny. Finally, both maximum likelihood 

and Bayesian ancestral state reconstruction supported a non-aquatic ancestor for the root of 

Plethodontidae and did so with high support (6-M ML: 97.5%; 6-M Bayesian: 97%; Figure 2.2; 

Supplemental Table A3, Appendix A). All results were consistent when evaluated across the 

microhabitat classification schemes and across the set of 1000 posterior chronograms, indicating 

that these macroevolutionary inferences were robust to variation in microhabitat designation as 

well as to phylogenetic uncertainty (Supplemental Table A3, Appendix A).  
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When evaluating morphological trends, most results were consistent across body and foot 

shape and are thus presented together. First, the phylogenetic ANOVAs revealed no differences 

in either general body proportions or foot shape among microhabitat groups (body shape: R2 = 

0.0237, F = 1.475, Z = 1.074, p = 0.143 NS; foot shape: R2 = 0.0229, F = 1.322, Z = 0.9263, p = 

0.178 NS), and pairwise comparisons similarly revealed that arboreal species did not differ 

phenotypically from species utilizing other microhabitat types (results not shown). Our body 

shape results were consistent with previous findings based on a reduced set of taxa (Blankers et 

al. 2012) and suggest that arboreal salamanders do not exhibit a unique arboreal phenotype in 

terms of their general body proportions. Patterns in phylomorphospace reaffirmed these shape or 

foot shape (Figure 2.5).  This finding was consistent across all microhabitat classification 

schemes used in this study statistical findings for both traits, as a broad overlap among 

microhabitat groups was detected, thus revealing that arboreal taxa do not occupy a distinct 

region of morphospace for either body.  

However, when levels of morphological convergence were evaluated, arboreal species 

did display some degree of phenotypic consistency (body shape: C1 = 0.208; p = 0.03; C5 = 11; p 

= 0.01; foot shape: C1 = 0.095; p = 0.87; C5 = 10; p = 0.01). In particular, C5 showed that these 

species occupy the same general region of morphospace more often than is expected by chance 

under Brownian motion for both traits, though this region was not uniquely occupied by arboreal 

taxa. Similarly, C1 revealed that, on average, arboreal species displayed a 21% reduction in their 

body shape differences as compared to the maximal spread of their ancestors. Therefore, while 

the typical body form and foot shape of arboreal species was not distinct from that of species 

utilizing other microhabitat types, arboreal species exhibited greater morphological constancy 

than expected. Finally, rates of phenotypic evolution differed significantly among microhabitat 

groups. For body shape, arboreal species displaying a rate of phenotypic evolution that was 2.21 
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Figure 2.2. Time-dated phylogeny for salamanders from Bonett and Blair (2017). Phylogeny is 
pruned to the 495 species for which microhabitat data was available in this study. Tips are 
labeled using the 6-M microhabitat classification scheme (see text), and branches are colored 
based on stochastic mapping node estimates. Red circles indicate likely transitions from 
terrestrial to arboreal microhabitats based on Bayesian stochastic mapping, and the root of 
Plethodontidae is marked with an asterisk. Red arrows assist in locating red circles. 
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Figure 2.3. Heat map of Q-matrix representing transition rates between microhabitat categories 
for Bayesian stochastic mapping. As is convention for Q-matrices, rows represent the 
microhabitat type of origin, while columns represent the ending microhabitat type for each 
pairwise transition rate. Diagonals have been omitted. Each cell in the six-by-six Q-matrix is 
divided into six sub-cells representing the six different classification schemes. The top three sub-
cells represent the majority-rule classification schemes (6-M, 7-M, and 6-McM, left to right) and 
the bottom three cells represent the lenient classification schemes (6-L, 7-L, and 6-McL, left to 
right). Microhabitat abbreviations are: arboreal (A), cave (C), fossorial (F), saxicolous (S), semi-
aquatic (SA), terrestrial (T), and aquatic (W). 
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Figure 2.4. Number of transitions between microhabitat categories. These counts were based on 
the 6-M microhabitat classification and used Bayesian stochastic character mapping. Thickness 
of arrows are proportional to the number of transitions ranging from 63.2 (A to T) to 0.763 (S to 
A). For exact numbers of transitions under all classification schemes, see Appendix A. 

times slower than that observed among terrestrial species ("#$ = 4.72 × 10-. vs. "/$ =

1.04 × 10-0; p = 0.001; Supplemental Tables A4 and A5, Supplemental Figures A1 and A2, 

Appendix A), and 4.74 times slower than that found among aquatic species ("#$ = 4.72 × 10-. 

vs. "1$ = 2.24 × 10-0; p = 0.001; Supplemental Tables A4 and A5, Supplemental Figures A1 

and A2, Appendix A). Likewise, foot shape in arboreal species displayed a rate of phenotypic 

evolution that was 1.82 slower than that observed among terrestrial species ("#$ = 5.39 × 10-5 

vs. "/$ = 9.81 × 10-5; p = 0.001; Supplemental Tables A4 and A5, Supplemental Figures A1 

and A2, Appendix A) and 5.28 times slower than that found among aquatic species ("#$ =

5.39 × 10-5  vs. "1$ = 2.85 × 10-7; p = 0.001; Supplemental Tables A4 and A5, Supplemental 


