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Abstract: Rapid, global declines among amphibians are partly alarming because many
occur for apparently unknown or enigmatic reasons. Moreover, the relationship between
phylogeny and enigmatic declines in higher clades of the amphibian phylogeny appears at
first to be an intractable problem. I present a working solution by assessing threatening
processes potentially underlying enigmatic declines in the family, Hylidae. Applying
comparative methods that account for various evolutionary scenarios, I find extreme
concentrations of threatening processes, including pollution and habitat loss, in the clade
Hylini, potentially influenced by traits under selection. The analysis highlights hotspots of
declines under phylogenetic influence in the genera Isthmohyla, Plectrohyla and
Ptychohyla, and geographically in Mexico and Guatemala. The conservation implications
of concentrated phylogenetic influence across multiple threatening processes are twofold:
Data Deficient species of threatened clades should be prioritized in future surveys and,
perhaps, a greater vulnerability should be assigned to such clades for further consideration
of clade-level conservation priorities.
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1. Introduction

Enigmatic rapid declines appear, at first glance, to be an intractable problem for conservation due to
their unclear origins and dependence (signal) in parts of the amphibian tree of life [1]. Study of the
phylogenetic association (i.e., statistical clumping) of these declines shows that “enigmatic decline” is
involved in the decline of entire clades including the superfamily Hyloidea [1]. This category of
decline, proposed by Stuart et al. [2], is likely comprised of many specific threats, such as UV
radiation, chytridiomycosis, climate change, pollution, and synergistic effects of these factors, as well
as widespread threats such as habitat degradation and overexploitation (e.g., [1,3]). A more thorough
approach to studying enigmatic declines in Hylids would include identification of threatening
processes that collectively contribute to declines in a phylogenetic comparative framework. Enigmatic
declines could thus become a more tractable problem expressed as patterns of threatening processes
and clades of concern.

Investigations into population declines in Hylid species (family Hylidae, superfamily Hyloidea)
have largely focused on several study areas in Central America. This work includes assessments of
chytridiomycosis and species abundance in Mexico [4] and detailed exploration for correlates of
extinction risk and spread of chytrid disease in Costa Rica and Panama [5,6]. Most notably, population
declines are likely to be associated with high lifetime aquatic index, large body size, and restricted
elevational range [6].

While Hylid research has focused largely on the environmental and life-history variables associated
with Hylid declines, the role of phylogenetic signal in threats has not been addressed. Phylogenetic
signal in vulnerability to threats for a related group of species would imply that declines are driven by
shared biological traits, and potentially, an evolutionary predisposition to certain threats for that group.
In this way, the phylogenetic position of signal might be used to predict the threat status of species not
well studied (i.e., species with [IUCN Red List “Data Deficient” status; [7]). This information can
identify region-wide trends and complement long-term local studies (such as [6]) where local, detailed
work is not possible. Finally, phylogenetic signal methods can be applied more specifically to
assessing the vulnerability to threatening processes like habitat loss or pollution.

Despite availability of a suite of phylogenetic comparative methods (PCMs) capable of measuring
phylogenetic signal, few have been applied to conservation studies. Yet, PCMs can be used as
comprehensive assessments of species and clade vulnerability to extinction. Due to their complexity,
PCMs are often misused or not used to their full potential. In this study, I (1) [llustrate how PCMs can
be used to quantify phylogenetic signal in relation to the distribution of threatening processes in
Hylidae, (2) highlight important steps in PCM analysis to help researchers navigate and better use such
models, including ways to test the appropriateness of evolutionary models (Brownian motion and the
Ornstein-Uhlenbeck selection model, see [8]), (3) demonstrate how results are influenced by variety of
methods with different underlying evolutionary assumptions, (4) test the robustness of PCMs to
changes in branch lengths and tree topology using two source phylogenies [9,10], and (5) present
evidence that PCMs can be used to predict vulnerability of Data Deficient species. Thus, this study
brings together new tools for establishing vulnerability of species and clades to threatening processes
and demonstrates the utility of such methods at a phylogenetic scale more applicable to conservation
decision-making.
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2. Methods

2.1. Phylogenies

Phylogenetic comparative methods should be carefully implemented using phylogenies that best
reflect evolutionary relationships among taxa [8]. In addition to using a phylogeny generally reflecting
the current, accepted taxonomy of the family Hylidae ([10], with some changes, see below), I apply a
second widely used phylogeny that lacks branch length information (branch lengths set to 1, [9]). The
multiple tree approach can better address differences or uncertainty in the phylogenetic hypothesis and
its use in PCM analysis allows for simpler interpretations (e.g., compared with supertrees, [1]). Using
multiple trees can also provide a test of robustness of PCMs to minor topological changes and to
inaccurate branch lengths. The taxonomy of both trees is generally congruent with the taxonomy
proposed in [11].

The primary phylogeny is taken from Smith et al. [10], modified so that the tips are genera. This is
referred to as the Smith tree henceforth. I supplemented the phylogeny by adding missing genera from
Wiens et al. [12] using time as the common currency to join the trees (as in [10]). The Smith et al. [10]
and Wiens et al. [12] phylogenies were constructed with largely congruent mitochondrial and nuclear
markers with estimated divergence dates based on a penalized likelihood method, using the same
chronogram procedures and, hence, are congruent time trees. I incorporated recent changes in
taxonomy by considering Bromeliohyla, Duellmanohyla, and Ptychohyla as one genus (after [13]).
This adjustment reflects more complete sampling of Hylini, though the [IUCN Red List continues to
use the Faivovich ef al. taxonomy that is based on less complete sampling. I also consider Pternohyla
(as in [10]) as Smilisca ([9,13]); and I treat Triprion and Anotheca as one genus as in [10,13] (note that
sampling from [9] is too small to detect paraphyly that was found in [10,13]). In my tree, Litoria
includes the former genera Nyctimystes and Cyclorana (after [14], which has a more complete
sampling than [10,13]). Phrynohyas is included in Trachycephalus, after [9] and Lysapsus is
considered part of Pseudis after [15].

I also ran the PCM analyses using the Hylidae phylogeny from Faivovich et al. [9], which was until
recently (2008) a major taxonomic reference for the IUCN Red List. I use the maximum parsimony
summary tree ([9], Figure 8 therein; hereafter termed “Faivovich tree””) with branch lengths equal to
one. The PCMs implemented in the program COMPARE [16] require an ultrametric tree, so I then
used three methods of non-parametric rate smoothing [17] to produce three trees. These rate smoothing
methods weight differences in rate: (1) across the root, (2) at the root (using the mean of descendant
rates), and (3) at all nodes using the mean rate [18]. Because results of PCMs are the same regardless
of which non-parametric rate method is used, I present results using the weight rate difference at root
with mean.

2.2. Comparative Data
I used two sources of data on the “threatening processes” (sensu [19]) affecting amphibian species

that may contribute to enigmatic declines: rapid declines and the IUCN Red List (version 3.1, [20]).
The IUCN Red List data provide the most comprehensive picture of amphibian species vulnerability to



Diversity 2010, 2 145

extinction, but it should be noted that the information is not always complete (amphibian species
numbers and status are constantly changing) and it uses precautionary, probabilistic assessments of
extinction describing the symptoms of vulnerability and not the cause or consequences [19]. For each
genus, | calculated the proportion of species with each of the threat categories described below. Both
of the following datasets use continuous variables, which had been previously limited in these kinds of
analyses (e.g., [1,21]). First, I used the 2006 rapid declines data set (as described in [1], updated
from 2004 by Simon Stuart, personal communication). Second, I extracted data from the 2006 [IUCN
Red List beginning with “threatened status” (IUCN categories Critically Endangered [CR],
Endangered [EN], and Vulnerable [VU]) and “Data Deficient” status (DD). I created a category
combining threatened and Data Deficient status species to account for the possibility that Data
Deficient species are in fact threatened (suggested in “Description of Data”, section 1.2.4, [20]),
though this is likely an overestimation of threatened species. Data on specific threatening processes
(“Threats Classification Scheme,” version 2.1 [19]; category numbers follow titles) included
habitat loss (all types [1], and loss specifically due to agriculture [1.1], extraction [1.3], and
infrastructure [1.4]), pollution (all types [6], and specifically land [6.1] and water pollution [6.3]), and
human disturbance [10]. Additionally, I created two categories indicating the number of different
threatening processes affecting a species: two or more, and three or more types of threatening
processes. Other categories of threatening processes in the Red List were not included due to very low
occurrences. The Faivovich tree comparative analysis omitted the subcategories of habitat loss and
pollution, and the human disturbance category. Chytridiomycosis (listed under category 8.5, Pathogens
in IUCN Red List version 2.1) was not included because of recent questions about the extent, intensity,
and impact to different amphibian populations, the level of this risk, and the reliability of the data
given that three categories, hypothesized, predicted, and documented cases, were not differentiated in
the IUCN’s dataset ([7], reviewed in [22], e.g., problematic in [23]). In fact, one study recently
reported that 97% of Critically Endangered species that had disease as a contributing factor offered no
supporting evidence [22].

2.3. Phylogenetic Comparative Methods

Phylogenetic signal can be quantified using a number of methods, each with a particular
usefulness [8]. Therefore, I compared the effectiveness of several methods for assessing vulnerability
to extinction risk. I assessed categories of threats individually because this simplifies the evolutionary
interpretations (after [24]) and circumvents issues of non-independence among categories of threat
(i.e., the enigmatic decline category is not independent of other threat categories, nor is threatened
status independent of the threatening processes).

First, I used phylogenetic comparative methods without direct evolutionary assumptions (other than
the phylogeny used); second I applied methods based on Brownian motion; third, I applied methods
based on Brownian motion with modifications to allow for evolutionary constraints on the trait at hand
(e.g., that might result from selection); and fourth I used methods incorporating selection (i.e., using
the Ornstein-Uhlenbeck process).

I improved my ability to detect phylogenetic signal by accounting for evolutionary constraints
(acting on a particular trait) using an Ornstein-Uhlenbeck model. Such constraints may indicate
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possible adaptation in the trait or error in the data that would not be detected using a BM model [25],
but may interfere with the detection of phylogenetic signal. Figure 1, adapted from Diniz-Filho [26],
shows the relationship between the Brownian motion and Ornstein-Uhlenbeck models, where
Brownian motion is a special case of the O-U process when there is no restraining force (a) on the
evolution of the character in question. Martins et al. [27] have demonstrated that overall, several
different methodological approaches may give reasonable representation of trait evolution (e.g., ARM,
PGLS, see below) regardless of the initial evolutionary assumptions. Felsenstein’s Independent
Contrasts, however, is much less reliable if the trait is evolutionarily constrained (reviewed in [8]).

Figure 1. Graph showing the Ornstein-Uhlenbeck process (O-U) and the Brownian motion
model (BM; or O-U process when a = 0) of character evolution, adapted from [26]. The
line representing the O-U process will change slope according to the strength of a, the
restraining force, and represents situations when Blomberg’s d is less than 1. The grey,
upper dashed line represents scenarios where taxa share more similarity than expected
given Brownian motion, as when Blomberg’s d is greater than 1.
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2.3.1. Applying PCMs that do not directly assume an evolutionary model

I applied two measures of autocorrelation, Moran’s / [28] and Cheverud’s autoregressive method
(ARM, [29], see [1] for further method details) using the program COMPARE [16]. ARM results also
report the 90% confidence interval (for rationale, see Lockwood et al. [21]), and phylogenetic signal
was considered present when the autoregressive coefficient, p, given the confidence interval remained
positive. | varied Gittleman and Kot’s a parameter (« = 1, 5, 10, 15, 25; [30]), which changes the
phylogenetic connectivity matrix, W, by stretching or shrinking it by d,“. Alpha is also considered an
estimate of the rate of trait evolution [31].

I used Blomberg et al’s randomization test for phylogenetic signal to ask how common
phylogenetic signal is by permuting trait data over the tree tips. This is a randomization test of
phylogenetic signal using generalized least squares approach (no evolutionary assumptions in the
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model, only in the input tree) and differentiates signal from random ([25], computed using the
PHYSIG.M routine in MatLab; PHYSIG available upon request from the authors).

2.3.2. PCMs based on Brownian Motion

When the autoregressive coefficient p in the ARM model was significant and positive, I then
calculated Pagel’s A ([32], implemented in the BayesTraits Continuous package available at
www.evolution.rdg.ac.uk), an index of phylogenetic signal (and a branch length transformation
parameter). I used a likelihood ratio test to test the following hypotheses: Hy, that 4 = 0 (no
phylogenetic signal) and H,, that 4 = 1 (phylogenetic signal as BM predicts). Additionally, to
determine whether the tree’s branch lengths fit the trait data, I applied a traditional diagnostic test
([33], calculated in the PDAP package [34] of Mesquite [35]). A significant diagnostic test indicates
that the tree has a significant lack of fit to the trait data [36], and thus, the BM model is not entirely
accurate at describing the tree/trait data. When the tree does not fit the data, two options are available;
(1) a branch length transformation can improve the tree fit to the data, although the evolutionary
interpretations of the results become more difficult [27]; or (2) a non-BM based PCM method is
needed to model the relationship of the tree and trait data (e.g., with the O-U process).

Strength of phylogenetic signal was also measured using Blomberg’s K-statistic ([25], PHYSIG.M
routine), which assumes a Brownian motion model of trait evolution. The K-statistic uses generalized
least squares (GLS) estimates and reports MSE (mean squared error), an index of how well the data
fits the real tree (i.e., lower MSE indicates better fit), with lower MSE indicating more phylogenetic
signal. The K-statistic is calculated as:

MSE MSE
K =obs > | +exp, 2 (1)
MSE MSE

where MSEj is the phylogenetically corrected mean, and MSE is the mean squared error of the original

tree’s variance-covariance matrix. I then compared the observed MSE(/MSE to the MSEy/MSE of
random permutated data across the tree tips and if the random ratio was greater than the observed ratio,
I rejected null hypothesis (no phylogenetic signal; after Blomberg et al. [25]).

2.3.3. PCMs based on Brownian Motion with evolutionary constraints

Branch length transformation parameters, such as Blomberg’s d, can be added to Blomberg’s
K-statistic and randomization test for signal, to account for evolutionary constraints
(i.e., selection, [25]). Based on results from the K-statistic, I applied the O-U branch length
transformation (d parameter, see below) when MSE(/MSE was smaller for the d-transformed tree than
the original tree and a star tree (and when the traditional diagnostic test of tree fit was significant). I
also ran the randomization test with the d-transformed tree, using the same K-statistic criteria.
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2.3.4. A PCM incorporating evolutionary constraints

Finally, I accounted for adaptation in traits by modeling the Ornstein-Uhlenbeck process (O-U). To
make use of this model, I use an O-U branch length transformation parameter, d ([25], PHYSIGOU.m
and PHYSIGHOd.M routines). The parameter d is the strength of the central tendency of a force that
moves traits back towards the central optimum in an O-U process (the rubber band; see Figure 1; e.g.,
applied in [37]), and d = 1 corresponds to Brownian motion, while lower d values indicate stabilizing
selection. Hence, this transformation parameter is useful as a measure of phylogenetic signal that also
takes into account O-U processes. The Blomberg et al. [25] model of the O-U process gives the
covariance relationships among characters as:

1_d2(ril-+‘ri)
ViXy=——m—0o
and: (2)
y1=d™

_ g+t
cov XI.,XJ}—a’ 7 o,
where 072 is the rate of evolutionary divergence through time, 7,is the node-to-tip branch length of

species 7, and the shared branch length between tips i and j is represented byz, . Additionally, the

d parameter can be used to test the statistical adequacy of original branch lengths by asking, does the
tree fit the trait data? Thus, the diagnostic use of d gives information about the degree of phylogenetic
structure. As a diagnostic test for the K-statistic and randomization test for signal, the d-transformed
tree MSEs were consistently lower than the MSE of the original tree.

3. Results

Multiple threatening processes and threatened status have phylogenetic signal concentrated in
Hylini, a tribe of the subfamily Hylinae found in Mesoamerica. Phylogenetic signal is evident across
multiple PCMs for the following categories: threatened status, threatened + Data Deficient status, two
and three types of threatening processes, land pollution, human disturbance, and all categories of
habitat loss (Table 1). This signal is also robust to topological changes and branch length differences in
the Smith and Faivovich trees, and I focus here primarily on the more detailed Smith tree results.
Results with the Faivovich tree are summarized in the supplementary materials. Phylogenetic signal
was not detected in Data Deficient status using any PCM.
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Table 1. Summary of phylogenetic signal across phylogenetic comparative methods for
threatened status and threatening processes using the Smith tree. Data Deficient status was
not significant (not shown). Grey areas highlight cases of P < 0.05. White areas indicate
that the method was not applied given application criteria described in the text.

Blomberg et al.

Threat component ARM P_ . P K- Diagnostic

p (£90% Pagel's 2 randomization d J=0  statistic’ testt
Cl) test of signal’

Threatened status 0.33(0.21)  0.3471* 0.0420 0.6559  0.0460  0.9823 sig

Threatened + Data

Deficient status 0.25(0.23) ~ 0.0000* 0.0290 0.7117  0.0510  0.9869 sig

Enigmatic decline ns 0.0069 0.0660 1.1579  0.0290 0.6774 1-tailed sig

2+ types of threat 0.38 (0.21) 0.4769 0.0300 0.6868  0.0480  0.9935 sig

3+ types of threat 0.28 (0.23) 0.2474%* sig

All Habitat loss

(HL) 0.44 (0.20) 0.5848 0.0340 0.7159  0.0430  0.9919 sig

Agriculture HL 0.29 (0.23)  0.3516%* sig

Extraction HL 0.52 (0.18) 1.1000% sig

Infrastructure HL 0.32 (0.23) 0.2672%* sig

All Pollution ns 0.1506** ns

Land pollution 0.41 (0.20) 1.1000% 0.5890 n/s 0.5600 ns

Water pollution ns 0.0931* ns

Human disturbance  0.33 (0.21) 0.4796 0.3070 n/a 0.1280 ns

*2 P <0.05 and **P < 0.01 significant difference from H, test (1 = 1, BM)
1 P <0.05 significant difference from Hy test (4 = 0, independent of phylogeny)
T all were transformed using d (see Table S2 for MSEs)

11 traditional diagnostic test of branch length fit (f-test, 2-tailed P-value), in other words, does BM fit the data? [33].

3.1. Moran’s 1

All categories of threat have significant Moran’s / (with the exception of land pollution). However,
the shape of the correlogram differed between the two trees. Moran’s / was significant only at one
phylogenetic distance interval (closest to the root of the tree) in the Smith tree, while Moran’s / using
the Faivovich tree showed several categories of threats with a hump-shaped pattern of phylogenetic
autocorrelation (threatened status, 3+ types of threats, habitat loss, and potentially pollution; Figure 2),
which is similar to previous findings of threat in the amphibian tree of life (where tips were
families; [1,21]). This particular pattern is significant for two reasons. First, the hump-shaped pattern is
indicative of greater similarity of the trait among related taxa than would be expected to accrue simply
with the passage of time. Second, when [/ is significant at more than one level, it is a good indication of
a phylogenetic autocorrelation, and therefore serves as a first general survey of signal among
threats ([ 1] and references therein).
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Figure 2. Phylogenetic correlograms (Moran’s /) using the Faivovich phylogeny, showing
hump-shaped significant phylogenetic autocorrelation of threats in Hylidae. Circles
represent measured Moran’s /, with asterisks for P < 0.05. Larger positive values of /
indicate stronger autocorrelation at a given level of phylogenetic relatedness
(=1 — [phylogenetic distance]), where relatedness increases toward the branch tips.
Horizontal dash indicates upper limit of confidence interval around expected /.
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3.2. Autoregressive Method

The ARM autoregression coefficient, p, was significant when o was set to 15 or greater. Therefore,
all results are reported for analyses run with a = 15 (usually larger alphas will produce non-significant
results if inappropriate for the data, [27]). Threat categories with phylogenetic signal (i.e., when p-90%
confidence interval is positive) correspond to categories with significant Moran’s /, with the exception
of enigmatic decline, all pollution, and water pollution, that lacked positive p values. The ARM
analysis using the Smith tree indicates that there is phylogenetic influence on the distribution of these
factors: threatened status, threatened plus Data Deficient status, 2+ and 3+ types of threatening
processes, habitat loss (all types and agriculture, extraction, and infrastructure individually), land
pollution, and human disturbance. The patterns of positive phylogenetic signal (p) are plotted onto the
Hylidae phylogeny in Figure 3 (Smith tree) and similar results are plotted on the Faivovich tree
(Figure S1). These patterns generally suggest that autocorrelated threats for hylids are concentrated in
a section of the Hylini clade found in the Mexican Highlands and Nuclear Central America, using
either tree. When the threatened status category is expanded to include Data Deficient species, this
section of Hylini remains a significant concern. The enigmatic rapid decline category has significant
autocorrelation (Moran’s /) for both trees, but the ARM analysis demonstrated no phylogenetic signal.
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However, as described below, Blomberg’s d detected significant phylogenetic signal in enigmatic

rapid declines. Accordingly, Figures 3 and S1 indicate taxa with enigmatic declines to indicate

its significance.

Figure 3. Hylidaec (Smith) phylogeny showing the distribution of threats across the
phylogeny with positive phylogenetic signal (ARM p values). Dashed lines indicate
positive p when Data Deficient status is included with threatened status taxa. Genera in
bold are those identified as having rapid enigmatic declines ([2]). Threatened status is not

shown due to redundancy with shown categories.
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3.3. Pagel’s

Phylogenetic signal measured using Pagel’s 4 in the Smith tree shows high congruence with signal
detected using the ARM method (Table 1). Pagel’s 4 also did not detect phylogenetic signal in
enigmatic rapid decline data. The hypothesis testing revealed that for most categories of threats, the
hypothesis that a trait can be modeled simply with BM is rejected (H,; 4 = 1), and the null hypothesis
(Ho, 4 = 0) cannot be rejected. Therefore, 4 in this study indicates traits not in accordance with BM
processes. This result contrasts with results using Blomberg’s d (next section) that reject Hy, likely due
to underlying differences in the evolutionary model (BM versus O-U).

3.4. Blomberg’s Randomization Test of Signal and K-Statistic

The randomization test of phylogenetic signal given the Smith tree (i.e., using no evolutionary
assumptions in the model) indicated four categories of threat with signal: threatened status, threatened
plus Data Deficient status, 2+ types of threatening processes, and all habitat loss (P < 0.05; Table 1).
The K-statistic (using d-transformed branch lengths calculated for each trait) is slightly less than 1 for
the same four categories of threat described above, and K is 0.67 for the enigmatic rapid decline
category (whose randomization test is barely non-significant, P = 0.066; Table 1). K < 1 (similar to 1)
indicates less phylogenetic signal than if traits evolved strictly by BM (i.e., when K = 1), while K > 1
would indicate greater similarity among related species than BM predicts. The K-statistic therefore
indicates that some traits exhibit significant phylogenetic signal approaching what would be predicted
by BM, but K does not detect signal in other categories of threat found using ARM or A methods
(e.g., habitat loss by extraction, pollution).

3.5. Blomberg’s d

Blomberg’s d parameter detects phylogenetic signal in the same four categories of threat as the
K-statistic. These categories (threatened status, threatened plus Data Deficient status, 2+ types of
threatening processes, and all habitat loss) have d values ranging from 0.66 to 0.72 (all significantly
different from d = 0, 0 being no signal), indicating that phylogenetic signal is present, but not as strong
as BM would predict (d = 1 test not significantly different, though close: P = 0.0780). And yet,
enigmatic rapid decline shows greater clumping among close relatives than BM would predict
(d = 1.1579; significantly different than 0; almost significantly different from 1 [P = 0.078]). This
finding is particularly important because it demonstrates how the d parameter, the only PCM that
considers evolutionary constraints in the study (O-U), can detect significant signal not detected using
BM based methods. The d-transformed tree also gave a better fit to trait data and improved K-statistic
performance (lower MSEs; Table S2) over the tree with original branch lengths, for each of the
traits considered.
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4. Discussion

4.1. Phylogenetic Signal in Threatening Processes

Across phylogenetic comparative methods and two phylogenies of the family Hylidae, phylogenetic
signal can be found in multiple measures of threatening processes (pollution, habitat loss, other human
disturbance, enigmatic declines, and species with multiple kinds of threats). Phylogenetic signal is
uniquely concentrated in the clade, Hylini (Figures 3 and S1), suggesting that threatening processes are
linked to biological traits that have an underlying evolutionary predisposition to vulnerability.
Particularly disturbing is the phylogenetic signal in two and three types of threatening processes
categories. In other words, species with multiple types of threats (e.g., pollution and habitat loss) are
statistically concentrated in one region of the phylogeny (Hylini). The trend of clade concentrated
threats is consistent with results from a larger taxonomic scale study [1,8], upholding the idea that
phylogenetic signal is useful at both scales of analysis (a question posited by [38]).

Phylogenetic signal was detected for enigmatic rapid declines, a category viewed as a grab bag of
threatening processes, threats not measured (e.g., UV-B radiation, the chytridiomycosis disease, and
aspects of climate change), and possible synergy among threats. However, signal in enigmatic declines
was only detected using an O-U model. Such declines also correspond with heavy loading of multiple
autocorrelated threats in several areas of the Hylidae tree, mostly in Hylini (e.g., pollution and habitat
loss; enigmatic in boldface, Figure 3, though these categories are not mutually exclusive). Had the
analysis been limited to BM models (such as independent contrasts), I would not have detected the
statistical concentration of enigmatic declines among close relatives. Thus, the phylogenetic signal in
enigmatic declines demonstrates needs for greater understanding of possible synergy of threats in
affected clades and for comprehensive use of PCMs including methods that account for evolutionary
constraints. Future research may address whether the documented evolutionary predisposition to
multiple threatening processes is itself a major component of the “enigma” driving rapid declines.

4.2. Interpreting Phylogenetic Signal

A central tenet of this study is that phylogenetic comparative methods provide a means for more
objective investigation of extinction risk in evolutionary trees. Indeed, simply plotting the presence or
absence of threatened species on the Hylidae tree is redundant, showing every major clade impacted,
and provides no objective way to prioritize conservation efforts. Here I have demonstrated methods to
measure phylogenetic signal with great robustness of the results, giving a clearer picture of clade-level
threats to phylogenetic diversity. Phylogenetic signal in threatening processes has several potential
interpretations. First, signal can indicate an evolutionary predisposition of underlying biological traits
to threats. Such traits driving extinction risk have been detected in studies of mammals and birds
(e.g., [39,40] ) but equivalent work with amphibians, particularly finding that lifetime aquatic index is
a major factor in risk (e.g., [6,41] ), has been limited geographically and taxonomically due to lack of
life history knowledge. PCMs as used here provide a top-down approach to narrowing in on critical
clades for which collection of such detailed biological information can be prioritized. This
interpretation can also be expanded to consider signal detected using an O-U model as a way to
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approach questions of selection on traits that influence the prevalence of declines. In such a scenario,
threatening processes are not subject to selection directly, but may be linked to underlying traits
historically subject to selection, a case of induced phylogenetic dependence (as in spatial analysis
applications, [42]). Second, signal can result from error in threat data. Third, signal can result from
error in phylogeny. Fortunately, because signals in my study were detected across multiple PCMs,
multiple measures of threat, and with two phylogenies, the likelihood of spurious results is minimized.

4.3. Evolutionary Models in Phylogenetic Comparative Methods

Accounting for evolutionary models in phylogenetic comparative methods can help to detect signal
when a trait has a non-Brownian Motion rate of evolution (or is associated with underlying traits with
such a rate of evolution). Detecting signal in these cases is important in adding to our knowledge of
clade-level predisposition to particular threats [1,8]. New applications of PCMs to conservation work
in this study (particularly d) demonstrate ability to detect signal (e.g., for enigmatic declines) when
BM based methods fail.

Though PCMs that lack underlying evolutionary models (randomization test, ARM, Moran’s /) are
generally congruent with other methods, a failure to account for evolutionary model could result in
Type II error (failing to detect phylogenetic signal; [27]). In comparison with non-evolutionary
models, PCMs based on Brownian motion (K-statistic, Pagel’s 1) give similar results. The O-U based
PCM, Blomberg’s d, supports the same conclusions as other measures of signal, but also detects signal
when other (linear) methods do not. Furthermore, when d is used to transform branch lengths, the
resulting MSE of the K-statistic and randomization test is lower, indicating that traits are better
represented by O-U process than a BM process.

4.4. Considering Effects of Phylogeography

Clearly, geography is interrelated with phylogenetic trends in threat. The relative influences of
geographic location and phylogenetic position to patterns of extinction risk are inescapably
complex, but have been characterized as “taxonomic selectivity” and “location selectivity” (i.e.,
geography; [43]). The Red List documents an extreme case of location selectivity in Mesoamerica, an
area with virtually the most threatened amphibian species in the world (Figure 4 in “Geography of
threatened species,” [20]; which can be viewed at: http://www.iucnredlist.org/amphibians/geographic
patterns#figure 4) that corresponds with my results with Hylini (distributed in nuclear Central
America, lower Middle America, and the Mexican Highlands). However, while disentangling
overlapping location and taxonomic related risk may present a methodological challenge, for
conservation policy, targeted efforts may be more cost effective when pinpointing narrow geographic
ranges with many threatened species of Hylini. Efforts to promote population rebound or
stabilization in the region may particularly target habitat loss and pollution, two main sources of
clade-level vulnerability.

For some cases, phylogenetic signal in threats (clade vulnerability) may be a byproduct of
geographic proximity of clades and high-threat areas. This possibility is a particularly relevant concern
for Hylidae, which is thought to have several lineages in Central America formed from independent
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dispersal events from South America, making the phylogeography quite complex [9]. An example
illustrating threats potentially driven by geographic location rather than phylogenetic position is the
genus Dendrosophus, which had independent dispersal events into Central America and is only
threatened in South America, suggesting less of a loss of phylogenetic diversity if threatened members
go extinct. Defining phylogeographic correlates of threat in future studies will greatly improve our
understanding of how conservation value is distributed in phylogenies and where it is threatened, for
both phylogenetic and geographic components.

4.5. Conservation Implications

The presence of phylogenetic signal in clades with multiple threatening processes causing
amphibian species declines presents us with a precarious conservation challenge: preventive
conservation planning will have a large impact on protecting vulnerable lineages rather than individual
species, but the same vulnerable lineages can also potentially lead to greater losses in evolutionary
history when entire clades are units-in-decline [44,45]. Another advantage of this clade-concentrated
threat scenario is that conservation planning can focus on specific geographic areas where many
members of Hylini are concentrated, such as the Mexican Highlands, thereby protecting intrinsically
extinction-prone species that are not yet in decline.

Within Hylini, Isthmohyla, Plectrohyla and the Ptychohyla clade are in most need of conservation
action according to phylogenetic signal present in multiple categories of threat. Overall, however, all
genera of Hylini with phylogenetic signal (Figure 3) have 60—100% of species with threatened status
(driven by habitat loss) with the exception of Hyla and Tlalocohyla (Table 2).

Table 2. Summary of the number of species in each genus of Hylini with phylogenetic
signal in categories of threat. HL = habitat loss, DD = Data Deficient, B.d. = documented
cases of infection by the chytrid fungus, Batrachochytrium dendrobatidis ([7], “major
threats™), with potential cases in parentheses (no direct evidence of infection given).

Genus Enigmatic Threatened HL Pollution B.d. DD Distribution of threatened species
Decline
Plectrohyla (41) 17 38 38 12 6 (32) 2 Guatemala, Mexico, Honduras,
El Salvador
Ptychohyla clade (23) 5 20 20 11 5(15) 2 Guatemala, Mexico, Honduras,

Nicaragua, Panama, Costa Rica,
El Salvador

Isthmohyla (14) 6 10 9 6 1(6) 2 CostaRica, Panama, Honduras

Ecnomiohyla (10) 1 7 7 2 0(1) 1 Mexico, Costa Rica, Panama,
Nicaragua, Guatemala, Colombia,
Ecuador, Honduras

Exerodonta (11) 0 7 7 1 1(3) 2 Honduras, Mexico, Guatemala

Charadrahyla (5) 1 5 5 0 1(2) 0 Mexico
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Table 2. Cont.
Genus Enigmatic Threatened HL Pollution B.d. DD Distribution of threatened species
Decline
Megastomatohyla (4) 1 4 4 0 0 0 Mexico
Hyla (44) 1 3 3 2 0 13 Guatemala, Bolivia, Mexico
Tlalocohyla (4) 0 1 1 0 0 0 Mexico

Most of the affected genera are small, with less than 15 member species. Pollution driving
threatened status is most prevalent (30—40% of species) in Isthmohyla, Plectrohyla, and the Ptychohyla
clade. Limited data on decline due to chytridiomycosis (only cases that are documented or highly
likely, [7]) indicates that Charadrahyla, Plectrohyla, and Ptychohyla are most affected (15-22%
species affected). Enigmatic decline has the greatest impact (>40%) on Isthmohyla and Plectrohyla,
though species of Isthmohyla in enigmatic decline are also highly vulnerable to pollution, while
chytridiomycosis infection heavily coincides with declines in Plectrohyla. Furthermore, there
are 22 Data Deficient species among these genera with phylogenetic signal that should be considered
high priority for further risk assessments, as they may have evolutionary predisposition to threats. If
Data Deficient species are indeed threatened, the expanded PCM analysis indicates that an additional
tribe of Hylinae, Lophiohylini, may have evolutionary predisposition to threats.

Conservation efforts addressing extinction risk of the Hylini clade might be directed taxonomically
to Isthmohyla, Plectrohyla and Ptychohyla (68/78 are threatened species) and geographically to
countries with highest numbers of threatened species belonging to genera with phylogenetic signal:
Mexico (n = 49), Guatemala (23), Costa Rica (11), Panama (11), Honduras (11), El Salvador (4),
Nicaragua (2), Bolivia (1), Colombia (1), and Ecuador (1) (see Table 2).

Habitat loss and pollution, though well established sources of population losses among amphibian
species, have faded from the global conservation spotlight in our rush to understand effects of
chytridiomycosis and climate change during this accelerating period of species declines (e.g., [46]).
My results underscore the need to strengthen the global conservation focus once more on tenable
management practices that mitigate habitat loss and reduce sources of pollution. Indeed, there is a
large void of information about pollution and its contributions to species threats for tropical amphibian
species [47], which include most of Hylidae. We stand to lose a large portion of phylogenetic diversity
particularly in the clade, Hylini, without immediate action to rectify these problems. This highlights
the need to consider a broader range of anthropogenic impacts in future assessments. In an important
previous evaluation, habitat loss was considered one of three major categories of threat [2], and
associated factors, such as pollution, were dismissed in the analysis. Furthermore, focus in the
literature on amphibian declines due to chytridiomycosis has turned attention to catastrophic events
that currently cannot be controlled or prevented. My demonstration that pollution is a major, targeted
threat for Hylini, irrespective of the evolutionary or geographic drivers, provides hope that restoration
efforts might assuage declines in spite of ongoing problems with chytridiomycosis. These results also
differ from recent evidence from a primarily temperate study, suggesting pollutants do not impact
populations as intensely as previously thought [48]. However, the IUCN Red List provides evidence of
Neotropical declines due to pollution and no equivalent survey to [48] has been conducted for
Neotropical species, particularly for Hylids.
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Finally, human practices leading to habitat loss and pollution at a grand scale are bound to spread
more widely and it is unclear from this study whether the detrimental and widespread effects noted in
Hylini are due mostly to some shared evolutionary predisposition to these threats, and/or simply due to
residence in these geographic regions of great anthropogenic land change. Regardless of which process
is responsible for the patterns, curbing pollution and habitat loss remain the most effective actions
possible to protect the clade. This should also serve as a warning about sustaining phylogenetic
diversity under similar scenarios where phylogeny and geography are so tightly linked, and hence,
where clade-level conservation must be used to formulate action plans, rather than species based
conservation alone.
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Appendix

Detailed results for analyses using the Faivovich phylogeny. Figure S1 plots phylogenetic signal in
factors related to threat on the Faivovich phylogeny. Table S1 is a summary of ARM results using the
Faivovich phylogeny. Table S2 provides the full results of the Blomberg ef al. analysis of phylogenetic
signal using the Smith phylogeny, including mean standard errors.

Results of the Analysis with the Faivovich Phylogeny

The ARM analysis using the Faivovich tree maintained patterns of phylogenetic signal similar to
the Smith tree analysis (Table S1, Figure S1): habitat loss has significant phylogenetic signal, and
subsets of habitat loss are all significant (extraction, agriculture, infrastructure), containing the same
affected genera with phylogenetic signal as the Smith tree with the sole exception of Phyllodytes
(which does not have a positive p in the subsets). Pollution has significant phylogenetic signal, and
subsets water pollution and air pollution are also each significant, though not for as many genera.
Furthermore, the Faivovich tree analysis indicated that there are phylogenetic effects in the distribution
of threats in the tribe Lophiohylini (due to habitat loss, three or more types of threats, and threatened
plus Data Deficient status; Figure S1; Table S1).

Table S1. Summary of ARM results using the Faivovich tree and threatened status and
threatening processes. Data deficient status not significant (not shown).

Threat Component p (£90% CI)

Threatened status 0.43 (0.197)
Threatened + Data

deficient status 0.29 (0.230)
Enigmatic decline ns

2+ types of threat 0.44 (0.197)
3+ types of threat 0.45 (0.110)
All Habitat loss 0.44 (0.197)

All Pollution 0.52 (0.165)
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Figure S1. Hylidae (Faivovich) phylogeny showing the distribution of threats across the
phylogeny with positive phylogenetic signal (ARM p values). Dashed lines indicate
positive p when data deficient status is included with threatened status taxa. Genera in bold
are those identified as having rapid enigmatic declines. Threatened status is not shown due

to redundancy with shown categories.
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Table S2. Full results using Blomberg et al. [25] PCMs and the Smith phylogeny. MSE
original is calculated using the untransformed tree. MSE star is calculated assuming a star-
shaped tree. White areas indicate that the method was not applied given criteria described

in the text.
Category of P d Pfor Pfor Expected Observed K MSE MSE MSE
Threat Randomizati d=0 d=1 MSE/MS MSE/MS Star Origin O-U
on Test of E E al
Signal*
Threatened status 0.0420 0.655 0.046 0.390 1.0472 1.0287 0982 0.107 0.1116 0.105
9 0 0 3 7 0
2+ types of threat 0.0300 0.686 0.048 0.412 1.0574 1.0506 0.993 0.106 0.1093 0.102
8 0 0 5 5 5
All Habitat loss 0.0340 0.715 0.043 0.426 0.0681 1.0594 0991 0.117 0.1183 0.111
9 0 0 9 2 9
Land pollution 0.5890 0.560
0
Enigmatic 0.0660 1.157 0.029 0.078 1.9534 1.3232 0.677 0.013 0.0141 0.010
decline 9 0 0 4 9 8
Threatened + 0.0290 0.711 0.051 0.429 1.0664 1.0525 0986 0.121 0.1228 0.117
Data deficient 7 0 0 9 6 9
status
Human 0.3070 0.128
disturbance 0

* Phylogeny was first transformed with Blomberg’s d, according to lowest MSE (see MSE O-U versus MSE

original and star).
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