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ABSTRACT: For many taxa and systems, species richness peaks at mid-
elevations. One potential explanation for this pattern is that large-
scale changes in climate and geography have, over evolutionary time,
selected for traits that are favored under conditions found in contem-
porary midelevation regions. To test this hypothesis, we use records of
historical temperature and topographic changes over the past 65 Myr
to construct a general simulation model of plethodontid salamander
evolution in eastern North America. We then explore possible mech-
anisms constraining species to midelevation bands by using the model
to predict plethodontid evolutionary history and contemporary geo-
graphic distributions. Our results show that models that incorporate
both temperature and topographic changes are better able to predict
these patterns, suggesting that both processes may have played an im-
portant role in driving plethodontid evolution in the region. Addition-
ally, our model (whose annotated source code is included as a supple-
ment) represents a proof of concept to encourage future work that
takes advantage of recent advances in computing power to combine
models of ecology, evolution, and earth history to better explain the
abundance and distribution of species over time.

Keywords: paleoclimatology, climate history, agent-based model (ABM),
general simulation model (GSM), eco-evo, phylogenetic reconstruction.

Introduction

Peaks in species richness at midelevation bands have been
observed in ecosystems and taxa around the globe (Rahbek
1995). A number of ecological processes may contribute to
this “hump-shaped” distribution, including varying auto-
trophic productivity (Rosenzweig 1995), trade-offs between
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competitive ability and environmental tolerance (Gifford
and Kozak 2012), and differences in area and isolation,
which often reach their respective maximum and minimum
atmidelevations (Sanders 2002). Evolutionary processes have
also been suggested; however, they are more difficult to sup-
port, as it is often unclear how speciation and extinction rates
have changed over time (Morlon 2014).

We propose to address this question using plethodontid
salamanders as a model system. These salamanders are of-
ten used as model organisms for studies combining ecology
and evolutionary biology (Bruce et al. 2000). Nearly all of
the ~450 extant plethodontid species are found in North or
Central America (Min et al. 2005; AmphibiaWeb 2016),
and there is substantial evidence that the family originated
inthe southern Appalachians (Wilder and Dunn 1920; Dow-
ling 1956; Mueller et al. 2004; Herman and Bouzat 2016) 48—
79 Mya (Kozak et al. 2009; Martin et al. 2016). In eastern
North America, their current range is largely contiguous,
stretching across most of the United States and southern
Canada east of the Mississippi River (Herman and Bouzat
2016). Plethodontids are therefore a particularly tractable
system for studying long-term patterns of speciation, as the
clade appears to have originated, diversified, and persisted
within a relatively distinct geographic region.

Using phylogenetic and species distribution data for east-
ern North American plethodontids, Kozak and Wiens (2010)
argue that evolutionary stasis could be a mechanism driving
worldwide patterns of species richness along elevation gra-
dients. The authors showed that plethodontid richness peaks
along midelevation bands in the Appalachians and sug-
gested that this is due to increased “time for speciation” in
these regions. They cite several possible mechanisms that
could lead to evolutionary stasis within fixed elevation bands,
including interspecific competition and daily variation in
temperature and moisture. However, the evolutionary his-
tory of plethodontids has coincided with dramatic environ-
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mental and geographic change, complicating this explana-
tion. Since the early Permian, the Appalachians have likely
lost more than half their original elevation (Slingerland and
Furlong 1989). Similarly, over the past 65 Myr there have
been large and rapid fluctuations in mean global temperature
(Zachos etal. 2001). Such events present a dynamic backdrop
for evolution, with potentially major impacts on species’ evo-
lutionary histories (Ricklefs et al. 1999; Rangel et al. 2007).
For example, recent molecular work suggests that both the
phylogenetic and the geographic relationships among Pletho-
don serratus subpopulations have been strongly influenced by
changes in regional climate throughout the Pleistocene (The-
sing et al. 2016).

We hypothesize that variation in temperature and topog-
raphy, rather than elevation gradients per se, have changed
and constrained the ranges of plethodontid salamanders over
their evolutionary history. Because salamanders are small,
ectothermic, and relatively poor dispersers, they are sensitive
to changes in temperature, and species ranges are often re-
stricted to specific microclimates determined by local temper-
ature and moisture (Carfioli et al. 2000; Gifford and Kozak
2012; Thesing et al. 2016). Large-scale changes that have
caused the area available at any particular range of temper-
atures to vary substantially over time have therefore also
potentially changed the space and resources available to sal-
amander species with limited temperature tolerances. If con-
ditions currently found in midelevations were historically
more common than other conditions, then it would stand
to reason that these regions are also disproportionately spe-
cies rich. This would be particularly evident if processes such
as those cited by Kozak and Wiens (2010) prevented species
from adapting to other conditions that have been less histor-
ically common.

To evaluate the influence of changes in temperature and
topography, we focus on 95 Appalachian plethodontid taxon
groups found primarily east of the Mississippi River. These
include 79 recognized species and 16 undescribed lineages,
including all 82 lineages from Kozak and Wiens (2010) and
13 additional species from Kozak et al. (2009; for the full spe-
cies list, see the appendix, available online). In all, this ac-
counts for all but six of the described species in the region.
We used these data, including species’ ranges, richness, and
phylogenies, to construct a general simulation model (GSM)
of plethodontid evolution (Rangel and Diniz-Filho 2005;
Rangel et al. 2007; Gotelli et al. 2009). GSMs are useful when
processes are too complex to analyze analytically (Colwell
etal. 2012) and include a wide class of computational meth-
ods to predict species’ responses to the joint influences of evo-
lutionary and ecological processes.

We used this model to emulate species trait evolution and
community dynamics over 65 Myr of historical climate and
topographic change in eastern North America. Next, we pa-
rameterized alternate versions of this model for scenarios

where temperature and elevation either change through time
or remain static. Finally, we compared model fits across
scenarios to test whether including the historical information
significantly improved predictions.

Methods

The complete, annotated code used to run the simulations
described here is available as part of the supplemental ma-
terial online and is also accessible online at https://github
.com/r-barnes/BarnesClark2017-Salamanders." More spe-
cific details regarding our simulation, phylogenetic recon-
struction, and optimization methods are also available in
the appendix.

Our GSM tracks the evolutionary history of a single pro-
genitor species and all of its descendant species from an or-
igin 65 Mya to the present. Since it would be computationally
prohibitive to simulate millions of individual salamanders,
each species is instead represented by one or more “popu-
lations” that span larger spatial and temporal scales than
would an individual. Biologically, these populations might
be thought of as demes—subgroups whose trait and genetic
differences are small relative to the species as a whole. In
our model, we assume that individuals within a population
are spatially proximal, share the same traits, and are genetically
identical. Between populations, these aspects can vary, which
leads to within-species variation in traits, relatedness, and
geographic range. The “abundance” of a species in our model
is therefore determined by the number of populations of that
species summed across all spatial bins. If multiple popula-
tions of a species share the same spatial bin at the same time,
these populations can “breed” (representing interactions be-
tween individuals from the two populations), generating a
new “child” population, as described in “Breeding.” Over
time, mutations can accumulate (generally because popula-
tions move to new elevation bands and become reproduc-
tively isolated from other populations of the same species).
If the genetic differences among populations within a single
species become large enough as a result of this, the popula-
tions diverge into separate species.

The model progresses in discrete, uniform time steps.
Within each time step, several events occur: (a) populations
suffer mortality based on how their optimal temperature
differs from their environment as well as the local density
of con- and heterospecifics (i.e., the number of populations
per unit area in each elevation bin; see details in “Mortal-
ity”); (b) the surviving populations breed to produce new
populations, during which genetic mutations and crossover
may result in new species (“Breeding”); and (c) both the

1. Code that appears in The American Naturalist is provided as a conve-
nience to the readers. It has not necessarily been tested as part of the peer re-
view.



parent and the child populations have an opportunity to mi-
grate to higher or lower elevations (“Temperature and To-
pographic Change”). As topography and temperature vary
in simulation time, the total area available at any given tem-
perature fluctuates, thereby subjecting species to changing
selective pressures, leading to re-creations of potential evo-
lutionary histories.

Knobs and Scenarios

Because GSMs are complex, it is helpful to design them with
“control knobs,” which can be toggled to test different
scenarios and assumptions (Gotelli et al. 2009). Our GSM
contains two primary control knobs: TEMPERATURE and ELE-
vaTION (“Temperature and Topographic Change”). When
these knobs are “off,” we hold their conditions constant
for the whole simulation; when they are “on,” we vary con-
ditions following historical patterns. Our GSM also includes
seven parameters that are directly optimized to match ob-
served patterns and five secondary control knobs. We use
these optimized parameters and secondary knobs to provide
the best possible model fit for testing our primary hypothe-
ses about temperature and topography and to test the effects
of various model assumptions

The seven optimized parameters are as follows: p and o,
which control the mutation rates of species relatedness and
temperature optima, respectively (for details, see “Breed-
ing”); p, which controls the threshold for speciation (“Breed-
ing”); w, and wr, which control mortality rates as a function
of temperature (“Mortality”); and wc and wy, which control
the strength of con- and heterospecific competition, respec-
tively (“Mortality”). The secondary control knobs are com-
PETITION (“Mortality”), pispErsaL (“Dispersal”), ANCESTRAL
ELEVATION (“Temperature and Topographic Change”), REIN-
vasions (“Dispersal”), and TiME sTEP (which sets the model’s
time step to either 0.5 or 0.1 Myr). The effects of these knobs
are discussed in the indicated sections.

Temperature and Topographic Change

In our model, temperature at a given time varies depending
on local elevation following the adiabatic lapse rate of dry
air, —9.8°C/km. If the TEMPERATURE knob is on, then tem-
perature also changes over time according to historic data
on global temperature change (Zachos et al. 2001; for de-
tails, see the appendix). The time series for sea-level tem-
perature is shown in figure 1a.

We discretize space into a series of 50 equally spaced bins
representing the total area available at different elevation
bands. To characterize the contemporary area available as
a function of elevation, we used data from WorldClim cor-
responding to the contemporary range of plethodontids
east of the Mississippi River, collated in Kozak and Wiens
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Figure 1: Time trends predicted from the fitted scenario with elevation
and temperature change (scenario ET). Lines show means = 1 SD.
a, Temperature trend over time (black line) and species richness (or-
ange line). b, ¢, Rates for speciation (blue) and extinction (red). Darker
regions show overlap between confidence intervals.

(2010, their table 1). If the eLEvaTION knob is off, then these
modern elevation data are used to describe topography. If
the ELEVATION knob is on, then the area available in each
bin varies over time following the region’s orogenic history,
which is driven largely by the erosion of the Appalachians
(for details, see the appendix). As erosion occurs, higher
bins are removed. We also tested two settings for the ANCEs-
TRAL ELEVATION knob: the original plethodontid ancestor was
placed either (a) at sea level or (b) at the middle of the initial
elevation range.
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Breeding

In our model, each salamander population is described by
three traits: a species ID, a neutral genome used to test relat-
edness, and an optimal temperature T,,, at which the sal-
amander’s temperature-dependent mortality (“Mortality”)
is at a minimum. Breeding events take place between “par-
ent” populations and give rise to new “child” populations,
which can themselves become parent populations in the
next time step. Randomly chosen pairs of populations breed
with each other, but only if they are conspecific (share a spe-
cies ID), share at least fraction p of the characters in their
genotype, and are located in the same elevation bin, which
implies close geographic proximity of the populations. For
details, see the appendix.

The neutral genome that determines relatedness is im-
plemented as a 64-bit field that changes independently of
the salamander’s optimal temperature. Child populations
inherit these characters from either of their parents with a
50% probability, plus an additional mutation probability de-
termined by p. Optimum temperature follows a random
walk, whereby child populations inherit the average trait
values of their parents plus a random mutation drawn from
a normal distribution with mean zero and standard devia-
tion o.

Mutations may accumulate over time, leading to geno-
type divergence in reproductively isolated populations. If
these differences exceed a fraction p, then the populations
can no longer breed, and we consider them to be members of
separate species. Speciation is therefore an emergent charac-
teristic of our model, which can arise through any mecha-
nism that imposes reproductive isolation. Most frequently,
this occurs through geographic isolation (i.e., allopatric spe-
ciation) among populations that have dispersed to differ-
ent elevation bins. Reproductive isolation could also occur
within a single elevation bin through random chance (ie.,
sympatric speciation), although geographic proximity makes
this unlikely. While technically possible, this second mode of
speciation is rare in our model.

Mortality

Each population has a per-time-step mortality probability
determined by the density of con- and heterospecifics in its
bin as well as the degree to which its optimal temperature is
mismatched to its environment. Note that population mor-
tality leads to extinction events only if all populations that
make up a particular species die out.

At each time step, a population has a probability of dy-
ing out given by the following logistic function:

A WT(Topt - Tbin)z + wyAy + weAc + wy, (1)

Pr[death] = 1/(1 + exp(—A)). (2)

This is effectively a stochastic Lotka-Volterra competition
equation, where w, describes the base mortality rate, wy
describes changes in mortality attributable to deviations in
the population’s optimal temperature T, from the environ-
ment’s temperature Ty, and wc and wy describe, respec-
tively, the influence of competition between con- and hetero-
specifics, expressed by their respective abundances per unit
area, Ac and Ay.

These latter parameters enforce a soft “carrying capac-
ity” for the bin when w¢ > 0. Thus, bins with smaller areas
will generally support fewer populations, and populations
are less likely to persist in a bin if the bin’s temperature is
far from their optimum temperature. When many popula-
tions are present, mortality increases. We test three settings
for the compETITION knob: (a) no heterospecific competition
(wa = 0), (b) equal conspecific/heterospecific competition
(wa = wc), and (¢) unequal conspecific/heterospecific com-
petition (wy and wc are optimized separately as two inde-
pendent parameters).

Dispersal

We test three settings for the pisPERSAL knob. Depending on
this, at each time step a population has a 50% probability of
migrating to (a) a randomly chosen bin neighboring their
current bin (random local dispersal), (b) a neighboring bin
that more closely matches their optimal temperature (di-
rectedlocal dispersal), or (¢) arandomly chosen bin anywhere
along the elevation gradient (global dispersal). Dispersal rate
is therefore controlled by time step length.

Although plethodontids are thought to have originated
in the southern Appalachians, there is some evidence that
lineages that initially dispersed out of eastern North Amer-
ica later reinvaded the region as many as four times (Martin
et al. 2016). The rREINVASION knob accounts for this. When it
is on, populations have a 0.1% chance per time step of leav-
ing the simulated region. Once they leave, populations per-
sist and mutate but do not compete or experience temper-
ature and elevation fluctuations. They have a 0.1% chance
per time step of reinvading the simulated region. In simu-
lations, this typically leads to the first successful reinvasion
by an outside lineage around 50 Mya, with additional in-
vasions becoming more frequent as time moves forward,
roughly matching the hypothesized historical invasion his-
tory of Martin et al. (2016).

Empirical Metrics

We compared our simulation results for extant species (i.e.,
those present 0 Mya) to empirically observed patterns and
molecular phylogenies based on six metrics. Four of these
have been suggested previously as important for analyzing



GSMs (Gotelli et al. 2009; Morlon 2014): (a) total species
richness (i.e., number of species), (b) total species with the
middle of their elevation range falling in each elevation bin,
(¢) species elevational range-size frequency distributions, and
(d) lineages-through-time (LTT) plots. We also include two
additional metrics: (e) Pybus and Harvey’s v statistic (Pybus
and Harvey 2000), which better characterizes recent diver-
gence events, and ( f) Blomberg’s K statistic (Blomberg et al.
2003), which we use to characterize the relationship between
phylogenetic distance among species and differences in tem-
perature at the middle of their elevational range (an empirical
proxy for optimum temperature).

For metrics a—c, we used the richness and distributional
data from Kozak and Wiens (2010) and matched them to
the elevation bins from our simulation. For metrics d-f, we
used the published phylogeny from Kozak et al. (2009). We
use this phylogeny because it corresponds directly to the
lineages in Kozak and Wiens (2010) and because its topol-
ogy closely matches that of a more recent study by Martin
etal. (2016). To account for uncertainty in divergence times
for the molecular phylogeny, we used the aligned sequences
and methods from Kozak et al. (2009) to reconstruct 10,000
bootstrapped replicates of the maximum likelihood phy-
logeny in RAXML (ver. 8.2.9; Stamatakis 2014). We then
time-calibrated the resulting trees on the basis of the age
constraints from Kozak et al. (2009) using the PATHdS al-
gorithm (Britton et al. 2007) implemented in phyloGener-
ator (Pearse and Purvis 2013). We then calculated metrics
d—f for all 10,000 trees, resulting in an empirical frequency
distribution for each metric (for details, see the appendix).

Model Fitting and Scenarios

To optimize the seven parameters (“Knobs and Scenarios”)
in our model, we used a simulated annealing algorithm to
maximize the likelihood of observed data given simulated
predictions across all six empirical metrics (“Empirical Met-
rics”). Because these metrics involve different numbers of
comparisons (e.g., there is only a single observed species rich-
ness to compare, but there are many observations across time
for the LTT plot), likelihoods vary by orders of magnitude
across metrics even when models fit well. This leads some
metrics to have a disproportionately strong effect on the op-
timization. To prevent this, we calculated a likelihood ratio
for each metric by taking the raw likelihoods for the observed
data given the model and dividing them by the likelihood
that would be expected for the observed data if it perfectly
matched the simulated distribution. We then minimized the
value of this metric, which maximized the weighted model
likelihood. This ensured that the log-likelihood ratios of each
metric were generally within the same order of magnitude,
giving the metrics roughly equal weight in our optimization
process. For details, see the appendix.
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Because there were almost 300 potential configurations of
the secondary knobs (“Knobs and Scenarios”) in our GSM,
we used a forward selection procedure to determine the best
position for them (see the appendix). This led us to a config-
uration with shared conspecific/heterospecific competition,
random local dispersal, midelevation ancestral origin, no re-
invasions, and a time step of 0.5 Myr.

To test whether including information about temperature
and topographic change improved the GSM’s fit, we opti-
mized on the above best configuration using the two primary
knobs. This gave four different scenarios: TEMPERATURE and
ELEVATION knobs off (scenario N), only the ELEvaTiON knob
on (scenario E), only the TEMPERATURE knob on (scenario T),
and both knobs on (scenario ET).

To test the effects of some of our model assumptions, we
also optimized the ET scenario for all possible single-knob
deviations from the best configuration of the five secondary
knobs. This gave seven additional scenarios: two for the pis-
PERSAL knob, two for the compeTITION knob, one for the an-
CESTRAL ELEVATION knob, one for the remnvasion knob, and
one for the TIME STEP knob. We then ran 5,000 iterations for
each of these four primary and seven secondary scenarios
at their maximum likelihood parameter estimates to calcu-
late model likelihoods and distributions for each of our met-
rics. Finally, to test for significant differences in likelihood
between models, within each of the primary and secondary
scenarios we bootstrapped by resampling 5,000 iterations
with replacement and calculated the likelihood for each it-
eration.

Results

For the total fit across all six metrics, the ET scenario, which
included both elevation and temperature changes through
time, provided significantly better fits than the E, T, and N
scenarios; the last fit the worst (table 1). For the seven sec-
ondary scenarios we tested, all provided significantly worse
total fits than the regular ET scenario, with the exception of
two (the global and directed pispErRsAL knob scenarios, and
the rRenvasiON knob on) for which the total fit was not sig-
nificantly different.

For the LTT plot and predictions of extant species rich-
ness (which simply reflects the LTT plot at 0 Mya), the ET
scenario matched observed trends reasonably well (fig. 24,
2d), although the richness predictions followed a bimodal
distribution. The best predictions came from the scenario
with the pispErsaL knob set to directed. For both the random
and the directed pispErsAL knob settings, the ET scenario
matched the general trend from the molecular phylogeny,
with an accumulation of roughly 0.5 lineages per million
years for the first 40 Myr of the simulation, increasing to five
lineages per million years for the past 15-20 Myr (figs. 24, 3a).
Setting the ANCESTRAL ELEVATION knob to low technically gave
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Figure 2: Comparison of observed and predicted metrics, based on the fitted scenario with elevation and temperature change (scenario ET).
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data.

a lower likelihood ratio, but it predicted an average of 150 ex-
tant species and performed well because of a very broad dis-
tribution for simulated values.

For species’ midelevation distribution, predictions from
the ET scenario closely matched the observed hump-shaped
trend (fig. 2b). Several of the secondary scenarios provided
significantly better fits with qualitatively similar results, but
differences in likelihood were small. For the species eleva-
tion range distribution, the ET scenario significantly out-
performed all other primary and secondary scenarios except
for the T scenario, although again, these predictions were
qualitatively similar to those from the ET scenario. For all
models, the fit for elevation range was relatively poor, with
significantly too few species with elevation ranges greater
than 1,000 m and significantly too many with ranges of 0 m
(fig. 2c¢).

As with richness, ET predictions for the v statistic pro-
duced a bimodal distribution including both positive and
negative values (fig. 2e). For the K statistic, the ET model pre-
dicted values that were significantly less than 1 but skewed
somewhat lower than those from the molecular phylogeny

(fig. 2f). Nevertheless, likelihoods for the ET model were
significantly greater than those for the other primary scenar-
ios, with the exception of the T scenario, which fit the v sta-
tisticsignificantly better. Amongthe secondary scenarios, sev-
eral outperformed the ET scenario for these metrics, and the
multiple-reinvasions scenario provided particularly good pre-
dictions for both the vy and the K statistic (fig. 3¢, 3d).
TheET scenario predicted smooth time trends for total spe-
ciesrichness (fig. 1a), speciation and extinction rates (fig. 1b),
and per capita speciation and extinction rates (fig. 1¢). In
general, speciation exceeded extinction for the first 15 Myr
of the simulation, leading to a rapid accumulation of species,
followed by a slightly higher extinction than speciation rate,
leading to a gradual total decline in richness. This broadly
matched trends in the E and T scenarios, although scenarios
without elevation change did not experience net loss of spe-
ciesover time. Conversely, speciation and extinction dynam-
ics for many of the secondary scenarios, including the two
best-fitting scenarios—directed dispersal (fig. 3e) and multi-
ple reinvasions (fig. 3f )—appeared to be strongly driven by
temperature changes, with peaks in extinction rate corre-
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Figure 3: Examples of metric comparisons and time trends for other fitted scenarios. a, b, and e are for the scenario with directed dispersal,
and ¢, d, and f are for the scenario with multiple reinvasions. Symbols and intervals for a-d are as described in the figure 24, 2d, 2e, and
2f legends, respectively. Colors and intervals in e and f are as described in the figure 1b legend.

sponding to periods of rapid temperature change around 50,
25,and 15 Mya.

Discussion

Our results suggest that changes in temperature and eleva-
tion jointly influenced the evolutionary history of plethodon-
tid salamanders in the populations we consider. This was by
no means a foregone conclusion: although they utilize dif-
ferent information about historical environmental dynam-
ics, the N, E, T, and ET scenarios all include the same num-
ber of model parameters, and there is no analytical reason to
assume that the more “complex” scenarios should yield bet-
ter predictions. Our findings are consistent with results for
several plethodontid species from the North American inte-
rior highlands that attribute geographic distributions and
phylogenetic relationships to a combination of climate and
topographic factors, particularly during the Pleistocene era
(Martinetal. 2016; Thesingetal. 2016). This also accords with
findings for the Eurycea bislineata species complex east of
the Mississippi River, which suggests that small changes in to-
pography—and particularly in historical drainage basins—
explain phylogenetic relationships (Kozak et al. 2006).

Unlike these existing studies, our results apply to a larger
set of lineages and rely on mechanisms that act at substan-
tially larger spatial and temporal scales. Nevertheless, it has
been suggested previously that large-scale climate and geo-
graphic changes are important drivers of evolutionary change
(Ricklefs etal. 1999). For example, dramatic shifts in commu-
nity composition and species ranges resulting from climate
change have been recorded among terrestrial plant and ani-
mal communities, particularly over the past 12 kyr in eastern
North America (Jackson and Overpeck 2000). Similarly, over
the past few hundred thousand years, Milankovitch climate
forcing has been posited as a major driver of large-scale shifts
in species distributions (Dynesius and Jansson 2000) and
may be responsible for promoting rapid speciation among
closely related lineages while reducing the formation of deep
branchesin species phylogenies (Jansson and Dynesius 2002).

Contemporary Diversity and Species Elevation Ranges

As noted above, midelevation bands tend to have greater
relative area, which may promote species diversity (Sanders
2002), especially if temperatures are stable. However, the
midelevation diversity observed in contemporary popula-



tions in our model cannot be explained by these factors
alone: historical temperatures were generally much higher
than they are today (Zachos et al. 2001), and temperatures
matching those in contemporary midelevation bands were
comparatively rare. Despite this, because species mideleva-
tion bands were better described by the E scenario and their
elevation ranges were better described by the T scenario (ta-
ble 1), it appears that joint consideration of historical tem-
perature and elevation changes are necessary for explaining
species elevational distributions. This may also indicate that
elevation changes were important for driving interspecific
differences in geographic distribution and temperature tol-
erance, while temperature fluctuations were important for
within-species variability in temperature tolerances.

Several of the secondary scenarios were better able to pre-
dict species midelevation bands than was the primary ET
model, including scenarios with the CompETITION knob set
with reduced interspecific competition relative to conspecific
competition, the DispersaL knob set to directed local dispersal
or global dispersal, and the scenario with the reinvasioN knob
turned on. Reduction in the strength of interspecific compe-
tition allows more species to coexist within a single eleva-
tion band (Gifford and Kozak 2012), which could explain
why this scenario was better able to model high diversity at
midelevation ranges.

Because the secondary dispersal and reinvasion scenarios
allowed species to colonize areas more rapidly than the pri-
mary model, these scenarios’ superior predictive ability for
species midelevation bands may also indicate that rapid dis-
persal was important for colonizing contemporary midele-
vation bands, as they came to represent a larger fraction of
the total available area. This would match findings suggest-
ing that the large, fragmented geographic ranges of some
plethodontids led to rapid divergence during the Pleisto-
cene (Thesing et al. 2016). Interestingly, these scenarios also
correspond to predictions of rapid temperature-driven ex-
tinction events between 10 and 30 Mya (fig. 3e, 3f), which
suggests that a substantial portion of the contemporary sal-
amander species resulted from relatively recent diversifica-
tion events. This provides another explanation of why these
scenarios were better able to explain high diversity at con-
temporary midelevation bands, as this diversification would
have coincided with the rapid increase in available area at
these temperature ranges over the past 10 Myr.

Scenario Results

In accordance with results from other GSMs, our findings
suggest that no single model is able to simultaneously match
all of the metrics that we test (Gotelli et al. 2009). Although
the ET scenario was the best-fitting model when considered
across all of the metrics that we tested, it performed poorly
for predictions of extant species richness and for the v and
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K statistics; it was outperformed by several other scenarios
for both the LTT plot and the extant species midelevation
distribution. The same problem persisted even for higher-
dimensional interactions among control knobs that we tested.
For example, a three-way interaction scenario testing the ET
model with directed dispersal and multiple reinvasions per-
formed worse than either of the two-way interactions. Thus,
different scenarios of our GSM appear to be best suited for
predicting specific kinds of metrics.

The most obvious difference between the primary and
secondary scenarios was in the relationship between speci-
ation and extinction rates over time. In the ET model (and
most other primary scenarios), wr was small, and correlations
between diversification rates and temperature change were
weak (fig. A1, available online). Nevertheless, the K statistic
was significantly less than 1, suggesting that selective pres-
sures on temperature optima were sufficiently strong to over-
ride niche conservatism (which arises in the models as a low
o value, representing a Brownian process with limited drift;
Blomberg et al. 2003). Conversely, in most of the secondary
scenarios, effects of temperature on mortality were substan-
tially higher, and periods of rapid temperature change cor-
responded to spikes in extinction rates. Interestingly, speci-
ation rates changed little through time in these scenarios,
which does not match current paradigms of “bursts” of spe-
ciation leading to or following from major extinction events
(Ricklefs 2014). This suggests that the plethodontid species
pool may be determined primarily by a relatively constant
background rate of speciation, with periodic bursts of ex-
tinction.

Our results for the competition scenarios suggest that
competitive effects among con- and heterospecifics are not
significantly different. However, assuming no heterospecific
competitive interactions led to small but significant reduc-
tions in likelihood, suggesting that in addition to environ-
mental changes, competitive interactions among species are
important in this system (Rangel et al. 2007). This matches
results for global amphibian distributions (Munguia et al.
2012) and for physiological models of the species Plethodon
teyahelee (Gifford and Kozak 2012), suggesting that a com-
bination of competition, physiological tolerances, and dis-
persal limitation determines salamander species ranges.

Among the dispersal scenarios, directed dispersal substan-
tially outperformed global dispersal for predictions of extant
species richness and outperformed random local dispersal
for both richness and LTT plots. This illustrates the impor-
tance of metacommunity dynamics with limited dispersal
for maintaining diversity in our model (Hanski 1998; Kerr
etal. 2002; Holyoak etal. 2005), although it suggests that spe-
cies’ abilities to track favorable climate gradients is impor-
tant as well (Ackerly 2003; Rangel et al. 2007). The sharp
“elbow” in the LTT plots for both the molecular and the sim-
ulated phylogenies are consistent with high extinction rates
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relative to speciation (figs. 2a, 3a), match previous results
for plethodontids (Nee et al. 1994), and generally match
predictions from all scenarios that we tested. Interestingly,
given that scenarios that predicted rapid spikes in extinction
rates through time generally provided better estimates of the
LTT plot than did scenarios that did not, this suggests that
periodic extinction events may be important for accurately
re-creating the patterns observed in the molecular phylog-
eny (Morlon 2014).

For the scenario with multiple reinvasions, improved fits
for the y and K statistics suggest that recolonization events
from outside eastern North America are important for ex-
plaining plethodontid diversification rates and the evolution
of their temperature optima; this accords with molecular and
biogeographic evidence (Martin et al. 2016). Compared to
the ET scenario, the v statistic for the reinvasion scenario
was lower and primarily but not significantly negative, sug-
gesting that the speciation rate has been slowing over time
(Pybus and Harvey 2000). Potentially, this is because rein-
vasions from outside the region allowed for deep branching
events in the phylogeny without the need for high specia-
tion and extinction rates.

Modeling Methods

The models that we present here have a number of advan-
tages over existing methods. First, because we separately
track relatedness and trait values, traits are generally corre-
lated with phylogenetic relatedness in our model but are not
determined by it (Ackerly 2009). Second, our approach al-
lows speciation to emerge as a coupled result of population
size, genetic isolation, and drift, without the need to impose
an exogenous speciation rate (Hubert et al. 2015). Impor-
tantly, our method even allows speciation to take place sym-
patrically if, by random chance, nearby populations fail to
mate for a sufficiently large number of time steps (Losos and
Glor 2003), although spatially segregated populations are
naturally much more likely to diverge. Third, in our reinva-
sion scenarios we show a simple but tractable method for
incorporating evolutionary dynamics outside the main area
of interest, which seems to perform well for our system. Fi-
nally, while our optimization methods follow existing meth-
ods for GSMs by pooling all prediction errors into a single
term (Gotelli et al. 2009), the likelihood ratio approach that
we utilize allows us to fit multiple metrics simultaneously
without individual components of those metrics dominat-
ing the optimization.

There are also a number of important caveats for in-
terpreting our model results. Most importantly, we model
temperature, competition, and dispersal at very large scales.
Salamanders are strongly influenced by moisture and hu-
midity (Carfioli et al. 2000; Thesing et al. 2016), and their dis-
tributions are often strongly associated with microclimates

and small-scale topography, such as river valleys and drain-
age basins (Bernardo and Reagan-Wallin 2002; Kozak et al.
2006; Johnson et al. 2008). Thus, even before the Pleisto-
cene, when salamander ranges were more contiguous, it is
unlikely that a one-dimensional elevation model accurately
characterizes dispersal barriers and habitat gradients in the
region. While mechanistic models exist that could be used
to incorporate these smaller-scale influences on salaman-
der populations (Vasseur and McCann 2005; Kearney and
Porter 2009; Buckley et al. 2010; Gifford and Kozak 2012),
such methods are typically parameter rich and difficult to
fit (Rangel et al. 2007). Moreover, even if we could accurately
model species responses, it would be difficult, or perhaps
impossible, to hindcast historical changes in small-scale fac-
tors, such as microhabitats and drainage basins, across a
multi-million-year timeline. Thus, it may not be possible to
improve our predictions by incorporating more detailed en-
vironmental models.

Additionally, while we do account for within-species var-
iability in optimum temperature, which is potentially im-
portant (Bolnick et al. 2003), we do not account for within-
or between-species variation in temperature tolerance width.
This is partially an attempt to simplify the model and matches
methods used in previous GSMs (Rangel et al. 2007; Gotelli
et al. 2009). Nevertheless, it also represents a methodolog-
ical challenge for future studies. Ideally, niche width should
be allowed to evolve over time just like other traits. How-
ever, unless this is incorporated as part of a trade-off, spe-
cies will naturally evolve to have the highest temperature tol-
erance range possible.

A third problem is that for a number of our empirical
metrics, even the best-fitting models still provide relatively
poor fits. In particular, the elevation range frequency dis-
tribution includes too many species with very small ranges
and not enough with large ranges. This could be reflective
of incomplete sampling for real-world data. Plethodontids
are well known for including many cryptic and poorly de-
scribed species (Camp and Wooten 2016; Thesing et al.
2016), and wide species ranges could result from errone-
ously lumping multiple species or from incorrectly charac-
terizing recently diverged species (Rosenblum et al. 2012).
Nevertheless, it seems likely that our GSM simply does not
allow for sufficient migration of isolated populations; one
way to address this would be to allow dispersal probability
and distance to evolve as a trait, facilitating the evolution
of generalist and specialist species.

Similarly, for both v and K statistics our predictions pro-
duce substantially wider and less symmetrical distributions
than do the molecular phylogenies. This appears to be a re-
sult of the discrete branch lengths that our simulations pro-
duce (e.g., the shortest tip is always at least one time step
long). In the scenario with shorter time steps, the distribu-
tions for both statistics are substantially more Gaussian and



better centered on the observed values. Adding random noise
to the branch lengths from simulations with longer time
steps gave similarly improved results, which again suggests
a discretization effect.

Conclusion

Our results suggest that community-level interactions cou-
pled with geographic and climate changes are important
contributors to the observed correspondence between ple-
thodontid salamander phylogenetic and spatial patterns in
eastern North America (Kozak and Wiens 2010). Our re-
sults also show the practical applicability of linking popula-
tion dynamics, community composition, and environmen-
tal change in a GSM framework to explain evolutionary
histories (Gotelli et al. 2009). Recent advances in models
that include both species interactions and evolution have
provided useful insight into understanding both processes
(Rangel and Diniz-Filho 2005; Rangel et al. 2007; Rosindell
et al. 2015). We hope that incorporating geological and cli-
mate history provides further insight and that our study can
help others apply similar tools in the future.
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