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Abstract

Deterministic processes may uniquely affect codistributed species’ phylogeographic

patterns such that discordant genetic variation among taxa is predicted. Yet, explicitly

testing expectations of genomic discordance in a statistical framework remains chal-

lenging. Here, we construct spatially and temporally dynamic models to investigate

the hypothesized effect of microhabitat preferences on the permeability of glaciated

regions to gene flow in two closely related montane species. Utilizing environmental

niche models from the Last Glacial Maximum and the present to inform demographic

models of changes in habitat suitability over time, we evaluate the relative probabili-

ties of two alternative models using approximate Bayesian computation (ABC) in

which glaciated regions are either (i) permeable or (ii) a barrier to gene flow. Results

based on the fit of the empirical data to data sets simulated using a spatially explicit

coalescent under alternative models indicate that genomic data are consistent with pre-

dictions about the hypothesized role of microhabitat in generating discordant patterns

of genetic variation among the taxa. Specifically, a model in which glaciated areas

acted as a barrier was much more probable based on patterns of genomic variation in

Carex nova, a wet-adapted species. However, in the dry-adapted Carex chalciolepis, the
permeable model was more probable, although the difference in the support of the

models was small. This work highlights how statistical inferences can be used to dis-

tinguish deterministic processes that are expected to result in discordant genomic pat-

terns among species, including species-specific responses to climate change.
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Introduction

Understanding the contribution of species-specific attri-

butes to observed patterns of genetic variation is critical

for determining why taxa responded similarly (or dis-

similarly) to historical climate changes. Fortunately,

newly developed, spatially explicit methodologies that

generate genetic expectations under alternative scenar-

ios (e.g. Neuenschwander et al. 2008; Knowles & Alvar-

ado-Serrano 2010; Brown & Knowles 2012) offer an

opportunity to evaluate the relative support for compet-

ing hypotheses related to species’ life history character-

istics. For example, comparing the fit of empirical data

to models that capture differences in species’ habitat

requirements or in the habitat stability across a land-

scape (e.g. He et al. 2013) may provide insight into the

role of biotic factors in structuring genetic variation.

However, given that the number of biologically

informed models that could be tested for any given

study system is limitless, the challenge is how to decide

what models to test (Knowles 2009).

Even though it might be possible to compare a hun-

dred different models (e.g. Pelletier & Carstens 2014),

such an approach may not be desirable. For example, if

the differences among the models are trivial (e.g. the

models differ in what may be considered nuisance

parameters that do not impact their interpretation), the

biological insights provided by selecting one model

over another will be limited. Such inherent constraints
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of model-based approaches reinforce the importance of

developing models that illuminate processes of biologi-

cal interest (Papadopoulou & Knowles 2015a, 2016; but

see O’Meara et al. 2015 for a dissenting point of view).

In other words, it is not only the analytical approach

per se, but the creativity and intimate knowledge of a

study system that a researcher brings to such tests that

ultimately determines how much insight a model-based

phylogeographic analysis might provide. Rather than

building narratives centred upon how well empirical

data should fit generic scenarios (e.g. testing for a corre-

lation under an isolation-by-distance model), insights

can be gained by developing narratives derived from

organisms’ natural histories, as well as historical ecolog-

ical and climatic factors, to generate testable hypotheses

(Papadopoulou & Knowles 2016). Given that not all bio-

logical characteristics (e.g. dispersal capability or habitat

specificities) of a species may be important, or that their

effects may vary depending upon the geographic or

temporal scale of study (Papadopoulou & Knowles

2016), the key is to identify those characteristics that

provide insights about the processes structuring genetic

variation (e.g. the role of geographic barriers or chang-

ing climatic conditions). When coupled with data simu-

lated under biologically informed models, the relative

fit of empirical genetic data to alternative models forms

the basis for rigorous statistical tests of competing

hypotheses (see also Bruggeman et al. 2010; Epperson

et al. 2010; Landguth et al. 2010; Morgan et al. 2011;

Shirk et al. 2012; Papadopoulou & Knowles 2015b).

Here, we test the role of species’ microhabitat prefer-

ences and their potential interactions with shifting dis-

tributions associated with climatic changes in

structuring the geographic distribution of genetic varia-

tion in two species of montane sedges (Carex L., Cyper-

aceae). Briefly, although the species co-occur within

montane habitat across the southern Rocky Mountains,

Carex nova, an inhabitant of wet microhabitats (i.e.

occurring predominantly within drainages) may have

been disproportionately displaced to lower elevations

(relative to dry-adapted species) because of the large

accumulation of snow and ice in this microhabitat dur-

ing glacial periods (Fig. 1). As a consequence of popula-

tion persistence being limited to lower elevations

around the margins of glaciated habitat, populations of

C. nova may have been relatively isolated during the

glacial periods that predominated throughout the Pleis-

tocene (i.e. most of the time during the Pleistocene is

represented by glacial, not interglacial, periods). This

narrative contrasts with plant species that inhabit mead-

ows, ridges and slopes, such as Carex chalciolepis. Inhab-

itants of drier microhabitats may have persisted in high

elevation areas that remained free of glaciers and per-

sistent snow throughout glacial cycles (although the

persistence of such populations is controversial; Wach-

ter et al. 2016), in addition to populations that may have

established at lower elevations. As a result, C. chalci-

olepis populations may have remained more intercon-

nected throughout glacial periods. Although the

geographic patterning of population structure observed

in these two species is consistent with such a narrative

(as described in Massatti & Knowles 2014), evaluating

the extent to which differences in the patterns of genetic

variation can be ascribed to microhabitat differences

requires formalization of these narratives into models

for statistical testing.

To test whether current genetic structure reflects a

species’ ability/inability to persist within higher eleva-

tion microhabitats during glacial periods, we generated

genetic expectations under two alternative models—one

with glaciated regions as a permeable habitat and

another with the regions as a barrier to gene flow—us-

ing the integrative distributional, demographic and coa-

lescent (iDDC) modelling approach (He et al. 2013).

Specifically, we created demographic models that incor-

porated spatial and temporal heterogeneity in climati-

cally suitable areas, as informed by present and past

ecological niche models, and required that populations

either persist within or be excluded from glaciated

areas (see also Currat & Excoffier 2004; Wegmann et al.

2006). By performing tests of the fit of the empirical

data to simulated data sets using approximate Bayesian

computation (ABC; see Beaumont et al. 2002 for an

overview of ABC) and tests of model validation, we

evaluated whether the species differ in their support for

the alternative models in a manner consistent with the

hypothesis that microhabitat differences determine how

species respond to shifts in climate. This study is not

only a detailed analysis of how species-specific proper-

ties may determine whether taxa respond similarly (or

dissimilarly) to climate change, but our work also illus-

trates how general narratives about the processes struc-

turing genetic variation can be formalized into models

for statistical testing. We discuss our findings in terms

of our ability to generalize the effects of climate change

on montane communities as well as acknowledge gen-

eral caveats with our analyses that leave open questions

requiring further analysis.

Materials and methods

Genomic data generation and processing

Carex chalciolepis (N = 110) and C. nova (N = 109) leaf

material was field-collected from 11 sampling localities

across the full extent of their geographic ranges in the

southern Rocky Mountains (Fig. 1; Table S1, Supporting

information). Within populations, the collecting distance
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among individuals was maximized to decrease the

probability of sampling related individuals (average

distance between samples of 300 m, and a minimum

distance of 35 m). Leaf material was stored in silica gel

until DNA was extracted with DNeasy Plant Mini Kits

(Qiagen, Hilden, Germany) following the manufac-

turer’s protocol. As with previous libraries (see Massatti

& Knowles 2014), anonymous genomic loci were devel-

oped using a restriction-associated DNA sequencing

(RADseq) approach (for details see Peterson et al. 2012);

library construction and data processing are described

in full detail in the Supporting information. Briefly,

fragments ranging in size from 400 to 500 base pairs

were sequenced at The Centre for Applied Genomics

(Hospital for Sick Children, Toronto, Canada) to gener-

ate 50 base pair, single-end reads. Single-nucleotide

polymorphisms (SNPs) were identified using a multino-

mial-based likelihood model that accounts for sequenc-

ing error implemented in STACKS v1.25 (Hohenlohe et al.

2010; Catchen et al. 2011, 2013).

Five Illumina 2500 sequencing runs were used to gen-

erate data for this project. To (i) maximize the number

of unlinked loci, (ii) reduce missing data to the fullest

extent, (iii) maximize the number of individuals per

population and (iv) ensure that the subsampled SNP

data sets displayed the same genetic patterns among

populations as the larger, unfiltered data sets, we

employed the following postprocessing procedures.

Only RADseq loci containing up to three SNPs were

retained, and for each RADseq locus, one randomly

selected SNP was exported into a STRUCTURE-formatted

file if the locus contained <50% missing data. Patterns

of genomewide SNP variation among individuals and

populations were then visualized for each species with

PCAs in the program R (R Core Team 2014) using the

‘ADEGENET’ package (Jombart 2008) and the ‘dudi.pca’

function; missing data were replaced by the mean fre-

quency of the corresponding allele. Subsequently, we

minimized missing data by manually removing SNPs

and individuals containing an excess of missing data

80 km 

Fig. 1 Glacial reconstruction for Colorado during the Last Glacial Maximum based on geologic data such as glacial moraines. Note

the differential accumulation of glaciers in drainages vs. on ridges. Circles represent collecting localities; arrows identify matching

localities between the glacial map and the inset (for details, see Table S1, Supporting information). The image is taken from the ‘Late

Pleistocene glaciers of Colorado’ video (Interactive Geology Project, University of Colorado at Boulder, http://igp.colorado.edu/).
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and rechecking PCAs to ensure that the subsampling

procedure did not alter the major axes of genetic varia-

tion among populations (see also Huang & Knowles

2014). Individuals of C. chalciolepis and C. nova con-

tained an average of 4.9% and 5.3% missing data,

respectively (Table S2, Supporting information).

Custom scripts were used to convert the STRUCTURE-

formatted files into ARLEQUIN-formatted files, which were

input into ARLSUMSTAT to extract the empirical summary

statistics used in ABC (see below). We also used the

empirical ARLEQUIN-formatted files to create masks that

were applied to the simulated data sets, so the amount

and pattern of missing data in the simulated data

would match precisely that of the empirical data sets.

All custom scripts and genomic data are deposited in

Dryad (doi: 10.5061/dryad.ng3bv).

iDDC approach

Simulated genetic data sets to evaluate the support for

the alternative models—that is (i) glaciers as barriers

and (ii) permeable glaciated regions (which allowed for

local persistence within and gene flow across glaciated

regions) (Fig. 2)—were generated using the iDDC

approach (described in detail in He et al. 2013). Briefly,

simulated genetic data sets were generated using a coa-

lescent model informed by a spatially and temporally

explicit demographic model that reflected differences in

habitat suitabilities across space and time [based on the

environmental niche models (ENMs); described below],

in addition to either population persistence within or

exclusion from glaciated areas (i.e. the hypothesized

predictions for the dry- and wet-adapted species,

respectively). The fit of the empirical genetic data to the

two alternative models was evaluated using ABC, along

with procedures to validate parameter estimates and

model quality (Wegmann et al. 2010). All scripts for the

iDDC analyses are deposited in Dryad (doi: 10.5061/

dryad.ng3bv).

Quantification of habitat suitability. Habitat suitability

across the southern Rocky Mountains during the pre-

sent and LGM was estimated for C. chalciolepis and

C. nova with MAXENT v3.3.3e (Phillips et al. 2006). Nine-

teen bioclimatically informative variables for the present

(WORLDCLIM v1.4; Hijmans et al. 2005) and the LGM

(PMIP2-CCSM; Braconnot et al. 2007) were used to gen-

erate the ENMs (full details are presented in the Sup-

porting information). Georeferenced distribution points

representative of each species’ entire range were col-

lected from personal fieldwork and validated voucher

specimens housed at the Rocky Mountain Herbarium

(species distribution points are available at doi:

10.5061/dryad.ng3bv). To have a computationally tract-

able number of cells for demographic simulations (de-

tailed below), we statistically downscaled the cell sizes

of the ENMs to 0.42 decimal degrees (� 16.5 km2 per

cell) (e.g. Ray et al. 2010; He et al. 2013). Subsequently,

the values of the cells in the LGM and present ENMs

denoting the logistic habitat suitability scores (ranging

(A) 

(B)

Present Past 
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90% 

80% 

70% 

60% 

50% 

40% 

<4% 

70 km Fig. 2 Alternative models used to gener-

ate patterns of genetic variation. Both the

past and present landscapes were the

same between the models, while the inter-

mediate landscape differed in how the

glaciated areas were modelled. Specifi-

cally, under the barrier model (A), the

glaciated areas had a habitat suitability

of 0 (denoted by black), whereas under

the permeable model (B), the glaciated

areas remained permeable (albeit at a

reduced carrying capacity, denoted by

grey; see text for details). The local carry-

ing capacities of demes differed across

the landscapes and were scaled based on

habitat suitabilities estimated from envi-

ronmental niche models (ENMs) (see

coloured scale bar). The black stars in the

initial landscape mark the locations of

ancestral populations used to initiate the

simulations.
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continuously from 0 to 1) determined by MAXENT were

reassigned. Specifically, the logistic values were

grouped into 10 categories using the ‘equal interval’

clustering method in ARCMAP 10.0 (ESRI, Redlands, Cali-

fornia, USA) and assigned values ranging from 1 to 10.

Given the extreme similarity of the ENMs between the

species (for both the present and past; Fig. S1, Support-

ing information), an average of the habitat suitability

scores of the two species was generated for each time

period and used for the demographic simulations (see

details below). Using estimates of habitat suitabilities

for the present and past based on averages for the two

species, we provide a standardized model that avoids

the confounding influences of subtle differences in the

unique ENMs of the taxa that could contribute to the

relative probabilities of the alternative models (as

opposed to differences in the permeability of the gla-

ciated areas themselves, which is the central focus of

the study). In addition to the present and LGM ENMs

that were generated for each species, landscapes of

habitat suitabilities specific to the two alternative mod-

els were generated: one in which the glaciated areas

were a barrier and one in which these regions remained

permeable (detailed below), corresponding to the

hypothesized effect of differences in microhabitat (i.e.

glaciated regions would have been permeable in the

dry, but not the wet-adapted species). Note that because

microhabitat differences are manifest at a small spatial

scale (i.e. metres or less) due to the complex interaction

between topography and environmental conditions in

montane regions, the ‘habitat’ suitabilities of the taxa

based on quantification from the ENMs are similar and

only convey that environmental conditions are species’

for the species’ occurrence.

Simulated data sets. Demographic and coalescent simula-

tions were performed in SPLATCHE2 (Ray et al. 2010) to

generate patterns of genetic variation where habitat

suitabilities differed across a landscape and through

time (see Knowles & Alvarado-Serrano 2010; Brown &

Knowles 2012). For each of the two models tested (i.e.

glaciers as barriers vs. permeable habitat; Fig. 2),

1 000 000 simulated data sets were generated for each

species separately (i.e. 4 000 000 total). Uniform priors

were used for the demographic parameters (i.e.

between-deme migration rate, m; maximum carrying

capacity of a deme, K; and the population sizes of the

initial populations, NAnc), and the carrying capacities of

demes were scaled proportionally to their habitat suit-

ability values. In other words, data were simulated over

a range of maximum K-values, with the highest quality

habitat (demes with values of 10) reaching full carrying

capacity (100%), while carrying capacities of demes

associated with lower quality habitat were decreased

proportionally (see Knowles & Alvarado-Serrano 2010;

Fig. 2). Each generation, m proportion of the population

migrates out of the local deme to adjacent cells (i.e. to

the north, south, west and east). After the exchange of

individuals, local demes grow logistically at the rate of

1, regulated by the carrying capacity inferred from the

habitat suitability. Demographic simulations were ini-

tialized with a southern, central and northern popula-

tion (see Fig. 2), each with a population size of NAnc.

Note that population trees estimated using empirical

SNP data for C. chalciolepis and C. nova clustered popu-

lations sampled from these regions, validating our use

of three initial populations.

The landscapes that informed the demographic mod-

elling procedure differed over time. Specifically, for

both the barrier and permeable models, an initial land-

scape based on the ENM at the LGM was used to

inform the demographic simulations from generations 1

to 750. The initial landscape was followed by a model-

specific landscape (i.e. a landscape representing either

(i) glaciated areas as barriers or (ii) permeable glaciated

areas) from generations 751 to 1750, which corre-

sponded to the height of the last Pleistocene glaciation.

For the final period from generations 1751 to 2083, the

demographic modelling was informed by a landscape

with habitat suitabilities based on an ENM estimated

using contemporary climatic conditions for both models

(Fig. 2). With a generation time of 3 years for these high

elevation species (K€orner 2003) and the scaling of the

generations by a factor of 15 (to make simulations com-

putationally tractable), the simulations span a time per-

iod from the present to the LGM and beyond. Note that

modelling was extended beyond the LGM (i.e. the first

750 generations) to provide a sufficient amount of time

for all suitable habitats to be occupied over all possible

combinations of population demographic parameters.

Because of this scaling, any biological interpretation of

absolute values of population genetic parameters would

need to be adjusted accordingly.

As noted above, the initial and final landscapes used

to perform the demographic simulations were the same

between the models (and species), whereas the land-

scape corresponding to the height of the LGM for the

two models differed in one key aspect: the habitat suit-

ability values of the glaciated areas (which were identi-

fied from maps of glacial moraines and glacial till;

see Ehlers & Gibbard 2004; Colorado Geological

Survey http://coloradogeologicalsurvey.org/). Specifi-

cally, under the model in which glaciers would have

acted as barriers, demes reconstructed as glaciated were

assigned a K-value of 0. In contrast, in the alternative

model in which such glaciated areas were permeable,

the K-values were decreased by 85% of the original

value estimated from the LGM ENM, which
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corresponds to impeded dispersal relative to the sur-

rounding nonglaciated areas (Fig. 2), with a lower

bound of K = 20. This lower bound was used because

of the uncertainty surrounding habitat quality estimates

in demes where habitat suitability scores fell below the

maximum training sensitivity plus specificity threshold

identified by MAXENT. Varying the K-values for demes

with highly uncertain habitat suitability could introduce

demographic consequences that would have undue

influence on the resulting patterns of genetic variation.

Preliminary analyses confirmed that gene flow was able

to occur among populations separated by glaciers

despite reduced carrying capacities. Because C. chalci-

olepis and C. nova were predicted to occur in and adja-

cent to montane habitat during the LGM, but not in the

geographically distant lower elevation basins and plains

(which were predominantly represented by demes with

values of 1), all demes with habitat suitability values of

1 were assumed to be uninhabitable (see Fig. 2).

A spatially explicit coalescent model informed by the

deme-specific demographic parameters was used to

simulate genetic data (i.e. genetic variation differed

across the landscape depending on the specific combi-

nation of m, K and NAnc; Excoffier et al. 2000; Currat

et al. 2004). An independent coalescent process was run

to generate a genealogy for each locus analysed in the

empirical data (i.e. 1142 and 1010 coalescent simulations

for C. chalciolepis and C. nova, respectively) for each of

the 4 000 000 data sets simulated with different combi-

nations of demographic parameters (the range of which

as specified by the priors). Each simulated data set con-

sisted of the same number of individuals from the same

the corresponding sampling localities, with the same

amount of missing data, as in the empirical data.

For each of the simulated genetic data sets, as with

the empirical data, nine summary statistics were calcu-

lated using ARLSUMSTAT v.3.5.2 (Excoffier & Lischer

2010). These included the number of segregating sites

(S) for each population and across populations, mean

heterozygosity across loci for each population and

across populations (H), and pairwise population FST
(Weir & Cockerham 1984), for a total of 83 summary

statistic values calculated per simulated data set.

Model selection and validation. Approximate Bayesian

computation was used to select between alternative

models, as implemented with ABCestimator in ABCTOOL-

BOX (Wegmann et al. 2010). Rather than using the 83

summary statistic values independently to estimate

parameters, partial least squares (PLS) components

(Boulesteix & Strimmer 2007) were extracted from the

summary statistics using the ‘PLS’ package (Mevik &

Wehrens 2007) with Box–Cox treatment (Box & Cox

1964) in R for the first 20 000 simulations for each model

and species. This approach removes the effects of inter-

actions between summary statistics and reduces ‘the

curse of dimensionality’ associated with using a large

number of summary statistics (Boulesteix & Strimmer

2007). We examined the root-mean-squared error

(RMSE) prediction for each parameter to decide how

many PLS components to use for parameter estimation

(Fig. S2, Supporting information). Of the million simu-

lated data sets generated for each species under a par-

ticular model, 5000 simulations (0.5%) whose summary

statistics were closest to those calculated from the

empirical genomic data were retained and used for

parameter estimation and model selection. Postsam-

pling regression adjustment was applied using the

ABC–GLM (general linear model) function (Leuen-

berger & Wegmann 2010) in R to obtain posterior distri-

butions of the parameters. Bayes factors, which are the

ratios between marginal densities of the two models,

were used for model selection; a higher ratio indicates

more support for the first model (Jeffreys 1961).

To evaluate whether a model is capable of generating

data similar to the empirical data, the likelihood of the

empirical data was compared to the likelihoods of the

retained simulations under the GLM model. If all

the retained simulations have a better likelihood than

the observed data (i.e. a low P-value), it would indicate

a model is highly unlikely (Wegmann et al. 2010). A

coefficient of variation (R2) of each parameter explained

by the PLS components was also computed and used as

an indicator of the power of estimation (Neuenschwan-

der et al. 2008). For the most probable model selected

for each species, the accuracy of parameter estimates

was validated using 1000 pseudo-observations gener-

ated from prior distributions of the parameters. If esti-

mation of the parameters is unbiased, posterior

quantiles of the parameters from pseudo runs should

be uniformly distributed (Cook et al. 2006; Wegmann

et al. 2010). The posterior quantiles of true parameters

for each pseudo run were also calculated based on the

posterior distribution of the regression-adjusted 5000

simulations closest to the pseudo-observation.

Results

Empirical genomic data set

Almost 180 000 000 (average 1 630 280 � 719 977 per

individual) and 172 000 000 (average 1 579 380 �
733 329 per individual) reads were generated for the

110 and 109 C. chalciolepis and C. nova individuals,

respectively (Table S2, Supporting information). The

retention of reads after data processing and assembly

with Stacks averaged 86% per individual for both spe-

cies. The final data sets contained 1142 loci with 1 SNP
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per locus across 101 individuals of C. chalciolepis and

1010 loci with 1 SNP per locus across 99 individuals of

C. nova, after postprocessing steps to remove loci and/

or individuals because of missing data. The data sets

had good representation of all sampled populations for

tests with the iDDC approach (Table S3, Supporting

information).

Model selection and validation

Based on the relative information content contained in

the PLS components, the first six PLSs of the predictor

variables (i.e. the summary statistics) were retained for

ABC analyses (see Fig. S2, Supporting information).

Posterior distributions of parameter estimates were dis-

tinct from the prior, indicating they contained informa-

tion relevant to estimating the parameters (Fig. 3).

Moreover, comparison of the posterior distributions

before and after GLM regression adjustment of the 5000

retained simulations shows a marked improvement of

parameter estimates with the GLM regression (Fig. 3).

The accuracy of the parameter estimates varied

(Table 1). Specifically, in addition to a flatter posterior

probability (Fig. 3), the lowest power for estimating

parameter values was associated with the ancestral pop-

ulation size (NAnc), as indicated by the lowest R2 values

across models (Table 1). Nevertheless, tests of potential

bias of parameter estimates show that posterior distri-

butions of NAnc are uniformly distributed in both spe-

cies (Fig. 4). In contrast, the histograms of the posterior

quantiles of m and K did deviate significantly from a

uniform distribution for both species based on analyses

of 1000 pseudo-observed data sets, suggesting a poten-

tial bias (Fig. 4).

Based on the marginal densities calculated from the

5000 retained simulations for each model, the model

with the best fit to the empirical data (based on Bayes

factors) differed between species. Specifically, the model

with glaciated areas as barriers was more probable for

C. nova, whereas the model with permeable glaciated

areas was more probable for C. chalciolepis (although in

the latter case, the difference was marginal), which cor-

responds to the hypothesized effect of microhabitat dif-

ferences (Table 1). Evaluation of whether the most

probable model was capable of producing the empirical

data in each species (i.e. consideration of the P-values)
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Fig. 3 Posterior distribution (black line) and mode (vertical dotted line) of parameter estimates for the most probable model for (A)

Carex chalciolepis (permeable model) and (B) Carex nova (barrier model). Results are based on a general linear model (GLM) regression

adjustment of the 5000 retained simulations. The distribution of the retained simulations (dashed line) and the prior (grey line)

demonstrate the improvement that the GLM procedure had on parameter estimates and that the data contained information relevant

to estimating the parameters.
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indicated that not only were they a good fit, but they

were a better fit (i.e. a larger P-value) than the alterna-

tive models, suggesting a better correspondence

between the empirical data and the simulated data

(Table 1).

Discussion

Our study highlights the formalization of biologically

informed hypotheses into a statistical model-testing

framework (see Papadopoulou & Knowles 2016) to

Table 1 Model statistics for each species and modelling scenario. The Bayes factor represents the ratio between the model with the

highest marginal density and the alternative model. Note that the P-value refers to the general fit of the data under a model (i.e. it is

based on the likelihood of the retained simulated data sets relative to the likelihood of the empirical data, where a high P-value indi-

cates the model is capable of generating the data). Parameters include Kmax, the carrying capacity of the deme with the highest suit-

ability; m, the migration rate per deme per generation; and NAnc, the ancestral population sizes of initial populations before

expansion from refugia. R2 is the coefficient of determination between a parameter and the six partial least squares (PLSs) used

herein

Species Model Marginal density P-value Bayes factor Parameters R2

Carex chalciolepis Barrier 4.87 9 10�5 0.650 — Kmax 0.642

m 0.966

NAnc 0.404

Permeable 1.38 9 10�4 0.970 2.84 Kmax 0.698

m 0.965

NAnc 0.379

Carex nova Barrier 1.29 9 10�4 0.844 22.69 Kmax 0.548

m 0.961

NAnc 0.497

Permeable 5.68 9 10�6 0.078 — Kmax 0.585

m 0.962

NAnc 0.479

P value < 0.001
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Fig. 4 Distribution of posterior quantiles of parameters for Carex chalciolepis under the permeable model (A) and Carex nova under

the barrier model (B) to evaluate potential bias in the parameter estimates (results are shown only for the most probable models).

Bias is measured by a departure from a uniform distribution using a Kolmogorov–Smirnov test (a P-value <0.05 indicates a nonuni-

form distribution). Analyses are based on 1000 pseudo-observations (see text for details). Estimation of NAnc is unbiased while the

distributions for K and m are too wide for both species.
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evaluate whether species-specific traits may mediate the

effects of climate change. Specifically, we show that spe-

cies’ responses to glaciations may be intricately tied to

their microhabitat preferences. Below, we discuss the

implications of our findings when considering the

effects of climate change on codistributed taxa, and

especially on species in montane communities.

In contrast to studies that rely upon correlative

approaches to identify factors that may structure

genetic variation (see Massatti & Knowles 2014), here,

the link between genetic patterns and process is explicit

(i.e. data were simulated with either population persis-

tence within or exclusion from glaciated areas—the

hypothesized predictions for the dry- and wet-adapted

species, respectively, based on the differential accumu-

lation of glaciers on ridges and drainages; see Fig. 1)

and the fit of empirical data to alternative models was

statistically evaluated. Moreover, our study differs from

other model-based approaches in which a generic or

‘na€ıve’ model is applied (i.e. a model that is not

informed by biological knowledge of a particular sys-

tem) (Pelletier & Carstens 2014; Grummer et al. 2015;

O’Meara et al. 2015); we designed our study to target

species that differed in one key trait—microhabitat.

Minimizing differences between taxa allowed us to

explicitly test hypotheses aimed at providing specific

insights about the contribution of species-specific traits

to patterns of genetic variation (albeit with some

caveats; see below). In addition to discussing the utility

of the iDDC approach to test whether phylogeographic

discord reflects deterministic factors, we address both

the challenges and limitations with such inferences.

Lastly, we highlight the insights that comparative phy-

logeography can provide regarding the role of biotic

factors in structuring genetic variation.

Ecological and evolutionary implications for montane
taxa

The finding of a correspondence between a model in

which glaciated areas were barriers to gene flow and

genomic variation in the wet-adapted C. nova, as

opposed to a model in which glaciated areas were per-

meable, as with genomic variation in the dry-adapted

C. chalciolepis (Table 1), has a number of ecological and

evolutionary implications. From an ecological perspec-

tive, our work highlights how generalizations about the

response of montane communities to climate change

may be overly simplified (see also Alexander et al.

2016). Importantly, the structure of genomic variation of

the Carex species differs significantly (i.e. the parameter-

ization and fit of the alternative models differed

between the taxa; Table 1), despite both sedges being

common and codistributed (Massatti et al. 2016) and

having many biological similarities, including traits

associated with dispersal capabilities. Moreover, the

respective fit of the dry-adapted vs. wet-adapted spe-

cies to a model with either population persistence

within or exclusion from glaciated areas is in line with

expectations derived from knowledge of the interactions

of persistent snow and ice with microhabitats in mon-

tane ecosystems (Ehlers & Gibbard 2004). As such, this

is the first study to directly test causal mechanisms

related to the persistence of populations in glaciated

regions (Lohse et al. 2011; Westergaard et al. 2011;

Lanier et al. 2015; Wachter et al. 2016). Specifically, dif-

fering support for the most likely model between the

species (Table 1) suggests that species adapted to wetter

microhabitats were more isolated around the margins

of glaciers, whereas species adapted to drier microhabi-

tats persisted within glaciated regions (as well as estab-

lishing at lower elevations) and remained relatively

connected by gene flow.

It is generally accepted that statistical evaluation of

alternative processes that might have generated

observed patterns of genetic variation (e.g. through

model selection procedures, as used here) is critical

because similar genetic patterns may result from differ-

ent demographic processes (Csillery et al. 2010; He et al.

2013). However, our study is more than an example of

model-based statistical phylogeography (Knowles 2009).

Specifically, in comparison with other comparative phy-

logeographic analyses, our study stands out because a

deterministic process that is expected to generate dis-

cordant genomic variation among taxa is evaluated (i.e.

the fit of alternative models is predicted to differ

depending on a taxon’s microhabitat, corresponding to

the hypothesized persistence in or exclusion from previ-

ously glaciated areas). This contrasts with the tradition

of relying upon phylogeographic concordance for

assessing the role of competing processes, and where

discord is commonly attributed to the idiosyncrasies of

history (reviewed in Papadopoulou & Knowles 2016).

Nevertheless, there are some caveats with our

approach. Specifically, while we have conducted analy-

ses aimed at addressing the quality of our inference

(discussed in the following section), there are additional

hypotheses that we cannot rule out. Note that all

model-based comparative phylogeographic studies face

this issue (Knowles 2009)—that is, this caution is not

unique to our study, or specific to the iDDC procedure

per se. Moreover, from our perspective, such a discus-

sion is extremely helpful for considering analyses that

may be worth pursuing in the future to provide addi-

tional insights into the role of biotic factors structuring

genetic variation. In this regard, we would argue that

the merit of our study, and of comparative phylogeo-

graphic studies more generally, is not in identifying
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‘the evolutionary history’ of taxa. Instead, it is the

insights gained by identifying the probability of one

hypothesis relative to others, which is a function of the

both the study design and its execution. As noted

above, and given that patterns of genetic variation in

many species are postulated to reflect the interactions

of ecology and climatic oscillations (Avise et al. 1998;

Hewitt 2000; Carstens & Knowles 2007), our results set

the stage for additional work that is needed before any

broad generalizations can be derived from model-based

comparative phylogeographic analyses about the role of

species-specific traits in structuring genetic variation

(see also Papadopoulou & Knowles 2016).

Validation and interpretation of model-based inferences

There are both methodological and conceptual aspects of

model-based inferences that must be considered to avoid

erroneous conclusions or tests that offer limited insights.

For example, there are a number of methodological

issues that can be especially challenging with ABC pro-

cedures (see Oaks et al. 2013) and the iDDC approach

we applied. These include issues with approximating

the likelihood of models with summary statistics (Pritch-

ard et al. 1999; Beaumont et al. 2002) as opposed to using

all of the data as in full likelihood-based models (Hey &

Nielsen 2004, 2007; Kuhner 2006; Nielsen & Beaumont

2009; Hey 2010). Moreover, in addition to difficulties

associated with particular steps in ABC procedures (e.g.

postsampling adjustment when the relationship between

parameters and summary statistics is extrapolated

beyond the region of the observed data set; see Beau-

mont et al. 2002; Leuenberger & Wegmann 2010), ABC

will always produce a posterior distribution, even if the

model is a poor fit to the data (Bertorelle et al. 2010).

Accordingly, model validation is critical.

Several approaches we applied suggest that our

results are generally robust. We evaluated the potential

bias in parameter estimates (Fig. 4), contrasted the pos-

terior probability of parameter estimates pre- and post-

GLM (Fig. 3) and relative to the prior, as well as uti-

lized the RMSE of parameter estimates (Fig. S2, Sup-

porting information) to inform decisions about the

inclusion of PLS components. While the predictive

power of the data for some parameters differed (see R2

in Table 1) and the posterior quantiles calculated from

pseudo-observed data sets of both m and K showed a

significant departure from a uniform distribution (Cook

et al. 2006; Wegmann et al. 2010), we note that for both

species, the most probable model provided not only (i)

a good fit to the empirical genomic data, but (ii) it was

a better fit compared to the less probable model

(Table 1). Specifically, the Bayes factor indicates strong

support for the barrier model in C. nova, and this model

has a much higher probability of generating simulations

with likelihood values comparable to the empirical data

compared to the permeable model (Table 1). In C. chal-

ciolepis, the marginal densities of the two models are

much more similar. As a consequence, although the

empirical data are more probable under the permeable

model, the difference in support based on the Bayes fac-

tor is not strong. Nevertheless, it is worth noting that,

even though some combinations of parameters produce

data sets that match the C. chalciolepis empirical data

under the barrier model, the permeable model has a

much wider parameter region that generates data close

to the empirical data (as reflected in differences in the

P-values for the two models; Table 1). The fit of the

empirical data under these complex models is very

encouraging because it can be difficult to capture the

complicated nature of a species’ history. For example,

despite approaches for evaluating complex models, the

likelihood of the empirical data under the most proba-

ble model may be much lower than any data simulated

under such a model (see Excoffier et al. 2013).

Even though our models are capable of generating

the data (Table 1), this does not mean the most proba-

ble models for the two species are the ‘correct’ ones.

We acknowledge that there could be other models not

considered here that might fit the empirical data. How-

ever, this does not discount the insights gained with

respect to the goal of the study, which was to test

whether the empirical data of two species would sup-

port alternative models as predicted if the microhabitats

of the species mediated their responses to climate

change. In this regard, comparison of the estimated

parameter values may illuminate possible differences in

the population dynamics of the species under climate

change scenarios. In particular, we note that C. chalci-

olepis tended towards higher values of Kmax and lower

values of m compared to C. nova, while the difference

in NAnc was more ambiguous because of uncertainty in

the estimation of this parameter (Fig. 3). Specifically,

the PLSs of the summary statistics were informative for

all parameters in both species, but estimates of NAnc are

associated with only moderate R2 values, in contrast to

the very high R2 for the other parameters (Table 1). In

the context of glaciations, these combinations of param-

eter values may intimate that habitat stability for dry-

adapted species facilitated larger effective population

sizes and lower rates of migration, while continual dis-

turbance within wet microhabitats fostered relatively

lower population sizes and higher rates of migration in

wet-adapted species (e.g. the reestablishment of popula-

tions in disturbed habitats). Our analyses support this

proposition, but the detected biases in some parameter

estimations (Fig. 4) caution against interpreting the

parameters directly (see Wegmann et al. 2010).
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Evaluating potential demographic differences

between the species under changing climatic conditions

is an important area for future consideration. Such

investigations may include tests of whether support for

alternative models reflects differences in how estimates

of habitat suitability (as informed by ENMs) scale to

population demographic parameters. For example, a

particular value of habitat suitability may not translate

into equivalent predicted carrying capacities between

Carex species (as modelled here). While there are not

pronounced differences in the contemporary abun-

dances of C. chalciolepis and C. nova that suggest a

nonequivalent relationship between the suitability of a

habitat and local population sizes, differences in the

local stability of the species’ populations, or even local

adaptation, could potentially contribute to the different

patterns of genetic variation in ways not explicitly

accounted for in our models. Likewise, we do not

directly model microhabitat preference per se, but

instead test models with either population persistence

or exclusion from glaciated areas based on the hypothe-

sized predictions for the dry- and wet-adapted species,

respectively, based on the differential accumulation of

glaciers on ridges and drainages (see Fig. 1). It is possi-

ble that factors other than microhabitat preference

might contribute to the persistence or exclusion of taxa

from glaciated areas. Hence, it may not be microhabitat

preference, but possibly some untested covarying

explanatory variable, that drives the differences in the

fit of the taxa to the alternative models. However, the

similarity of the taxa makes it difficult to identify other

hypothetical, yet realistic, factors. Moreover, any such

hypothetical factor would not only have to result in

contrasting support for the alternative models between

the taxa, but also preserve the directionality of the

model fits (e.g. C. chalciolepis, but not C. nova, must fit

the model with persistence within glaciated areas, and

vice a versa for the model with exclusion from glaciated

areas). We note that other species that are closely

related to and codistributed with C. chalciolepis and

C. nova (Massatti et al. 2016) will facilitate the explo-

ration of these intriguing hypotheses, but such tests are

beyond the scope of our present analyses.

Conclusions

Using intimate knowledge of the interactions between

climate and topography within montane ecosystems, as

well as utilizing data from other disciplines (e.g. maps

of glacial till and glacial moraines; Fig. 1), we tested

alternative models to elucidate the potential impact of

glaciers on codistributed species. We evaluated the

relative fit of empirical data under a model in which

glaciated areas were a barrier vs. one in which they

were permeable to test the biologically informed

hypotheses that differences in microhabitat preferences

would result in predictable differences in the responses

of the taxa to climate change. Our results supported the

hypothesized predictions for the dry- and wet-adapted

species based on the differential accumulation of gla-

ciers on ridges and drainages (Fig. 1)—the barrier

model was the most probable for C. nova, whereas the

model with permeable glaciated regions was more

probable in C. chalciolepis (although in the latter case

the difference was not strong) (Table 1).

The models and approach we apply here go beyond

traditional analyses common in phylogeography (e.g.

tests of isolation by distance; Slatkin 1993) and compar-

ative phylogeography (e.g. relying on concordant pat-

terns for inferring the role of factors in structuring

genetic variation; Papadopoulou & Knowles 2015a).

Such approaches are in their infancy and have only

been applied in a limited number of studies (e.g.

Neuenschwander et al. 2008; He et al. 2013; Martinkova

et al. 2013). By combining the power that genomic data

provide with the proper validation of complex models,

approaches such as iDDC provide an exciting opportu-

nity to address ecological and evolutionary principles in

a comparative phylogeographic framework that cannot

be addressed using traditional methodologies (Excoffier

et al. 2013; Papadopoulou & Knowles 2016).
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