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Abstract

Pleistocene glacial cycles drastically changed the distributions of taxa endemic to temperate
rainforests in the Pacific Northwest, with many experiencing reduced habitat suitability during
glacial periods. In this study, we mvestigate whether glacial cycles promoted mtraspecific
divergence and whether subsequent range changes led to secondary contact and gene flow. For
seven invertebrate species endemic to the PNW, we estimated Species Distribution Models
(SDMs) and projected them onto current and historical climate conditions to assess how habitat
suitability changed during glacial cycles. Using single nucleotide polymorphism (SNP) data from
these species, we assessed population genetic structure and used a machine-learning approach to
compare models with and without gene flow between populations upon secondary contact after
the Last Glacial Maximum (LGM). Finally, we estimated divergence times and rates of gene
flow between populations. SDMs suggest that there was less suitable habitat in the North
Cascades and Northern Rocky Mountains during glacial compared to interglacial periods,
resulting in reduced habitat suitability and habitat fragmentation during the LGM. Our genomic
data identify population structure in all taxa, and support gene flow upon secondary contact in
five of the seven taxa. Parameter estimates suggest that population divergences date to the later
Pleistocene for most populations. Our results support a role of refugial dynamics in driving
mtraspecific divergence in the Cascades Range. In these invertebrates, population structure often
does not correspond to current biogeographic or environmental barriers. Rather, population
structure may reflect refugial lincages that have since expanded their ranges, often leading to

secondary contact between once isolated lineages.
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Introduction

Throughout the Quaternary, the global climate has been characterized by dramatic
fluctuations, with ice sheets advancing and receding in roughly 41-kyr and 100-kyr cycles. These
drastic fluctuations have resulted in rapidly changing species distributions, with ranges likely
undergoing repeated bouts of contraction and expansion to track suitable habitat (Hewitt 1996,
2000). Many temperate species likely would have been eliminated from northern parts of their
ranges that were covered in ice during glaciation, with populations surviving south of glaciation
in pockets of suitable habitat (refugia). During interglacial periods, these species likely expanded
their ranges mto previously uninhabitable regions, with subsequent glacial cycles leading to
further contractions and expansions.

The effects of glacial cycles on genetic diversity have received substantial attention since the
work of Hewitt (1996, 1999, 2000) and have become a central focus in phylogeographic
mvestigations (e.g., Carstens & Richards, 2007; Graham et al., 2020; Myers et al., 2020; Stone et
al, 2017; Wallis et al, 2016). Studies of temperate fauna in North America and Europe have
highlighted several consistent patterns. First, temperate species often have reduced genetic
diversity at northern latitudes, suggesting that these regions have been colonized relatively
recently (Hewitt 2000; Kuchta & Tan, 2005; Soltis et al., 1997; Taberlet et al., 1998). Second,
many species apparently survived i multiple, isolated glacial refugia (Shafer et al. 2010; Stone
et al, 2017; Taberlet et al, 1998; Wallis et al., 2016). Finally, postglacial expansion has often led
to secondary contact between refugial lineages (Hewitt 1996; Remington 1968; Taberlet et al.
1998).

Mesic, temperate rainforests characterize large parts of the Pacific Northwest of North

America. These forests are characterized by the late-successional dommants western redcedar



(Thuja plicata) and western hemlock (7suga heterophylla) and are home to more than 150
temperate rainforest endemics (Nielson et al., 2001). Two disjunct segments of rainforest occupy
the Northern Rocky Mountains and the coastal and Cascades ranges, and these two segments
have been isolated since the orogeny of the Cascades range and subsequent xerification of the
Columbia Basin 2-5 Myr (Figure 1). These ranforests were heavily affected by Quaternary
glacial cycles, with the Laurentide ice sheet extending as far south as 40°N during the peak of
glaciation (Figure 1). Temperate rainforest endemics may have been eliminated from northern
portions of therr ranges and survived south of glaciation or i isolated refugia.

Early phylogeographic work in the region tended to focus on whether refugial inland
rainforests persisted throughout the Quaternary glacial cycles. Driven by pollen evidence
suggesting the potential post-glacial re-establishment of mland rainforests, researchers aimed to
evaluate whether there was evidence of persistence of inland refugia in several species. In
several species of amphibians—for example, tailed frogs, Ascaphus (Nielson et al., 2001),
Plethodon salamanders (Carstens et al., 2004), and Dicamptodon salamanders (Steele et al.,
2005)—genetic data and model-based approaches support deep divergence between inland and
coastal populations, suggesting that suitable habitat persisted in both inland and coastal forests
throughout Quaternary glacial cycles. In other taxa, more complex histories are evident. For
example, in the tree species A/nus rubra (Ruffley et al, 2018), Thuja plicata, and Tsuga
heterophylla (Ruffley et al., 2022), genomic data suggest that both inland and coastal refugia
persisted, but that there has been subsequent gene flow between these refugial populations.
However, in many taxa that have been nvestigated to-date, including most invertebrates from
the region, there is no support for deep divergence across the Columbia Basin (Carstens et al.,

2005; Carstens et al., 2013; Espindola et al., 2016; Smith et al, 2017, 2018; Smith & Carstens,



2020; Wike & Duncan, 2004). Rather, inland rainforests appear to have been recolonized after
the Pleistocene, suggesting the absence of a suitable refugium in inland ramnforests during some
glacial cycles. Within the coastal and Cascades ranges, refugia have been proposed in several
locations in the South Cascades including the Klamath-Siskyou Mountains, the Olympic
Peninsula, Queen Charlotte Islands, and Vancouver Island (Brunsfeld etal., 2001; Shafer et al.
2010), with several species apparently having occupied multiple refugia during the Quaternary
(Brunsfeld et al., 2001; Shafer etal. 2010). Supporting the importance of multiple refugial
populations, several plants exhibit N-S population structure (Soltis et al., 1997), and multiple
populations have been found in the region in several nvertebrates (Smith et al., 2018; Wike &
Duncan, 2004). The presence of multiple putative refugia in this region may have led to
complex post-glacial colonization routes with the potential for secondary contact and admixture
between once isolated refugial lineages.

Early mnvestigations into phylogeographic patterns in the PN'W relied on analyses of
mitochondrial DNA and estimates of lineage divergence; such estimates are maccurate and lack
precision when made from single-locus data (Edwards & Beerli, 2000). Recent advances in data
collection have increased the availability of SNP data within described species and species
complexes (Garrick et al, 2015) and these data enable mnvestigations into complex evolutionary
scenarios, including isolation in Pleistocene refugia and expansion and gene flow between
previously isolated lineages (e.g., Nevado et al, 2018). Recent studies that have investigated
PNW endemics using genomic data have highlighted complex histories including multiple
refugia and gene flow between refugial lineages (Ruffley etal, 2018; Ruffley et al., 2022; Smith

and Carstens, 2020). Here, we revisit this classic question using SNP data from multiple



terrestrial invertebrates that inhabit temperate ranforests in the Pacific Northwest of North
America.

In this study, we aim to test 1) whether populations survived in one or multiple refugia
throughout Quaternary glacial cycles and where these refugia were located, 2) whether refugial
lneages have subsequently come into secondary contact, and 3) if potential secondary contact
has led to gene flow between these once isolated lineages. We focus on seven invertebrates
endemic to the temperate rainforests of the PNW: five species of congeneric taildropper slugs
(Prophysaon spp.), a carnivorous land snail (Haplotrema vancouverense), and a millipede
(Chonaphe armata). We chose these taxa because previous work has highlighted the presence of
multiple populations within the coastal and Cascades ranges. The six gastropods studied do not
harbor deep divergence across the Columbia Basin (Smith et al, 2017, 2018; Smith & Carstens,
2020), but mitochondrial data suggest divergence within the coastal and Cascades ranges (Smith
et al, 2018; Espindola et al. 2016). Genomic data from P. andersoni suggest the presence of
multiple refugia, and secondary contact and gene flow between refugial populations (Smith and
Carstens, 2020). Previous work on the millipede C. armataled to equivocal support for
traditional models of deep divergence or recent dispersal across the Columbia Basin, and
suggested that, while multiple refugia were present, novel demographic models may be needed
to better understand refugial structure and dynamics (Espindola etal., 2016). Here, we use
Species Distribution Models (SDMs) to explore the potential effects of glacial cycles on these
species’ ranges and to evaluate whether species experienced reduced habitat suitability and
increased habitat fragmentation during glaciation, which we expect if glaciation led to
divergence and species have subsequently expanded their ranges. We then use restriction-digest

associated sequencing to collect genomic-scale data, and population clustering to identify



putative refugial populations. We use a machine-learning approach to compare models that vary
in the number ofrefugia and in the presence or absence of gene flow between refugial
populations. Finally, to better understand the timing of divergence and the magnitude of gene
flow and to thus understand whether Pleistocene glacial cycles led to intraspecific divergence,

we estimate divergence times and migration rates within each species.

Materials and Methods

Geographic data and Species Distribution Models

To evaluate how species ranges changed during glacial cycles we estimated current and historic
SDMs. We downloaded locality data from published papers (Espindola et al, 2016; Smith et al.,
2017, 2018; Smith & Carstens, 2020) and from the Global Biodiversity Information Facility
(GBIF) (Supporting Table S1; Harvard University, 2019; iNaturalist.org, 2018; Grant & Maier ,
2018; European Molecular Biology Laboratory, 2019; Lopez, 2018; Roberts, 2018; Menard,
2018; Norton, 2018; Uribe & Villaronga, 2018; Paulay & Brown, 2019; Wheeler & Mclntosh,
2018; Gagnon & Shorthouse, 2019; Academy of Natural Sciences, 2019) and combined them
with localities from this study. We also downloaded range maps from the [UCN when possible.
Using custom R scripts and the R packages rgdal v1.5-16 (Bivand et al 2019), maps v3.3.0
(Brownrigg, 2018), mapdata v2.3.0 (Brownrigg, 2018), and rgeos v0.5-2 (Bivand & Rundel,
2019), we plotted localities and ranges and manually removed points that fell substantially
outside of the Pacific Northwest, given that the focal taxa are endemic to this region and points

substantially outside the region are likely erroneous. Given difficulties i identifying these taxa,



we suspect that removing these likely naccurate occurrences should improve our SDMs.
However, for Prophysaon ssp, we did not include any GBIF data, following Smith etal. (2017),
as field identifications are often incorrect. For these species, we used only localities from this
study, Smith et al. (2017), and Wilke & Duncan (2004). We thinned all occurrences to exclude
points within 1km of other occurrences. After locality data were curated, we used the R package
‘biomod2’ v3.3-7 (Thuiller etal. 2019) to build SDMs. Since our area of interest is the
rainforests of the PNW, but we are nterested in hindcasting SDMs mto the past, we chose a
study area broader than our focal area by cropping the study area to a grid spanning -140to -110
degrees Longitude and 40 to 60 degrees Latitude (to include areas that possibly supported
rainforests in the past but that no longer do). We downloaded bioclimatic data from seven
historic climate scenarios (late-Holocene, mid-Holocene, early-Holocene, Younger Dryas
Stadial, Bolling-Allerod, Heinrich Stadial, LGM, and the Last Interglacial) at 2.5 minute
resolution on September 11, 2020 from http//www.paleoclim.org/ (CHELSA, Brown et al.
2018). We downloaded the current data at the same resolution (CHELSA, Brown et al. 2018);
while higher resolution layers are available for the current and LGM, the highest resolution
available for other time frames used here is 2.5 minute resolution. We chose nine bioclimatic
variables that were not highly correlated (r <0.7) throughout the study area (mean dirnal range,
isothermality, temperature seasonality, mean temperature of wettest quarter, mean temperature of
driest quarter, mean temperature of warmest quarter, precipitation of wettest month, precipitation
seasonality, precipitation of warmest quarter). When choosing between two correlated variables,
we selected variables that we suspected to be biologically important for the focal taxa. For each
species, we sampled pseudo-absences from a disk with a maximum distance of 10,000 meters

from occurrence points. We sampled ten times as many pseudoabsenses as occurrence points



after thinning. We then used three modelling approaches: Maximum Entropy implemented in
maxent, General Linear Models, and Random Forests. We used 80 percent of our data to build
the models, and 20 percent for testing. We ran five replicates to evaluate model accuracy using
cross-validation, and three permutations per variable to evaluate variable importance. ‘biomod2’
(Thuiller et al. 2019) assesses variable mportance by shuffling a single variable, making
predictions on the shuffled data set, and calculating a correlation between orignal and shuffled
predictions. We used the Receiving Operator Characteristic (ROC) to evaluate models and
rescaled all models to facilitate combining these models downstream. Then, we used an
ensemble approach. We ignored models with a ROC less than 0.75, and, otherwise, combined
models using a mean weighted approach based on ROC score. We forecast this ensemble model
onto current and historic conditions and averaged the five replicates to generate a single

prediction for each time frame.

We constructed ten binary maps for each species to quantify the change in habitat suitability
from the present to the LGM. We used four thresholds (300, 500, 700, and 900 of maximum
suitability 1000) to generate binary presence and absence maps both in the present and at the
LGM. We also considered a threshold based on the 95% highest density mnterval (HDI) of
occurrence points in the present. Specifically, we used the R package HDInterval v0.1,3
(Meredith & Kruschke, 2016) to find the 95% HDI of suitability scores for our occurrence points
in the current SDM projection. We then used the lower nterval as a minimum threshold to
convert SDMs into binary presence/absence maps. For each threshold, we calculated the number
of suitable raster cells in both time frames and calculated the ratio of suitable cells at the LGM to

suitable cells at the present. To quantify the change in habitat fragmentation from the LGM to



the present, we used the same eight binary maps constructed above. We used the
rasterToPolygons function in the R package ‘raster’ v3.0-12 (Hijmans, 2020) to transform each
binary map into a set of polygons. Then, if there were at least two polygons at a time period and
bmary threshold, we used the functions knearneigh and knn2nb from the R package ‘spdep’
vl.1-5 (Bivand & Wong, 2018) to calculate the median nearest neighbor distance for each
species, time period, and threshold. We then compared these distances between the current and
LGM models to assess whether habitat fragmentation increased or decreased from the LGM to

the present.

Extrapolating SDMs to unsampled parts of the current range, or to alternative climate scenarios
could lead to inaccuracies when environments are not similar across sampled and unsampled
temporal and spatial axes. To assess whether climate conditions were analogous across space and
time, we used multivariate environmental similarity surface analyses (MESS; Elith et al. 2010).
To construct MESS maps for each species, we used the R package dismo (Hijmans etal, 2021).
We extracted environmental data for the present at each occurrence poimt, after conducting

spatial thinning based on a 1km threshold. Then, we used the mess function to construct the

MESS map for current and LGM climate conditions.

Genomic data: collection and processing

Reduced-representation sequence data were collected from five Prophysaon species using

restriction-digest protocols to assess refugial structure and gene flow. We then added data from

two additional species, a carnivorous land snail (Haplotrema; Smith et al. 2017) and a millipede



(Espindola et al. 2016). For the five Prophysaon taxa, a modified version of the GBS protocol
(Elshire etal, 2011; Smith & Carstens, 2020) was used to generate a sequencing library. Details
of data processing in P. andersoni are described in Smith and Carstens (2020). Details for other
species are below. Data from all species were clustered independently during read clustering and
alignment steps. Sequencing was conducted on an Illumina NextSeq at Novagene. Data
processing in Prophysaon relied on the fastxtoolkit (Gordon & Hannon, 2010) to filter raw reads
for adapters and to trim the ends. Due to quality issues in the 150 bp reads and the reverse reads,
we trimmed all reads to 50 bp prior to analysis and discarded the reverse reads from the paired-
end sequencing. Quality was assessed using FastQC (Andrews, 2010) to ensure that reads with
adapter contamination were removed or trimmed. We used ipyrad v0.7.24 (Eaton & Overcast,
2016) to demultiplex, fiter, and align the reads. We used statistical base calling, with a minimum
depth of six reads per sample per locus and a maximum depth of 10,000 reads. We filtered reads
that were shorter than 35 base pairs after trimming to remove low quality base pairs and
barcodes. For clustering within and between samples, we used a threshold of 0.85. We allowed
no more than five Ns and no more than eight heterozygous bases in the consensus sequence.
Data processing in H. vancouverense and C. armata was conducted in ipyrad under similar
settings, and is described fully in the Supporting Information. We required that loci were

sequenced from 50 percent of ndividuals to be included in downstream analyses.

Population structure and summary statistics

To examine population structure, we used STRUCTURE v2.3.4 (Pritchard et al., 2000). For

mput, we used unlinked SNPs from ipyrad (.ustr files). For P. andersoni, we used the results



from Smith and Carstens (2020). For all other species, STRUCTURE analyses were conducted
as follows. Analyses were run for K values from one to 10 with five replicates per K. The first
100,000 generations were discarded as burn-in, followed by 500,000 samples. We used Structure
Harvester (Earl, 2012) to justify a K value based on likelihood scores and the Delta K method

(Evanno et al., 2005).

For each population inferred in STRUCTURE, we calculated w in the R package ‘PopGenome’
(Pfeifer et al., 2014). We also calculated = for populations defined by geographic regions (North
Cascades, South Cascades, Northern Rocky Mountains, and Blue and Wallowa Mountains). We

calculated Fsr between all STRUCTURE populations.

Assessing support for secondary gene flow between refugial populations

To evaluate the number of populations that survived the LGM and assess whether secondary
contact and gene flow occurred between refugial populations after the LGM, we used the R
package ‘delimitR’ v2.0.0 (Smith and Carstens, 2020). ‘delimitR’ uses machine learning and
coalescent simulations conducted by fastsimcoal2 (Excoffier et al. 2013) to compare
demographic models using the Site Frequency Spectrum as a summary statistic. We used the K
as determined from STRUCTURE results as the maximum number of refugial populations and
assigned individuals to the population for which they had the highest coancestry coefficient.
Then, we used custom Python scripts (available at github.com/meganlsmith/BuildmSFS) to
construct a multidimensional Site Frequency Spectrum (mSFS), with population assignments

based on Structure results. We required that all SNPs used in the construction of the mSFS be



biallelic and sampled in at least 50 percent of the individuals in each population. For SNPs
sampled in more than 50 percent of individuals in a population, we randomly down-sampled
alleles, following Satler and Carstens (2017). We sampled only a single SNP from each locus.
This allowed us to build a SFS from a matrix without missing data. For the purpose of model

selection, we did not consider the monomorphic cell of the SFS.

We considered all possible divergent topologies between populations for all possible
combinations of populations. For populations for which there was evidence of admixture in
STRUCTURE results, we allowed for the possibility of secondary contact and gene flow after
the LGM. When gene flow upon secondary contact occurred, it was modelled as beginning
sometime in the past and continuing until the present. We did not model the possibility of
multiple pulses of secondary contact, both because this would result in a very large model space,
and because such models can be very difficult to distinguish. In P. vanattae, where there was
minimal evidence of admixture, we allowed for the potential for gene flow upon secondary
contact between two populations that were both geographically proximate and had no
biogeographic barriers in that part of their range. We also considered models that included
expansion after the LGM. When expansion was included, it was modeled as occurring in all
populations but the rate of expansion was allowed to vary among populations. We considered
only a single migration event per model to limit the model space. While this approach is
approximate, it nevertheless allows us to test the prediction that gene flow has occurred upon
secondary contact in the focal taxa. Full information on the priors used in each analysis is
available in the Supporting Information (Supporting Table S2). In general, we used broad priors

for population sizes, divergence times, migration rates and expansion rates. For P. andersoni, we



used the models, simulations, and results from Smith and Carstens (2020). For all other species,
we simulated 10000 SFS under each model in fastsimcoal2 (fsc2; Excoffier et al., 2013) using
functions from the R package ‘delimitR’ and summarized the SFS by binning (four classes per
population). For model selection in ‘delimitR’, we used 500 decision trees in the RF classifier.
We recorded out-of-bag error rates (a measure of accuracy of RF classifiers based on internal
cross-validation), the selected model, and the approximated posterior probability of the selected
model for each species. Out-of-bag error rates are calculated by considering some element of the
prior and classifying that element using only decision trees constructed without reference to the
element. They measure the frequency of correct classification of elements in the prior and should
provide an accurate assessment of power. To approximate the posterior probability, ‘delimitR’
implements the approach of Pudlo etal., (2016) and regresses against these out-of-bag error rates

under the selected model

Fally, we estimated current population sizes, divergence times, and migration rates and their
confidence intervals under the best model in fsc2 (Excoffier et al., 2013) for each species. We
used the Expectation-Conditional Maximization (ECM) algorithm with 100000 simulations to
estimate the expected mSFS and 40 ECM cycles to estimate parameters. For this analysis, we
considered linked SNPs and the monomorphic cell of the SFS to improve parameter estimation.
To consider the monomorphic cell in parameter estimation, it was necessary to include mutation
rates in the models. We used broad priors for mutation rates in all species (U(1e-9,1e-7)). To
construct mSFS using linked SNPs and the monomorphic cell, we used a custom python script
with the same down-sampling method as described when constructing the mSFS with only

lnked SNPs (available at https://github.com/me ganlsmith/BuildmSFS). We used 100 non-



parametric bootstrap replicates to build 95% density intervals around parameter estimates by
repeating the downsampling procedure 100 times and performing parameter estimation on each
downsampled replicate. We bounded all priors in this analysis. We used the R package
‘HDInteval’ v0.2.0 (Meredith and Kruschke 2016) to construct 95% CI for each parameter, and
we calculated the median value for each parameter. To convert divergence times into years, we
used a generation time of one year, as suspected for Prophysaon (COSEWIC 2006), and

common in many other terrestrial gastropods.

Results

Geographic data and Species Distribution Models

Generally, SDM performance was moderate, with average AUC scores ranging from 0.640 (P.
foliolatum) to 0.807 (H. vancouverense). For all species except P. foliolatum, all three algorithms
considered were included i the ensemble model (Table 1). For P. foliolatum, only a single
algorithm had a high enough score to be included in the ensemble model (the GLM algorithm).
Average ROC scores across replicates and modelling strategies included in the ensemble model
for each species are reported in Table 1, and average ROC scores for each modelling strategy
and each species are reported in Supporting Table S3. While these values are relatively low
compared to some studies, we note that we employed spatial thinning, and sampled a limited
number of pseudoabsenses in an attempt to get more accurate assessments of model
performance. While this may lead to lower ROC scores, we argue that these scores are a more

accurate representation of the amount of confidence we should have in the SDMs. For all



species, suitable habitat was predicted in the Cascades and Coastal ranges, and for some taxa,
suitable habitat was predicted nland in the Northern Rocky Mountains. For all taxa known to
have present distributions in the Northern Rocky Mountains except P. coeruleum, suitable

habitat was clearly predicted in the inland ramnforests.

In general, suitable habitat was shifted south and towards the coast during the colder periods of
the Last Glacial Maximum and the Heinrich Stadial and shifted north and mland towards the
present as climates warmed (Figure 2, Supporting Figures S1-S7). These results highlight the
dynamic nature of species ranges. Although it becomes more difficult to predict climate further
mto the past, it is likely the case that species’ ranges repeatedly contracted and expanded in
response to glacial cycles. SDMs across several time periods are shown in the Supporting
Information (Supporting Figures S1-S7). Since the most striking differences are generally
between the LGM and the present, and since climatic oscillations became increasingly dramatic
towards the present (Hewitt 2000), we focus on this time period in the main text and attempt to
quantify the changes between the LGM and the present. While species undoubtedly went through
numerous cycles of range contraction and expansion throughout the Quaternary, the changes
since the LGM should be among the most severe and should offer an informative picture of the

potential effects of these cycles on the distributions of the focal taxa.

All species except P. foliolatum have more suitable habitat available in the present than during
the LGM (Table 1). Under the HDI threshold, the ratio of suitable habitat in the current to the
LGM ranged from 0.023 in P. vanattaeto 2.99 n P. foliolatum. Notably, our confidence in the

model for P. foliolatum is generally low, as only a single algorithm could be included in the



ensemble model, the current and predicted past ranges are rather different, and only a small
number of occurrence points were available after thinning (Table 1). Evidence for habitat
fragmentation during the LGM was mixed and detecting the significance of differences is not
straight- forward. However, for four of the seven species studied, all thresholds showed higher
habitat fragmentation during the LGM than during the present (Table 1; Supporting Table S4).
Across all thresholds, P. andersoni and P. foliolatum showed higher current fragmentation than
mferred for the LGM, the opposite of the expected pattern. Again, our confidence in results from
P. foliolatum is limited. Chonaphe armata showed different trends depending on the threshold

used, suggesting that results for this species are equivocal.

MESS maps indicated that extrapolation was more prevalent in some species than in others
(Supporting Figure S8). For the most heavily-sampled taxa (P. andersoni and H. vancouverense),
MESS maps indicated relatively high similarity across current and LGM time periods, and the
most negative scores (indicating dissimilarity) were north of the extent of the glaciers in non-
coastal portions of the species range during the LGM. Since this region was almost certainly
uninhabitable for these species when glaciers were present, and predicted as unsuitable by the
SDMs, we do not suspect that dissimilarity had a meaningful effect on these models. On the
other hand, for P. foliolatum (the species with the lowest ROC scores), MESS maps indicated
substantial dissimilarity outside the species current range in the present, and throughout much of
the species’ range in the LGM. Other species tended to fall in between these two extremes, with

areas north of the glacial extent in the LGM being the least analogous.

Next-Generation sequence data: collection and processing



For the five Prophysaon species sequenced using GBS, we obtained between 6,855 (P. vanattae)
and 27,339 (P. foliolatum) loci (average = 17,131 loci) with the requirement that loci be present
in >50% of all individuals (Table 2). For H. vancouverense, 3,746 loci were sequenced in at least
half of the samples (Table 2). For C. armata, 135 loci were sequenced i at least half of the

samples (Table 2).

Estimating the number of populations

For P. andersoni, we followed Smith and Carstens (2020) in using four as the maximum number
of populations in downstream analyses, because in STRUCTURE analyses, the likelihood

steadily increased up until K reached four. For P. coeruleum, P. dubium, P. foliolatum, and C.
armata, there was a peak m AK when K reached two, so we used two as the maximum number of
populations downstream. For P. vanattae, likelihood scores and AK strongly suggested that K =
three. For H. vancouverense, there was a clear peak in AK when K reached four (Supporting

Figures 9 and 10).

For P. andersoni, three populations were unique to the South Cascades (SC) and the fourth
extended through the North Cascades (NC) and the Northern Rocky Mountains (NRM);
admixture was limited to the SC (Figure 3a; Smith and Carstens, 2019). For P. coeruleum, all
individuals sampled from the NRM belong to a single population that also includes individuals
from south of Eugene, OR. Populations from Mt. Hood comprise a second population, and there

are admixed individuals in SE Oregon and Eugene (Figure 3b; Supporting Table S5). For P.



dubium, both populations occur in the SC, and one spans the SC, NC, and the NRM; there is
limited evidence of admixture (Figure 3c; Supporting Table S6). For P. foliolatum, one
population is exclusively found in and around Olympia, one occurs near the Columbia River, and
admixed individuals are found in Olympia (Figure 3d; Supporting Table S7). For P. vanattae,
one population is found near the Columbia River, in the NC, and in the Blue and Wallowa
Mountains. A second occurs in the NC, and a third occurs in the SC; there is limited evidence of
admixture (Figure 3e; Supporting Table S8). For C. armata, the two populations are widespread
with some geographic overlap and evidence of admixture in the NRM (Figure 3f, Supporting
Table S9). For H. vancouverense, two populations occur in the NRM. One population occurs in
the SC, NC, and Haida Gwaii, and one population occurs in the NC and on Vancouver Island.
There is evidence of admixture in all populations except the northern population in the NRM

(Figure 3g; Supporting Table S10).

For four of the seven species (P. coeruleum, P. dubium, P. foliolatum, P. andersoni), genetic
diversity (7) was higher in the SC than in any other sampled region (Supporting Table S11).
Notably, there were only two samples available from the SC for C. armata, and genetic diversity
was 0 in this region. For H. vancouverense and P. vanattae, genetic diversity was highest in the
North Cascades. Nucleotide diversity values for the STRUCTURE populations are reported in
Supporting Table S12). Fsrvalues in species with only two populations ranged from 0.067 in C.
armatato 0.791 in P. dubium. All Fsr values were high for P. vanattae (0.804-0.921), and values

ranged widely in P. andersoni and H. vancouverense (Supporting Table S13).

Assessing support for secondary contact between refugial populations



For five of the seven taxa, we found support for gene flow upon secondary contact, whereas for
P. dubium and P. vanattae, the best model was a divergence-only model (Figure 4; Table 3). For
all species, the best model included the maximum number of populations evaluated, as suggested
by STRUCTURE results. Generally, for species with two populations, error rates were lowest, with
the exception of C. armata, for which we had very limited data (Table 3; error rate = 0.23). For
all species of Prophysaon with only two populations (P. coeruleum, P. dubium, and P.

foliolatum), error rates ranged from 0.02 to 0.05.

For P. andersoni, errors were most often between models that differed only in the presence or
absence of expansion. The best model was a four-population model with secondary contact
(pp=0.689), and all models receiving more than 20 votes included secondary contact. Results are

described n more detail in Smith and Carstens (2020).

For P. coeruleum, error rates were greater than ten percent only for the two-population model
with secondary contact and expansion (error rate = 0.11; Supporting Table S14), which was most
often mistaken for the two-population model with secondary contact and no expansion or the
two-population divergence-only model. The best model was the two-population model with
secondary contact and no expansion (pp=0.686), a model with a low error rate (0.06), which was
most often mistaken for the same model with expansion in simulations; the only other models
receiving votes were the same model with expansion and the two-population divergence-only

model (97 and 76 of the 500 votes, respectively; Supporting Table S15).



For P. dubium, error rates were highest for the two-population model with secondary contact and
expansion (error rate = (0.13; Supporting Table S16), which was most often mistaken for the
same model without secondary contact. The best model was the two-population divergence-only
model (pp=0.784; Supporting Table S17), and the same model with expansion received the

second highest number of votes.

For P. foliolatum, error rates were below ten percent across all models (Supporting Table S18).
The best model was the secondary-contact model without expansion (pp=0.528), and the model
receiving the second highest number of votes was the divergence-only model (167/500 votes;

Supporting Table S19).

For P. vanattae, error rates were above fifteen percent for two models: the single-population
model and the single-population model with expansion, which were most often mistaken for each
other (Supporting Table S20). Four models had error rates above ten percent but below fifteen
percent (Supporting Table S20). The best model was the three-population divergence-only model
(pp=0.706). Three other models received ~ 100 votes: two three-population divergence-only
models that differed in topology and one three population model with secondary contact between
population 1 and population 2 (Supporting Table S21). Given the similar number of model votes
amongst these three models, there is substantial uncertainty regarding the best model for P.

vanattae.

For C. armata, error rates were above ten percent for four models: the divergence-only model,

the secondary-contact model, the divergence-only model with expansion, and the secondary-



contact model with expansion (Supporting Table S22). The best model was the secondary-
contact model with expansion (pp=0.675; Supporting Table S23), but given the high error rates

and limited number of loci in this species, our confidence in this result is low.

Error rates were highest for H. vancouverense (0.56) but were highest between models that
differed only in the presence or absence of expansion (Supporting Table S24). Five models
received ten or more votes. All nine of these models included four populations and secondary
contact (Supporting Table S25). The best model included secondary contact between Population
1 and Population 2 and population expansion (pp =0.436), and the model receiving the second
highest number of votes differed from the best model only in the absence of population

expansion.

Estimates and confidence mtervals for all parameters are reported in Supporting Tables S26 and
S27. Population divergences were all estimated to have occurred during the Pleistocene, with a
maximum median estimated divergence time of 421,672 years in P. vanattae, and a minimum
median estimated divergence time 39,405 years in P. foliolatum (Figure 5). Parameter estimates
suggest that species that began to diverge earlier may have lower migration rates in the present,
but this is not a strong inference. P. coeruleum and P. vanattae had the most ancient divergence
times (> 100,000 years; Table S22). P. dubium and C. armata had moderate divergence time
estimates > 50,000 years ago, and other divergence time estimates were < 50,000 years ago.
Since the best models for P. dubium and P. vanattae did not include migration, migration
estimates were zero. Apart from these two species, P. coeruleum had the lowest estimated

migration rate. All species with recent divergence times (<50,000 generations ago), had non-zero



migration rates. Considering 95% HDI on parameters, divergence time estimates ranged from
22,910 to 1,657,738 years ago. The maximum bounds exceeded 500,000 years before the present

for P. vanattae, P. coeruleum, and one relationship within H. vancouverense.

Discussion

Pleistocene glacial cycles shape intraspecific diversity in the Pacific Northwest

Our results support the hypothesis that Pleistocene glacial cycles were a key factor in driving
divergence within mvertebrates endemic to the temperate rainforests of the PNW. As expected,
genetic diversity is generally higher in the southern and coastal portions of species’ ranges, and
there is generally evidence of multiple populations in these portions of each species’ range
(Figure 3), suggesting that these areas are likely locations of refugia. For all taxa, we find
evidence of population divergence during the Pleistocene using model-based approaches. For all
but two species (P. vanattae and P. coeruleum) and one divergence in H. vancouverense,
divergence-time estimates and confidence intervals are less than 500 kya (Figure 5, Table S22),
suggesting that most divergences occurred in the later Pleistocene. Further, the lineages
uncovered in this mvestigation were typically parapatric or sympatric in their geographic
distributions (Figure 3), suggesting that population genetic structure does not result from

biogeographic barriers but rather from historic isolation in multiple refugia.

This interpretation is consistent with the results of the SDMs, which show reduced habitat

suitability i all species except P. foliolatum and increased habitat fragmentation for four species



during the LGM, suggesting a potential mechanism for Pleistocene divergence in some taxa.
Results for SDMs, particularly for P. foliolatum, should be interpreted with caution. For several
species (P. coeruleum, P. foliolatum, and C. armata) at least one modelling algorithm had an
average ROC <0.7, suggesting limited discriminatory power (Table 1; Supporting Table S3).
Particularly, for P. foliolatum, only the GLM algorithm had an average ROC > 0.7. Despite this,
our SDMs show a pattern of habitat contraction during the LGM for all but P. foliolatum. While
divergences pre-date the LGM, the results of the SDMs likely point to a general trend of habitat
contractions during the height of glacial cycles, followed by habitat expansion, a process that
may have driven divergence i the focal taxa. When extrapolating SDMs to novel spatial or
temporal extents, it is important to consider whether analogous climates exist across time and
space (Elith et al, 2010). We used MESS maps to assess this. These results highlight that our
confidence should be higher for some species (P. andersoni, H. vancouverense), where climates
appear to be largely analogous, than for others, like P. foliolatum. In general, the least analogous
climates are north of'the glacial extent during the LGM. Since this region was almost certainly
uninhabitable during the LGM, and was predicted as such by the SDMs, it is unlikely that this
extrapolation substantially impacted results. However, dissimilar climates were more widespread
for some taxa, and warrant caution when interpreting these results. This lack of analogous
climates could contribute to the apparent reduced habitat suitability and increased habitat

fragmentation during the LGM.

Our results suggest that several taxa were isolated in multiple refugia followed by post-glacial
expansion and secondary contact. Though previous work has supported secondary contact

between mland and coastal populations of wind-pollinated trees (Alnus rubra, Thuja plicata,



Tsuga heterophylla) with high dispersal ability (Ruffley et al., 2018; Ruffley et al., 2022), most
published mvestigations mto separate inland and coastal refugial lineages in the PN'W have been
limited in their ability to understand the effects of dynamic ranges and secondary contact because
of limited dispersal across the Columbia Basin. By focusing on Cascades and Coastal
distributions, we uncovered a complex history of isolation and secondary contact as well as
population structure that does not correspond to current biogeographic or environmental barriers.
Specifically, we found parapatric lincages i several taxa (Figure 3), and our model-selection
results support gene flow upon secondary contact between previously isolated lineages in five of
the seven taxa studied (Figure 4, Table 3). Gene flow in these lineages results from dynamic
range shifts that put previously isolated lineages mto secondary contact. Notably, for the species
with the deepest divergences, P. vanattae,there was no support for secondary contact,
suggesting, perhaps, that more time i isolation and increased divergence prevented gene flow

upon secondary contact in this species.

Species limits in terrestrial invertebrates from the Pacific Northwest

Our results highlight the potential for undescribed diversity within these species. Particularly for
P. vanattae, where we find evidence of deep divergence and no current gene flow, future work
should mvestigate potential morphological and ecological differences i this taxon and should
evaluate whether additional species should be described. For other species, evaluating species
status for recently diverged lineages with evidence of gene flow requires additional ecological
and morphological data. Previous work has identified undescribed lineages in P. andersoni

(Smith & Carstens, 2020) and highlighted ecological differences between lineages within this



species. Future work in P. andersoni and the other species we investigated should evaluate
ecological and morphological divergence because these data may provide further mnsight mto
whether the lineages found here represent distinct species or whether gene flow will eventually
lead to population fusion. Given the myriad potential outcomes of gene flow upon secondary
contact, and the difficulties of evaluating complex model spaces (see below), care should be
taken when making taxonomic decisions based on genomic data alone, particularly when there is

support for gene flow between lineages.

High-throughput sequencing, machine learning, and complex model spaces

Exploring complex model space is difficult, even while facilitated by the increasing availability
of genomic data. Our results demonstrate adequate statistical power for differentiating among a
relatively small set of models (~6 models) using a moderate amount of genetic data by current
standards (>=1,000 SNPs). However, with fewer SNPs, as was the case for C. armata, error rates
increase dramatically, and with larger model spaces, for example for P. vanattae (24 models) or
H. vancouverense (348 models), our power to distinguish among similar models is diminished.
This suggests a limit to the evolutionary processes amongst which we can distinguish, despite the
fact that a very small subset of these processes was explored here. As more and more genomic
data become available, the importance of understanding the limits of the processes we can infer
and of ncorporating the impacts of other factors structuring genomic variation (e.g., linked
selection; Cruickshank & Hahn, 2014; Ewing & Jensen, 2016), variable migration rates across
the genome (Roux et al., 2016), and sequencing error (Shafer et al, 2017)) will become

increasingly mmportant. In the case of the effects of complex glacial cycles, such as those



explored here, true models are likely far more complex than those included in the model set. It
seems likely that multiple bouts of range contractions and expansions structured intraspecific
diversity in these taxa. However, evaluating such complex models would not only lead to an
mtractably large model space, but also would likely lead to issues in model identifiability, as
later events likely obscure the effects of previous ones on genetic diversity (Harpending et al.
1998). This could mislead inference; for example, several periods of gene flow may be a better
explanation than simple secondary contact after the LGM, but the models explored here would
not allow us to distinguish amongst these scenarios. Future work should aim to better understand
these limits and how our inferences are likely to be misled when certain processes are ignored,

an nevitability in model-based approaches.

Conclusions

Here, we investigate the effects Pleistocene glacial cycles on structuring intraspecific diversity in
several terrestrial invertebrates from the Pacific Northwest. We find support for a complex
history with lineages isolated in multiple refugia in the Cascades and Coastal ranges. In several
species, our results support gene flow between refugial lineages upon secondary contact
subsequent to glacial cycles, highlighting the complex effects of glacial cycles on itraspecific
diversification. More broadly, the growing availability of genomic data (Garrick et al. 2015),
sequence databases (e.g., Deck et al. 2017), and powerful analytical techniques like the machine-
learning approach used here suggest that phylogeography is entering a period of renaissance in
which complex model sets can be considered to better understand the factors driving

diversification.
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Tables

Table 1: Results from SDMs. ROC scores are the mean ROC scores across replicates and

modelling strategies included in the ensemble model. The suitability (S) is the ratio of habitat

suitability at the LGM to habitat suitability at the present at various thresholds. Nearest neighbor
distance is the difference in median nearest neighbor distance between the current and the LGM
at the 500 threshold. Negative values imply increased fragmentation durng the LGM.

Species ROC 5 (300) S (500) S(700) 5(900) S(HDI)  Nearest Algorith Samples
neighbor ms after
distance thinning

P. andersoni | ;¢9 0.290 0.720 0.603 0.000 0.701 0.370 All 56
P. coeruleum |, ¢3¢ 0.168 0.812 0.661 0.065 0.158 -0.324 All 41
P. dubium | =g g17 0.337 0.380 0.170 0.000 0.313 10.254 All 27
P. foliolatum | -, ¢ 4355 2.556 3.141 5.135 2.993 0.663 GLM 13
P.vanattae | g4n 0.716 0.026 0.012 0.000 0.023 20313 All 28
Carmata | gg3 0.746 0.758 0.062 0.000 0.346 0.329 All 29
H.
vancouveren
se | 0.829 0.121 0.014 0.000 0.000 0.105 10.226 All 306




Table 2: Next-generation sequencing results. The number of samples sequenced, the number of
loci sequenced in at least half of individuals, the number of unlinked SNPs used to assess
population structure in STRUCTURE, and the number of unlinked SNPs used to compare
models in delimitR are reported.

Species # Samples # Loci # Unlinked # Unlinked
sequenced SNPs for SNPs for
in 50% of  STRUCTURE  delimitR
individuals

P. andersoni 88 18625 18527 8611

P. coeruleum 17 12454 10176 7507

P. dubium 48 20381 13492 8440

P. foliolatum 49 27339 25893 17902

P. vanattae 44 6855 6760 1754

C. armata 35 135 125 54

H. vancouverense 76 3746 3381 1213




Table 3: Results of demographic model selection in delimitR. We report error rates, the best
model, and the posterior probability of the best model

Species error rate best model posterior

probability

P. andersoni 0.05 four populations, secondary contact 0.689

P. coeruleum 0.04 two populations, secondary contact 0.686

P. dubium 0.04 two populations, divergence only 0.784

P. foliolatum 0.02 two populations, secondary contact 0.528

P. vanattae 0.10 three populations 0.706

C. armata 0.23 two populations, secondary contact, 0.675
expansion

H. vancouverense 0.56 four populations, secondary contact, 0.436
expansion




Figure Legends

Figure 1: A) Map of the Pacific Northwest (PNW) showing major features and the extent of the
ice sheet (blue). B-F) Photos of study species by M.L. Smith; B) P. andersoni; C) P. vanattae;
D) H. vancouverense; E) P. foliolatum; F) P. dubium.

Figure 2: Species Distribution Models (SDMs): Habitat suitability scores for each species across
time periods. a-g) SDMs in the current and Last Glacial Maximum (LGM) for each species. h)
Scale for maps. Suitability scores range from 0 to 1000.

Figure 3: Results of population clustering in STRUCTURE. Collections are plotted on maps
depicting portions of the Pacific Northwest that were largely unglaciated (c.f Fig. 1 for a broader
perspective). Colors correspond to the population with the highest membership proportion, and
insets show individual membership to each cluster. Individual membership proportions are
shown only for admixed individuals. a) P. andersoni: Admixed individuals were found only in
the South Cascades, and g-values for all of these individuals are displayed in the inset bar chart.
b) P. coeruleum. Admixed individuals were found only in southwestern Oregon, and g-values for
all of these individuals are displayed i the inset bar chart. c) P. dubium: Only two individuals
showed evidence of mixed ancestry, and the inset bar chart shows g-values for these samples. d)
P. foliolatum: Only samples from a single locality showed evidence of mixed ancestry, and the
inset bar chart displays q-values at this locality. e) P. vanattae: A single individual showed
limited evidence of admixture, and the g-values for this individual are displayed in the pie chart.
f) C. armata: There was only evidence of mixed ancestry in the Northern Rocky Mountains, and
the inset bar chart shows g-values of samples from this region. g) H. vancouverense: All
populations except the northern samples from the Northern Rocky Mountains showed evidence
of admixture, and g-values are displayed on inset bar charts. Shading represents topography.

Figure 4: Results of demographic model selection in delimitR. Population colors correspond to
colors on the maps in Figure 3. Arrows indicate the presence of gene flow upon secondary

contact. Expanding branch tips (triangles) indicate population expansion.

Figure 5: Divergence times estimated using the composite likelihood approach implemented in
fastsimcoal2. Median divergence times estimated under the best model for each species, plus
95% HDI from bootstrap replicates. Scale is compared to the dates of glacial-interglacial cycles:
Pre-Illinoian, Illinoian, Sangamonian Interstadial (S), Wisconsin (W), and Holocene (H)
(Batchelor etal., 2014).
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Figure 1: A) Map of the Pacific Northwest (PNW) showing major features and the extent of the
ice sheet (blue). B-F) Photos of study species by M.L. Smith; B) P. andersoni; C) P. vanattae;,
D) H. vancouverense; E) P. foliolatum; F) P. dubium.
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Figure 2: Species Distribution Models (SDMs): Habitat suitability scores for each species across
time periods. a-g) SDMs in the current and Last Glacial Maximum (LGM) for each species. h)
Scale for maps. Suitability scores range from 0 to 1000.
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Figure 3: Results of population clustering in STRUCTURE. Collections are plotted on maps
depicting portions of the Pacific Northwest that were largely unglaciated (c.f Fig. 1 for a broader
perspective). Colors correspond to the population with the highest membership proportion, and
insets show individual membership to each cluster for all localities that contain admixed
individuals (q < 0.90). The size of points is scaled based on the number of individuals collected
from the locality. a) P. andersoni: Admixed individuals were found only in the South Cascades,
and g-values for all of these individuals are displayed in the inset bar chart. b) P. coeruleum.
Admixed individuals were found only in southwestern Oregon, and g-values for all of these
individuals are displayed in the inset bar chart. ¢) P. dubium: Only two localities showed
evidence of mixed ancestry, and the inset bar chart shows g-values for these samples. d) P.
foliolatum: Only samples from a single locality showed evidence of mixed ancestry, and the inset
bar chart displays g-values at this locality. e) P. vanattae: A single individual (the only

individual at the locality) showed limited evidence of admixture, and the q-values for this
individual are displayed in the pie chart. f) C. armata: There was only evidence of mixed
ancestry in the Northern Rocky Mountains, and the inset bar chart shows g-values of samples
from this region. g) H. vancouverense: All populations except the northern samples from the
Northern Rocky Mountains showed evidence of admixture, and q-values are displayed on inset

bar charts. Shading represents topography.
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Figure 4: Results of demographic model selection in delimitR. Population colors correspond to
colors on the maps in Figure 3. Arrows indicate the presence of gene flow upon secondary

contact. Expanding branch tips (triangles) indicate population expansion.
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Figure 5: Divergence times estimated using the composite likelihood approach implemented in
fastsimcoal2. Median divergence times estimated under the best model for each species, plus
95% HDI from bootstrap replicates. Scale is compared to the dates of glacial-interglacial cycles:
Pre-Illinoian, Illinoian, Sangamonian Interstadial (S), Wisconsin (W), and Holocene (H)
(Batchelor etal., 2014).
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