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Abstract

Comparative phylogeographic studies can distinguish between idiosyncratic and community-wide responses
to past environmental change. However, to date, the impacts of species interactions have been largely over-
looked. Here we used non-genetic data to characterize two competing scenarios about expected levels of con-
gruence among five deadwood-associated (saproxylic) invertebrate species (i.e., a wood-feeding cockroach,
termite, and beetle; a predatory centipede, and a detritivorous millipede) from the southern Appalachian
Mountains—a globally recognized center of endemism. Under one scenario, abiotic factors primarily drove
species’ responses, with predicted congruence based on the spatial overlap of climatically stable habitat areas
estimated for each species via ecological niche modeling. The second scenario considered biotic factors to be
most influential, with proxies for species interactions used to predict congruence. Analyses of mitochondrial
and nuclear DNA sequences focused on four axes of comparison: the number and geographic distribution of
distinct spatial-genetic clusters, phylogeographic structure, changes in effective population size, and histor-
ical gene flow dynamics. Overall, we found stronger support for the ecological co-associations scenario, sug-
gesting an important influence of biotic factors in constraining or facilitating species’ responses to Pleistocene
climatic cycles. However, there was an imperfect fit between predictions and outcomes of genetic data ana-
lyses.Thus, while thought-provoking, conclusions remain tentative until additional data on species interactions
becomes available. Ultimately, the approaches presented here advance comparative phylogeography by ex-
panding the scope of inferences beyond solely considering abiotic drivers, which we believe is too simplistic.
This work also provides conservation-relevant insights into the evolutionary history of a functionally important
ecological community.

Key words: Appalachian Mountain, comparative phylogeography, ecological niche modeling, saproxylic invertebrate, species
interaction

Phylogeographic studies provide important foundations for under-
standing evolution within, and divergence among, natural popu-
lations. Investigations that incorporate models of long-term
population history have shed light upon processes that generate,
maintain, or compromise the integrity of species boundaries (Moritz
etal.2009). They have also revealed circumstances where gene pools
change in counterintuitive ways, such as when drift predominates in
large populations (Excoffier and Ray 2008), or where selection is
efficient in small populations (Facon et al. 2011). Phylogeographic
studies have immediate practical importance too. For instance, they

have generated insights into the complexity of responses to past cli-
mate change, showing that species did not simply shift in latitudinal
or altitudinal range (Blois et al. 2013), and they have provided crit-
ical baselines for predicting future impacts (McLachlan et al. 2005,
Cordellier and Pfenninger 2009). Notably, phylogeographic studies
that identify processes and events that shaped patterns of spatial-
genetic variation in multiple co-distributed species can distinguish
between idiosyncratic and community-wide responses (Avise 2000,
Arbogast and Kenagy 2001), and as such, provide more broadly gen-
eralizable inferences.
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Climatic Stability

Comparative phylogeographic studies have identified events that
drive co-vicariance, such as seaway incursions (Riddle and Hafner
2006) or xerification of mesic habitats (Carstens et al. 2005).
Co-expansion in response to amelioration of Pleistocene glaci-
ation or periglaciation has also been characterized (e.g., Lessa
et al. 2003, Chan et al. 2014). However, spatial patterns of intra-
specific diversity are not simply overwritten by each successive
event; long-term climatic stability can itself be a strong predictor
of phylogeographic structure, particularly in low-mobility taxa. For
example, in the Australian Wet Tropics, climatic stability closely pre-
dicted the number and/or distribution of distinct lineages within a
suite of rainforest fauna (Hugall et al. 2002) and it also had good
explanatory power for spatial patterns of species richness (Graham
et al. 2006). Similarly, for reptiles and amphibians in the Brazilian
Atlantic forest, historically stable areas often contain high intra-
specific genetic diversity and phylogeographic endemism (Carnaval
et al. 2009, 2014). However, climatic stability is not a panacea for
predicting locations of shared refugia, and by extension, congruence
among co-distributed species. A likely explanation for this lies in
the heavy reliance of ecological niche models (ENMs, often used
to identify long-term stable areas) on just a few abiotic variables,
such as temperature and precipitation (Godsoe and Harmon 2012).
Accordingly, the incorporation of biotic components that might also
have impacted species’ responses to past environmental change is
imperative.

Ecological Co-associations

Species undoubtedly have evolutionary histories shaped by biotic
influences, and the ramifications of ignoring impacts of species
interactions on the phylogeographic structure may be considerable.
Indeed, sympatry of two or more lineages may be prevented by de-
terministic processes such as competitive exclusion, or alternatively,
by stochastic processes such as priority effects (Crespi et al. 2003,
Waters 2011). The results of this ecological exclusion can extend
across large spatial and temporal scales (Pigot and Tobias 2013).
While taxa with obligate co-associations may be most likely to
show lock-step responses to past environmental change (e.g., Smith
et al. 2008, 2011; Garrick et al. 2013, 2017), few comparative
phylogeographic studies have considered different levels of inter-
dependence among a suite of species (but see Satler and Carstens
2016). Thus, important questions remain unanswered, such as: to
what extent do ecological co-associations constrain species’ re-
sponses to environmental change; at what level of co-association
does the biotic constraint become negligible; and what aspect(s) of
species interaction matter most?

Southern Appalachian Mountains

Here we investigated whether phylogeographic congruence is pre-
dicted by historical habitat stability, or ecological co-associations,
using five invertebrate species from the southern Appalachian
Mountains, USA. This landscape setting is composed of several
physiographic subregions that contain some of the oldest uplands in
North America, and it remained unglaciated during the Last Glacial
Maximum (~22 thousand years ago, KYA; Whittaker 1956, Delcourt
and Delcourt 1998, Loehle 2007). The southern Appalachians
served as a source for recolonization of glaciated northern areas
after the Laurentide ice sheet retreated (e.g., Herman and Bouzat
2016, Park and Donoghue 2019), and thus harbored important

Pleistocene microrefugia. These characteristics enabled in situ per-
sistence of divergent lineages that evolved on the backdrop of steep
environmental gradients within a topographically complex region
(Hyseni and Garrick 2019a). The resulting impacts upon structuring
biodiversity over fine spatial scales, particularly in low-mobility spe-
cies occupying mid- to high elevations, are conducive to historical
inference (Cruzan and Templeton 2000).

Deadwood-Dependent (Saproxylic)
Invertebrates

Our focal invertebrate taxa comprise three wood-feeding in-
sects: a eusocial termite (Reticulitermes flavipes Kollar, Blattodea:
Rhinotermitidae), a sub-social cockroach (Cryptocercus punctulatus
Scudder, Blattodea: Cryptocercidae), and a beetle (Odontotaenius
disjunctus Illiger, Coleoptera: Passalidae). Additionally, our set includes
two myriapods: a top-level predatory bark centipede (Scolopocryptops
sexspinosus Say, Scolopendromorpha: Cryptopidae), and a detritivorous
round-backed millipede (Narceus americanus Beauvouis, Spirobolida:
Spirobolidae). All five species are forest floor-dwellers associated with
rotting logs (angiosperms or conifers). The wood-feeders generally ex-
cavate galleries in the sapwood and nest in the heartwood whereas the
centipede is most commonly found directly beneath residual loose bark,
although females brood their eggs within interior cavities of rotting
logs. Although the millipede is primarily a leaf litter dweller, it often
shelters underneath logs, at the soil-wood interface. All species are na-
tive to the southern Appalachians and they are believed to have a long
history of co-occupancy. Given their shared dependence on the same
microhabitat type, concerted responses to past environmental change
are plausible (although differences in life history and other traits may
lead to discordance among saproxylic invertebrates; see Sunnucks et al.
2006, Garrick et al. 2008).

Goals and Approach

In this paper, we used the extent of spatial overlap in ecological
niche modeling-based estimates of historical habitat stability to gen-
erate predictions about phylogeographic congruence under a scen-
ario where abiotic factors were the primary drivers of responses of
saproxylic invertebrates to Pleistocene (and earlier) environmental
change in the southern Appalachian Mountains. For comparison,
we also inferred ecological co-associations among each of the five
focal species using information on food web structure for southern
Appalachian saproxylic invertebrates (Garrick et al. 2019a), relative
arrival times during the succession that accompanies wood decompos-
ition (Stokland et al. 2012, Messier et al. 2014), frequency of very fine-
scale co-occurrence (i.e., syntopy), and proxies for interaction type
(Morales-Castilla et al. 2015). This provided a basis for predicting the
strength of phylogeographic congruence under a scenario in which
biotic influences predominated. While we recognize that the two com-
peting scenarios are not mutually exclusive, assessing the relative im-
portance of historical habitat stability versus ecological co-associations
is a valuable first step in understanding whether biotic interactions act
as a constraint on species’ responses to past environmental change.
After identifying contrasting a priori predictions based on the two
scenarios, we tested them by reconstructing the long-term popula-
tion history of each species using mitochondrial and nuclear DNA
sequence data. Four axes of comparison among species were con-
sidered: the geographic distribution of distinct spatial-genetic clusters,
phylogeographic structure, changes in effective population size over
time, and historical gene flow dynamics. Accordingly, our assessments
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of congruence focused on the extent of spatial coincidence of breaks
between clusters, the depth of divergence among intraspecific lineages,
the nature of population size changes (i.e., growth vs. decline), and
source-sink gene flow relationships.

Materials and Methods

Predictions Based on Historical Habitat Stability

To identify potential locations of long-term habitat refugia, we esti-
mated paleo- and present-day ENMs for each species. Habitat sta-
bility was derived from a time series of ENMs, and the degree of
overlap among each pair of species’ climatic stability surfaces was
then quantified. This generated a priori predictions about expected
levels of phylogeographic congruence among all five species, under a
scenario where abiotic factors predominate.

Species Occurrence Data

Species occurrence data were based on presence-only records com-
piled from our own fieldwork, published literature, and/or the Global
Biodiversity Information Facility (https:/www.gbif.org). Notably, mo-
lecular techniques are required for accurate species-level identification of
the focal termite when only the worker caste is available, which is often
the case, given that several otherwise indistinguishable congeners co-occur
in the southern Appalachians and elsewhere (Garrick et al. 2015a). This
constrained high-quality occurrence records for this species (see Hyseni
and Garrick 2019b). To avoid introducing bias into downstream com-
parisons among species owing to strongly contrasting occurrence data
extents, we used a 100 km buffer around the perimeter of the termite oc-
currence records as the limit for inclusion of occurrence records from the
other four species (Supp Fig. 1 [online only]). Ultimately, the total number
of non-redundant occurrence records used for estimating species-specific
ENMs were: C. punctulatus n = 464, R. flavipes n = 97, O. disjunctus
n = 320, S. sexspinosus n = 158 and N. americanus n = 243.

Selection of Climatic Variables

ENM was performed on three timescales: present-day (1960-1990),
Mid-Holocene (MH; ~6 KYA), and Last Glacial Maximum (LGM;
~22 KYA). We used four environmental factors as predictors. To
deal with collinearity among the 19 bioclimatic variables from
WorldClim database v.1.4 (http://www.worldclim.org; Hijmans
et al. 2005), these predictors were obtained via factor analysis (see
Hyseni and Garrick 2019a for details). The four factors captured an-
nual temperature range, summer temperature, dry- and wet-season
precipitation and are available as raster maps at a 1-km resolution
from DRYAD (Hyseni and Garrick 2020).

Ecological Niche Modeling and Projections

ENMs were estimated for each species separately using the
BIOMOD?2 package (Thuiller et al. 2009, Di Cola et al. 2017) in
R (R Core Team 2020). We selected pseudo-absence points from
outside the area predicted as suitable habitat via the rectilinear
surface range envelope model. Using presence and pseudo-absence
data, we ran two modeling algorithms: artificial neural networks
(Ripley 1996), and random forest (Breiman 2001). We then used
the ensemble framework (Buisson et al. 2010) to obtain a weighted
average. For further modeling details, including assessment of model
performance, see Hyseni and Garrick (2019a).

Climatic Stability and Overlap
To generate a climatic stability surface, the probability of occurrence
layers for each species derived from ENMs for each time period were

multiplied to obtain the areas with climatic stability (CS) across all
three time periods using the equation:

Pcs(Current " MHNLGM) = P (Current) x P (MH) x P(LGM)

(1)
where P is the probability of occurrence of a species in all three
time periods and P is the probability of species occurrence in one
particular time period. As a result, the output was a map with
values ranging from 0 (i.e., focal species not predicted to be
present during any time period) to 1 (i.e., focal species predicted
to be present in all time periods). The CS overlap between each
pair of species was calculated using Schoener’s (1968) D statistic
(where values ranged from 0 for no overlap, to 1 for identical cli-
matically stable areas), implemented in the ENMEVAL package
(Muscarella et al. 2014) in R. Finally, an unrooted dendrogram
was used to visually represent these overlap values (where 1 — D
was used to generate the dissimilarity matrix used for hierarchical
clustering). Ultimately, this provided a priori predictions about
phylogeographic congruence under a scenario where abiotic fac-
tors drive species’ responses.

While we believe that using a100 km buffer around the perimeter
of the termite occurrence records as the limit for inclusion of occur-
rence records reduced bias associated with how widely distributed
and/or well-documented a species happens to be, we acknowledge
that this may have affected the estimated ENMs and CS maps for
the beetle, centipede, and millipede (the cockroach records were not
cropped, and therefore unaffected), as well as Schoener’s (1968) D
statistic for all species pairs. Thus, for completeness, we also present
the distribution of all available reliable occurrence records for each
species (Supp Fig. 2 [online only]) and used these to re-estimate their
ENMs and CS maps, and re-calculate D values for each species pair,
although we did not use outcomes from this alternative approach for
downstream hypothesis-testing.

To facilitate visualization of areas that likely served as key
long-term multi-species habitat refugia, we performed a follow-up
analysis. Here, the area of CS across all five species for all three time
periods was calculated using the combined probabilities for each
species, by applying the equation:

P (CpUN(lUOdURfUSS) = Pcs (Cp) + Pcs (Na) + Pcs (Od) . ..
—Pcs (CpNNa) — Pcs (Cpn Od) ...+ Pes (CpNNan Od)

+Pcs (CoNNaNRf)...—Pcs (CpN Nan OdN Rf)

—Pcs (CpNNanOdNSs) ...+ Pcs(CpNNan OdNRf N Ss)

(2)
where P’ is the combined probability for all species in all three

time periods, P is the CS of each species obtained using equa-
tion 1, and abbreviations for species names are as follows:
Cp (C. punctulatus), Rf (R. flavipes), Od (O. disjunctus), Ss
(S. sexspinosus) and Na (N. americanus). As a result, we created
an output map with values ranging from 0 (i.e., stable habitat not
predicted to be present during any time period for any species) to 1
(i.e., stable habitat predicted to be present in all time periods for all
species). To calculate equation 1 and 2 probabilities, the RASTER
package (Hijmans 2020) in R was used. As above, for exploratory
purposes, we also re-generated a map of long-term multi-species
habitat refugia based on all available reliable occurrence records

for each of the focal species.
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Predictions Based on Ecological Co-associations

We considered four components of actual or potential direct inter-
actions among species: trophic guild (i.e., similar exploitation of
the same class of resource, sensu Simberloff and Dayan 1991), the
timing of colonization during succession, frequency of very fine-scale
co-occurrence (i.e., syntopy), and interaction type inferred from
traits (Morales-Castilla et al. 20135). For all species pairs, each of the
four components was represented as a dissimilarity matrix (Supp
Table 1 [online only]), and then hierarchical clustering was used to
represent these as unrooted dendrograms.

Trophic Guild

Garrick et al. (2019a) estimated the basic food web structure of
southern Appalachian saproxylic invertebrates, which we used as
our framework here. Briefly, the cockroach (C. punctulatus), ter-
mite (R. flavipes) and beetle (O. disjunctus) are all wood-feeders
occupying the same guild, such that dissimilarity among them was
scored as 0. The millipede (N. americanus) is also a primary con-
sumer, but it is a detritivore that mostly feeds on decaying leaves
(Walker et al. 2009). Compared to the wood-feeders, this lateral sep-
aration in the food web was given a dissimilarity score of 1. The
centipede (S. sexspinosus) is a top-level (i.e., tertiary) generalist
predator that feeds on insects, spiders, and worms, as well as other
centipedes (Auerbach 1951). Owing to the two levels of vertical sep-
aration in the food web relative to the primary consumers, pairwise
species comparisons that included the centipede were assigned a
score of 2.

Timing of Colonization

Given that most saproxylic invertebrate species use rotting logs
at specific stages of decay, patterns of succession are predictable
(Messier et al. 2014). In temperate forests of the eastern United
States, a newly fallen dead tree is usually first colonized by fungi,
transferred by wood-boring bark beetles. Next, aided by moderate
powers of dispersal, termites and their predators arrive at inter-
mediate stages when cellulose and lignin have begun to break down
and the outer bark has loosened. The tunneling activities of termites
create galleries in the sapwood and modify substrate properties,
facilitating subsequent colonization of large-bodied wood-feeding
insects. At the most advanced decay stages, leaf litter-dwelling in-
vertebrates seeking shelter can opportunistically occupy larger tun-
nels (Stokland et al. 2012, Ulyshen 2016, Brin and Bouget 2018).
Accordingly, we assigned relative arrival times to each species (early:
termite and centipede, intermediate: cockroach and beetle; late:
millipede) and scored timing of colonization during succession as
concurrent (0), sequential (1), or highly asynchronous (2).

Frequency of Syntopy

In addition to the opportunistic sampling of the five focal species
from 219 rotting logs to obtain tissue for phylogeographic ana-
lyses (see Population Sampling and Genetic Screening below), we
also conducted exhaustive community-level surveys in Bankhead
National Forest, Alabama, and Great Smoky Mountains National
Park, Tennessee and North Carolina. For these surveys, 22 mid- to
late-stage rotting logs were fully dismantled, with all macroscopic
arthropods collected (Garrick et al. 2019a). This generated a dataset
of 241 logs that provided information on the frequency of syntopy
among the five species that we focus on in the present study. Given
that there was considerable asymmetry in the number of occurrences
per species (e.g., 139 logs containing the cockroach versus 20 with
the millipede), calculations were conditioned on the rarest species

in a pair (e.g., for three cockroach-millipede co-occurrences, the
observed frequency was 3/20). To convert this into a dissimilarity
score, the observed frequency was subtracted from one (e.g., 1 -
0. 15 = 0.85). For consistency with our scoring regime for the other
components of actual or potential direct interactions among species
(i.e., trophic guild, etc.), the aforementioned dissimilarity scores
were rescaled to range from 0 to 2 (continuous values).

Interaction Type

We considered six types of species interaction (Brin and Bouget
2018), and based our inferences on proxies that included morpho-
logical and behavioral traits, as well as the available information
on trophic guilds and succession. There were four clear predator/
prey interactions (+/—), with the centipede as the beneficiary in all
cases. Also, there were four probable commensalistic interactions
(0/+): two involved facilitation of the cockroach and beetle by the
primary gallery-forming activities of the termite, and the other two
were based on the facilitation of the millipede by secondary gallery-
forming activities of the cockroach and beetle. We identified only
one likely case of competition (—/—) between the cockroach and
beetle owing to their membership in the same trophic guild coupled
with approximately synchronous arrival time during succession.
Ecological neutrality (0/0) also seemed limited to one species pair
(i.e., the termite and millipede, given their different trophic guilds
and highly asynchronous arrival). We did not identify any potential
cases of mutualism (+/+) or amensalism (~/0). To represent the four
inferred interaction types as dissimilarity scores, we tallied the total
count of antagonistic (-) interactions (i.e., 0 for neutral or commens-
alism, 1 for predator/prey, and 2 for competition).

Given that the characterization of species interactions is notori-
ously difficult in the absence of controlled experiments, even for
a relatively modest number of species (e.g., Carrara et al. 20135,
Dormann et al. 2018), we augmented the above approach by
re-assessing the nature and strength of putative associations using
checkerboard analyses (Stone and Roberts 1990) performed with
the ecospat package (Di Cola et al. 2017) in R. As a measure of
species co-occurrence, the C-score has been shown to have good
statistical power for detecting non-randomness (Gotelli 2000). The
checkerboard analysis is based on co-occurrence data and quanti-
fies the extent to which two species repel one another (a C-score
higher than expected by chance is indicative of a strongly antagon-
istic interaction such as competition, —/—) or aggregate together (a
C-score lower than expected by chance is indicative of a positive
interaction such as mutualism, +/+). In cases where there is no sig-
nificant difference between observed and expected C-scores (i.e., a
random pattern of co-occurrence), then no direct interaction (i.e.,
ecological neutrality; 0/0) is inferred. We used occurrence data at
the level of individual sampling sites (i.e., logs with the same coord-
inates pooled; Supp Table 2 [online only]) and simulated “control
groups” representing random colonization and co-occurrence pat-
terns (i.e., null distributions of expected C-scores) were constructed
in two ways: unconstrained matrices, and environmentally con-
strained matrices. Whereas the former approach makes no distinc-
tion between a species occurrence in a peripheral versus core part
of its range and therefore does not consider implications for local
abundance, the latter uses habitat suitability as site weights to fur-
ther constrain simulations of the control group (see Di Cola et al.
2017). Here, we used habitat suitability scores derived from the
present-day ENMs (described under Predictions based on histor-
ical habitat stability, above) as the environmental constraints, and
used 10,000 permutations to generate matrices for the null models.
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Since the degree of “checkerboardedness™ is informative only about
balanced interactions (cf., the six types considered above), outcomes
were interpreted as being confirmatory only.

Synthesis of Components

Ultimately, predictions about phylogeographic congruence under
a scenario in which biotic influences predominate were generated
by combining all four components of ecological co-associations.
Equal weighting was attributed to each; given that all dissimilarity
scores ranged from 0 to 2, these were simply summed across the four
matrices. Hierarchical clustering was then performed, and an un-
rooted dendrogram was generated. To assess robustness of the final
four-component predictions, we used a “leave-one-out” approach to
create four jackknife replicates (i.e., each with a different combin-
ation of three components of ecological co-associations), reanalyzed
them, and then visually assessed topological agreement among the
dendrograms.

Population Sampling and Genetic Screening

From 2012 to 2017, specimens were opportunistically col-
lected from 219 rotting logs throughout forests in the southern
Appalachian Mountains and surrounding areas, across eight states.
This was conducted under scientific collecting permits issued by
the Alabama Department of Conservation and Natural Resources,
Georgia Department of Natural Resources (permit 29-WBH-12-16),
United States Department of Agriculture Forest Service, and United
States National Park Service (permits GRSM-2012-SCI-2242,
SHEN-2012-SCI-0015, and CUGA-2012-SCI-0008). Sampling in-
cluded logs at mid- to late stages of decomposition in hardwood,
pine, and mixed forests. Specimens of the five focal species obtained
from community-level surveys (Garrick et al. 2019a) were included
in the present dataset. All samples were stored in 95% ethanol.
Representatives will be lodged at the Mississippi State University
entomological collection following completion of on-going projects
still using them. We also included Swanson’s (2005) geo-referenced
mitochondrial DNA sequence data for 18 individuals of the focal
beetle species sampled from the southern Appalachian Mountains
(see Garrick et al. 2019b for details on sequence trimming, and in-
tegration). Ultimately, all invertebrate samples with molecular data
came from 230 rotting logs (Supp Table 2 [online only]).

Genomic DNA was extracted from whole specimens (R. flavipes)
or legs (all other taxa) using a DNeasy Blood and Tissue Kit (Qiagen,
Valencia CA, USA), following the manufacturer’s recommendations.
For each species, one mitochondrial DNA (mtDNA) and one nu-
clear DNA (nDNA) locus was targeted. Conditions for polymerase
chain reaction (PCR) amplification of portions of mtDNA cyto-
chrome oxidase subunit I (COI) and/or subunit I (COII) genes
for C. punctulatus, R. flavipes, S. sexspinosus, and O. disjunctus
are reported elsewhere (Garrick 2016; Garrick et al. 2015a, 2018,
2019b, respectively). For N. americanus, a mtDNA region span-
ning 16S rRNA, tRNAY, and 12S rRNA was amplified following
Walker et al. (2009). Conditions for amplification of some nuclear
loci, including histone (H3A) for C. punctulatus, an intronic portion
of nuclear gene endo-beta-1,4-glucanase (EB14G) for R. flavipes,
and RNA polymerase subunit 2 (RNP2) for S. sexspinosus, have
been published (Inward et al. 2007, Garrick et al. 2018, Hyseni
and Garrick 2019a, respectively). Newly developed primers used
to amplify H3A for O. disjunctus and internal transcribed spacer
2 (ITS2) for N. americanus are reported in Supp Table 3 [online
only]. PCR products were viewed following electrophoresis, puri-
fied using ExoSAP-IT (Affymetrix, Santa Clara, CA, USA), and

sequenced on an Applied Biosystems 3730x Genetic Analyzer at Yale
University. Chromatograms were edited and aligned in MEGA v6.06
(Tamura et al. 2013) or GENEIOUS v.6.1.8 (Kearse et al. 2012).
All geo-referenced genetic datasets analyzed in this paper are avail-
able via DRYAD Repository entry https://doi.org/10.5061/dryad.
pvmevdnkd.

To confirm that data from true mtDNA had been obtained (cf.,
nuclear pseudogenes), COI and COII sequences were translated
into amino acids, and all sequenced regions were compared to acces-
sions in NCBI’s nucleotide database via BLAST searches (Altschul
et al. 1990). Heterozygous sites in nDNA alignments were coded
using [UPAC ambiguity codes when the height of the secondary peak
was at least 50% that of the primary peak. Gametic phase of segre-
gating sites in multi-site heterozygotes was computationally inferred
using the PHASE algorithm (Stephens et al. 2001), implemented
in DNASP v.6.12.03 (Rozas et al. 2017). Run settings for recon-
struction of nDNA allele haplotypes followed Hyseni and Garrick
(2019a). To avoid introducing downstream systematic bias, indi-
viduals with low-confidence haplotype pairs were retained (Garrick
et al. 2010). For each species, evidence for intra-locus recombination
among phased nDNA alleles was assessed with RDP v.4.100 (Martin
et al. 2015), using the following suite of methods that do not re-
quire non-recombinant reference sequences: Geneconv (Sawyer
1989), MaxChi (Maynard Smith 1992), Bootscan (Salminen et al.
1995), RDP (Martin and Rybicki 2000), and Chimaera (Posada and
Crandall 2001).

Genetic Data Analyses Used to Assess Predictions
Comparative phylogeography faces the challenge of assessing con-
gruence, despite some level of the inherent idiosyncrasy of species’
responses to past environmental change. That is, the parameter
space of potential paths to incongruence is much larger than that
leading to congruence. Accordingly, we simplified our assessment
to consider four axes of comparison: the distribution of natural
spatial-genetic clusters, phylogeographic structure, changes in
effective population size over time, and historical gene flow dy-
namics. Although this approach necessarily sacrifices detail for an
overarching pattern, it does provide a useful framework for min-
imizing potential bias toward inferring incongruence (Burgess and
Garrick 2020).

Natural Spatial-Genetic Clusters

The number of geographically cohesive genetic groups within each
species was inferred using individual-based spatial clustering of
mtDNA sequence data, analyzed using BAPS v.6.0 (Cheng et al.
2013). For C. punctulatus, R. flavipes and O. disjunctus, a concat-
enated dataset comprised of mtDNA COI+COII was used because
these genes are effectively part of the same locus (no concatenation
was necessary for S. sexspinosus and N. americanus, as their mtDNA
regions were sequenced in a single continuous read). Given that two
or more individuals with different mtDNA haplotypes were some-
times collected from the same location, for each species, we crated
eight sub-sampled datasets in which only one haplotype per spatial
coordinate was included per dataset. Across these eight replicates,
all unique haplotypes from a given location were represented at
least once. This approach was used (cf., randomly perturbing spa-
tial coordinates) to avoid artificially increasing the complexity of
Voronoi tessellations. For C. punctulatus, R. flavipes, O. disjunctus
and S. sexspinosus, we assessed values of K (i.e., the number of clus-
ters) ranging from 1 to 20, whereas for N. americanus, the max-
imum K was set at 16 (i.e., the total number of unique sampling
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site coordinates for this species). In all cases, the best-fit K was
identified via log marginal likelihood scores. To quantify levels of
polymorphism, DNASP was used to calculate the number of unique
haplotypes (N | ), number of segregating sites (S), and nucleotide
diversity () for mtDNA and nDNA loci. For each species, these
statistics were calculated separately for each BAPS cluster, and for
all clusters combined.

Congruence Assessment

Due to highly heterogeneous geographic sampling per species, stat-
istical testing of spatial coincidence of breaks between clusters (e.g.,
using boundary overlap statistics) was not feasible. Accordingly, here
we relied on visual assessment.

Phylogeographic Structure

To understand whether divergence among intraspecific BAPS clus-
ters occurred over relatively short timescales (i.e., attributable to
drift alone) versus longer phylogeographic timescales (i.e., over
which nucleotide mutations accumulate), following Garrick et al.
(2004) we directly compared partitioning of genetic variation in
mtDNA datasets, and nDNA datasets, using Weir and Cockerham’s
(1984) F,, versus Excoffier et al’s (1992) @ . When calculating @,
the best fit model of molecular evolution was first determined from
DNA sequence alignments using jModelTest 2 v.2.1.6 (Darriba et al.
2012), and then a maximum likelihood-corrected genetic distance
matrix was generated using PAUP* v.4.0a (Swofford 2003). F,
versus @ values were estimated in ARLEQUIN v. 3.5.2.2 (Excoffier
and Lischer 2010), with significance (a = 0.05) assessed via 999
permutations.

To further assess whether intraspecific BAPS clusters were evo-
lutionarily distinct, we estimated phylogenetic relationships among
mtDNA haplotypes from each species using maximum likelihood.
To identify the optimal partitioning scheme and models of evolu-
tion, we evaluated each dataset with PARTITIONFINDER v2.1.1
(Lanfear et al. 2017) using the greedy algorithm, linked branch
lengths, and model selection using the corrected Akaike informa-
tion criterion (AICc; Hurvich and Tsai 1989). For C. punctulatus,
R. flavipes, and O. disjunctus, we provided six possible partitions,
corresponding to each codon position of the two mtDNA genes.
Given that only one mtDNA gene was sequenced S. sexspinosus,
we ran PARTITIONFINDER with three possible partitions, with all
other settings as above. For N. americanus, we ran three possible
partitions, one for each of the non-protein coding genes:16S rRNA,
Valine-encoding tRNA, and 125 rRNA. For each partitioning scheme,
we evaluated three models of evolution: generalized time-reversible
model (GTR; Tavaré 1986), GTR+G, and GTR+G+I. To obtain a
single model for tree inference, albeit with independent model par-
ameter values, we first identified the best partitioning scheme for
each of the three models of evolution based on AICc values. We then
compared the AICc of the best partitioning scheme for each of the
three models and selected the partitioning scheme and evolutionary
model combination with the lowest AICc score. Phylogenetic rela-
tionships were inferred using RAXML v.8.2.1.1 (Stamatakis 2014).
For each mtDNA dataset, we used the partitioning scheme and evo-
lutionary model identified by PARTITIONFINDER. Each partition
identified by PARTITIONFINDER was allowed an independent
implementation of the best model. Node support was assessed
using 1,000 bootstrap pseudo-replicates. For each species, the most
closely related taxon with publicly available sequence data for the
corresponding mtDNA region(s) was used as an outgroup (Supp
Table 4 [online only]).

Congruence Assessment

Our first comparison across species was based on the depth of
phylogeographic structure. Here, if @ values clearly exceeded
corresponding F values over all pairs of BAPS clusters for both
mtDNA and nDNA, this was considered indicative of ancient diver-
gence among intraspecific lineages (i.e., deep phylogeographic struc-
ture). Conversely, @, > F, for mtDNA only would suggest more
recent divergences (i.e., moderate phylogeographic structure), and
@, ~ F, for both mtDNA and nDNA would be consistent with very
shallow (or a lack of) phylogeographic structure. Our second type
of comparison was based on topological phylogeographic structure.
Here, for each species, mtDNA-based phylogenetic relationships
among members of BAPS clusters were compared to the spatial lo-
cation of those same clusters. If the RAXML tree topology strongly
corresponded with geography (i.e., sister lineages were also geo-
graphic neighbors), the species was categorized as displaying strong
topological phylogeographic structure. Conversely, if phylogenetic
and geographic relationships required reconciliation via invoking
one or more major long-distance dispersal events to explain non-
neighboring sister lineages, this was considered a weak topological
phylogeographic structure.

Changes in Effective Population Size Over Time

To assess evidence for changes in effective population size (N,) over
time (or lack thereof), for each BAPS cluster we calculated Fu’s
(1997) F,, Tajima’s (1989) D, Ramos-Onsins and Rozas’s (2002)
R, and Harpending’s (1994) r for mtDNA and nDNA separately,
in DNASP. Deviations from the null hypothesis of population size
constancy were evaluated by comparing observed values against
distributions simulated via neutral coalescence (1,000 replicates),
with significance assessed at the o = 0.05-level (except for F,, where
o = 0.02 was used, following Fu 1997). Population growth was in-
ferred from significantly negative F, or D, and from significantly
small R, or r. Conversely, the decline was inferred from significantly
positive F, or D, and significantly large R, (r is not informative about
decline, since ragged multi-modal mismatch distributions are also
expected under long-term stability).

We also examined signatures of historical population size change
for each BAPS cluster using extended Bayesian skyline plots (EBSP;
Heled and Drummond 2008), implemented in BEAST v.2.6.2
(Bouckaert et al. 2019). Separate searches were performed for
single-locus datasets using relatively simple substitution models (i.e.,
Hasegawa et al’s [1985] HKY with empirical base frequencies for
mtDNA, and Jukes and Cantor’s [1969] JC for nDNA, respectively),
and for multi-locus datasets with ploidy of each locus specified via the
inheritance scaler. Settings were: clock model = strict, clock rate = 1
(i.e., time measured in substitutions, with mtDNA as the reference
in multi-locus analyses), operator weights = auto-optimized (fol-
lowing Heled 2016), with other priors as default. Depending on the
dataset, final searches were performed using either 2.0 x 107, 5.0 x
107, or 1.0 x 10* Markov chain Monte Carlo (MCMC) generations,
sampling parameters every 5,000th or 10,000th step (with 10% dis-
carded as burn-in). Convergence of chains was assessed via effective
sample size (ESS) values for key demographic parameters calculated
using TRACER v.1.7.1 (Rambaut et al. 2018), and by comparing
outcomes from independent runs. We required ESS >200 for reliable
inference (otherwise, no attempt to interpret the EBSP was made).
Two or three replicate runs were pooled to estimate the median and
95% highest posterior density (HPD) credible set of values for the
“number of population size changes” parameter. If the median was
>0, then the programs LOGCOMBINER and EBSPANALYSER
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within the BEAST package were used to generate EBSP curves: the
directionality of size change (i.e., growth vs. decline) was determined
via visual assessment of trends in median N, over time, relative to
upper and lower bounds of the 95% HPD of N..

Given the contrasting sensitivities of different demographic sum-
mary statistics (Ramos-Onsins and Rozas 2002) and the potential
for overinterpretation of EBSPs (Heller et al. 2013), we adopted a
conservative interpretative framework. Following Garrick et al.
(2015b), historical population size change was inferred only when
at least two different analyses of the same DNA sequence dataset
supported either growth or decline (i.e., corroboration across loci
was not required), and there was no strong conflict among different
analyses. Otherwise, the null hypothesis of stable population size
was retained. Ultimately, growth was interpreted as evidence for
post-glacial expansion, whereas decline was considered indicative
of habitat contraction and/or fragmentation during cool dry glacial
periods. Outcomes from multi-locus EBSPs were considered as con-
firmatory only (cf., being a stand-alone source of potentially novel
demographic inference).

Congruence Assessment

To simplify comparisons across species, we considered the nature of
past population size changes (i.e., growth vs. decline) or lack thereof
(i.e., long-term stability) in each of two major partitions of the study
area: the northern region, and the southern + central region. This
geographically based partitioning helped accommodate differences
in the number and distribution of natural spatial-genetic clusters
(i.e., there were several cases of “no-analog” species-specific BAPS
clusters). Given the considerable among-species spatial coincidence
of breaks between predominantly northern versus southern + cen-
tral BAPS clusters (see Results), the chosen level of regional coarse-
ness avoided arbitrary boundary placement. Ultimately, each species
was classified as having a history of growth, decline, or stability in
the northern region, and likewise, growth, decline, or stability in the
southern + central region. Cross-validated single-locus inferences for
the BAPS cluster(s) occupying a given region—regardless of which
locus or how many loci these were based on—determined which of
the three demographic “states” was assigned.

Historical Gene Flow Dynamics

To identify the location(s) of key habitat linkages that served as gene
flow conduits and refuges that acted as sources of recolonization
into neighboring areas, we estimated a maximum likelihood gene
flow matrix for each species using MIGRATE v.3.6.11 (Beerli and
Felsenstein 2001). This method estimates 0 (N,. p for mtDNA or
4N,. p for nDNA, where p is the mutation rate) and M (migra-
tion rate per generation divided by p). Following Garrick et al.
(2008), we implemented a two-tiered hypothesis-testing approach.
Initially, likelihood-ratio tests (LRTs) were used to assess significance
(a0 = 0.05) of departure from the null hypothesis of complete gen-
=M,  =0).For
each species, all possible pairs of clusters were evaluated using sep-
arate LRTs. Wherever M = 0 could not be rejected, this indicated
that the full matrix could be reduced to exclude these connections.

etic isolation between pairs of BAPS clusters (M, _,

Next, we assessed the significance of departure from the null hypoth-
=M, )
BAPS clusters evaluated using separate LRTs. Search settings were:
10 short MCMC chains (5.0x10° steps), three long chains (5.0x10*
steps) recording every 100th genealogy, a 50,000-genealogy burn-in
per chain, MC® heating (temperatures: 1.0, 1.5, 2.5, and 4.0),
UPGMA starting trees, empirical base frequencies and a transition/

esis of symmetrical gene flow (M, , again with all pairs of

-

transversion ratio of 2. Initial values for 6 and M were set using F,
and all parameter estimates were generated by combining five rep-
licate runs. DNA sequences were analyzed as single-locus datasets.
All MIGRATE runs (and associated LRTs) were repeated five times.
Based on these replicate runs, a consensus vote approach was used
was to make final inferences about genetic isolation, or symmetry
of gene flow. In cases of significant asymmetry, source-sink relation-
ships were characterized using point estimates of M, again using a
consensus vote.

Congruence Assessment

We focused on two components of estimated gene flow matrices.
First, for each species, the BAPS cluster that had the greatest number
of significant gene flow connections (i.e., those for which M > 0, P
> 0.05), irrespective of directionality, was identified as the hub of
connectivity. These clusters represent geographic locations that act
as conduits for gene flow, without which, genetic isolation would
be elevated considerably. Second, we identified source-sink relation-
ships. Here, we defined sources as clusters with a predominance of
emigration exceeding immigration (i.e., M #s, P > 0.05, in the direc-
tion of outgoing gene flow), consistent with expectations for refugial
areas that were sources of recolonization elsewhere. Conversely,
clusters that were predominantly recipients of significantly asym-
metric gene flow were identified as sinks. Thus, primary comparisons
were based on each species being classified as having versus lacking a
hub of connectivity, and having versus lacking source-sink relation-
ships. Secondarily, we considered geographic concordance, for which
we relied on visual assessment. In all cases, mtDNA versus nDNA
inferences were considered separately.

Results

Predictions Based on Historical Habitat Stability

ENMs showed that suitable habitats for C. punctulatus were pre-
dicted to have been narrowly distributed during the LGM, limited
to high elevation montane areas, but then progressively expanded
to include mid-elevation areas in the MH and present-day (Fig. 1).
While similar dynamics were indicated for R. flavipes, compared to
the cockroach, this species appears to have been somewhat less re-
stricted during the LGM, and the extent of post-LGM expansion
was greater. This was also reflected by the CS maps for these two
taxa. Suitable habitats for the other three species were predicted to
have distributions that closely matched one another in the LGM;
subsequent expansion in the MH and the present-day also showed
similar trajectories, albeit with some species-specific differences, par-
ticularly for the CS maps. Nonetheless, O. disjunctus, S. sexspinosus
and N. americanus appeared to have relatively broad potential
ranges over time, whereas the cockroach and termite were more
geographically restricted (Fig. 1; ENMs and CS maps recalculated
using all available reliable occurrence records are shown in Supp
Fig. 3 [online only]). Outcomes from the quantitative comparison
of CS overlap among species (Supp Table 5 [online only]) showed
that C. punctulatus and R. flavipes were predicted to have the most
similar phylogeographic histories. These species form a clearly sep-
arated group on the dendrogram based on Schoener’s (1968) D.
The other three species formed a second major group, within which
O. disjunctus and N. americanus were most similar (Fig. 2, left
panel; exploration of impacts of using uncropped occurrence rec-
ords showed that the two major groups remained unchanged, but
dendrogram-based relationships within the three species group did
differ; see Supp Table 6 and Fig. 4 [online only]). Follow-up analysis
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Fig. 1. Ecological niche models (ENMs) estimated for each of the five species from present-day to Last Glacial Maximum, and climatic stability based on the
ENM time series. Color coding uses “warm” colors to indicate areas of highest probability of occurrence, or highest climatic stability. Species names are
abbreviated as follows: C.p. (Cryptocercus punctulatus), R.f. (Reticulitermes flavipes), O.d. (Odontotaenius disjunctus), S.s. (Scolopocryptops sexspinosus), and

N.a. (Narceus americanus).

of areas that likely served as key long-term multi-species habitat re-
fugia indicated that all five species persisted in situ and/or near the
southern Appalachians, and thus are likely to have had long-term
ecological co-associations (Supp Fig. 5 [online only]; the same pat-
tern and associated inference held true when this projection was
based on all available occurrence records; see Supp Fig. 6 [online
only]).

Predictions Based on Ecological Co-associations
Based on a combination of four components of ecological
co-associations, the three wood-feeders were predicted to show

phylogeographic congruence, with the beetle and termite expected
to exhibit the most similar responses to past environmental change.
Conversely, the centipede was predicted to have a very unique
phylogeographic history, as was the millipede, albeit to a lesser ex-
tent (Fig. 2, right panel). These predictions were quite robust: the
grouping of the three wood-feeders was supported by two (50%)
jackknife replicates, as was the “sister” relationship between the
beetle and termite. Likewise, the distinctiveness of the centipede’s
history was supported by three (75%) jackknife replicates (separate
dendrograms for each component of ecological co-associations are
shown in Supp Fig. 7 [online only]).
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Fig. 2. Unrooted dendrograms representing two competing hypotheses about key drivers of phylogeographic congruence among five saproxylic invertebrates:
abiotic factors related to historical climatic stability (left) versus biotic factors related to ecological co-associations (right). Scale bars represent either the
inverse of a measure of habitat overlap (1 — Schoener’s D; left), or the cumulative dissimilarity score for species interactions based on trophic guild, timing of
colonization during succession, frequency of syntopy, and presumed interaction type (right). Numbers on nodes for the biotic drivers scenario indicate the
number of jackknife replicates (out of 4) that supported a given predicted partition. Species names are abbreviated as in Fig. 1.

Regarding the “interaction type” component (see Methods) only,
the unconstrained checkerboard analysis supported the notion that
the beetle and cockroach had the most strongly antagonistic (i.e., re-
pelling) interaction type, and that the beetle and termite had a posi-
tive (i.e., aggregating) interaction (see Supp Table 1 [online only]
vs. Supp Table 7 [online only], top). However, the environmentally
constrained C-scores showed several departures from proxy-based
inferences (see Supp Tables 1 vs. 7 [online only], bottom). Thus,
corroboration of our primary inferences about interaction type
was somewhat equivocal, suggesting that cautious interpretation is
warranted.

Population Sampling and Genetic Screening

Sequence data from 701 invertebrate specimens were analyzed.
Sample sizes and geographic coverage ranged from 40 individ-
uals across 16 sites (N. americanus nDNA) to 286 individuals
across 113 sites (C. punctulatus mtDNA). MtDNA sequence data
were obtained for all specimens included in this study, and align-
ment lengths ranged from 632-bp (S. sexspinosus) to 1125-bp (C.
punctulatus). There was no evidence for nuclear mitochondrial
pseudogenes. On average, 90% of individuals per species also had
nDNA data (range: 83-98%), for which alignment lengths ranged
from 251-bp (R. flavipes) to 879-bp (S. sexspinosus; Supp Table 8
[online only]). Although some nDNA regions are likely multi-copy
(e.g., [TS2), within individuals, patterns of variation at heterozygous
sites were consistent with single-copy diploid loci, enabling compu-
tational phasing. There were no signatures of intra-locus recombin-
ation among phased alleles.

Genetic Data Analyses Used to Assess Predictions
Natural Spatial-Genetic Clusters

Outcomes from BAPS analyses were consistent across replicate
datasets. The best-fit number of clusters differed for each species,
ranging from K = 1 (O. disjunctus) to K = 6 (C. punctulatus; Fig. 3).
Within each species, all individuals from a given sampling site had
the same cluster membership, with one exception: members of two
N. americanus clusters (“A” and “D”) were sampled from the same
rotting log (i.e., A20; see Supp Table 2 [online only]). Although spa-
tial projections of BAPS clusters are not directly comparable across

species owing to differences in the underlying Voronof tessellations,
three features are notable. First, clusters are generally spatially cohe-
sive and have small geographic ranges (although there is some minor
disjunction/rare long-distance dispersal evident for R. flavipes and
N. americanus, and S. sexspinosus includes a broadly distributed
cluster). Second, C. punctulatus, R. flavipes and N. americanus each
have clusters that are restricted to the northern region. Third, C.
punctulatus and N. americanus contain clusters that are locally en-
demic to the central region (Fig. 3). Of the metrics used to quantify
levels of polymorphism within each BAPS cluster, 7 is least sensi-
tive to sample size differences, and so we focus on it here. Based on
mtDNA (i.e., the most information-rich locus), C. punctulatus cluster
“A” is clearly the most genetically depauperate. Only S. sexspinosus
exhibited concordance across loci in terms of identification of the
most genetically diverse cluster based on 7 (Table 1).

Congruence Assessment

Indications of a three-species “phylogeographic break hotspot”
(sensu Rissler and Smith 2010) shared by C. punctulatus, R. flavipes
and N. americanus is inconsistent with predictions of the histor-
ical habitat stability scenario (Fig. 2, left panel). Although there
is potentially more agreement with predictions of the ecological
co-associations scenario, given the closer expected similarity of
the millipede to the cockroach and termite (Fig. 2, right panel), it
is imperfect. Indeed, the species-specific absence of distinct clusters
within O. disjunctus represents discordance with predictions of both
scenarios.

Phylogeographic Structure

Comparisons of F. versus @ indicated a clear mtDNA-based
phylogeographic structure for each of the four species with mul-
tiple BAPS clusters (Fig. 4). Considering mean values across all
pairs of clusters per species, the magnitude by which @ exceeded
the corresponding F. value was greatest for the millipede (12.2x),
and it was also large (4.6-5.3x) for the other three species (all @,
values were significant, P < 0.001). Analogous comparisons based
on nDNA showed clear phylogeographic structure (1.5-8.0x) for
the cockroach, centipede, and millipede, but not for the termite,
where it was essentially non-existent (1.1x). Considering outcomes
for both loci and the criteria described in Methods, C. punctulatus,
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Fig. 3. The number and distribution of spatial-genetic clusters, and phylogenetic relationships among mitochondrial DNA (mtDNA) haplotypes, for each of the
five focal species. BAPS clusters were arbitrarily color-coded (alphabetic names are also shown), and spatial projections were based on membership of geo-
referenced individuals (Voronoi tessellations not shown). Grey shading identifies the “northern region” of the study area, referred to in the main text. Rooted
phylogenetic trees (outgroup not shown) are simplified and color-coded corresponding to BAPS cluster membership of each mtDNA haplotype. Nodes with
bootstrap support values >70% are marked by asterisks. Species names are abbreviated as in Fig. 1.

S. sexspinosus and N. americanus exhibited deep phylogeographic With few exceptions, mtDNA haplotypes within each BAPS
structure, R. flavipes had moderate phylogeographic structure, and cluster formed a well-supported monophyletic clade (Fig. 3; also see
O. disjunctus showed none (Fg, vs. @, comparisons for all pairs of Supp Fig. 9 [online only] for full details). The C. punctulatus phyl-
clusters per species are shown in Supp Fig. 8 [online only]). ogeny showed five major clades, one of which was further divided
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Table 1. Levels of DNA sequence polymorphism within each BAPS cluster, for each of the five focal species. The number of the sequenced

diploid individuals (N.

indiv

) were partitioned by spatial-genetic clusters inferred using BAPS (lettered), or unpartitioned (“All”). For each

locus, values of the following three summary statistics are reported: number of unique haplotypes (Nhap), segregating sites (S), and nucleo-

tide diversity (rt). Species names are abbreviated as in Fig. 1

Mitochondrial DNA Nuclear DNA
Species BAPS cluster N, . N, S 7 N, . N, S 7
C.p. A 55 9 10 0.0006 51 14 15 0.0022
B 23 9 32 0.0051 23 N 7 0.0040
C 50 23 125 0.0288 48 3 2 0.0004
D 31 15 78 0.0223 31 8 N 0.0026
E 20 8 46 0.0136 20 8 N 0.0038
F 107 44 139 0.0178 106 25 13 0.0042
All 286 108 322 0.0646 279 63 34 0.0105
R.f. A 39 9 33 0.0079 31 N 4 0.0048
B 103 19 24 0.0025 96 4 4 0.0059
C 16 4 32 0.0113 16 4 N 0.0053
All 158 32 86 0.0104 143 7 6 0.0062
O.d. A (All) 133 26 42 0.0079 110 17 9 0.0074
S.s. A 63 21 85 0.0301 59 28 50 0.0075
B 18 13 99 0.0457 12 16 54 0.0147
All 81 34 146 0.0570 71 44 119 0.0207
N.a. A 25 15 29 0.0046 22 15 11 0.0045
B 7 N 14 0.0059 7 6 6 0.0036
C 4 4 N 0.0025 4 4 3 0.0027
D 7 N 3 0.0010 7 7 N 0.0027
All 43 29 181 0.0533 40 24 14 0.0061
1.0 was only moderately well-supported). We classified this as a strong
topological phylogeographic structure, as it satisfies the criterion
08 of geographically neighboring sister lineages. Each of the four N.
americanus clades were strongly supported (all bootstrap values
F >80%), as was a sister relationship between non-neighboring BAPS
g 06 clusters, indicative of weak topological phylogeographic structure.
% 04 Congruence Assessment
© Of the two competing scenarios considered, the finding that
0 deep phylogeographic structure was shared by C. punctulatus,
’ S. sexspinosus and N. americanus is perhaps most consistent with
predictions based on a predominance of biotic influences (Fig. 2,
02 IR —— oo Rf ss ne right panel). However, this fit was still poor; although R. flavipes and

Mitochondrial DNA Nuclear DNA

Fig. 4. Assessment of phylogeographic structure via comparison of £, (grey
bars) versus @ (black bars). All values represent mean differentiation across
all pairs of BAPS clusters per species (i.e., “global” values). Species names
are abbreviated as in Fig. 1.

into two spatially proximate and narrowly distributed subclades,
each representing a different BAPS cluster. Furthermore, the tree
suggested a strict north to south geographic series (i.e., early to
late branching). Thus, the cockroach exhibited a strong topological
phylogeographic structure. For R. flavipes, two BAPS clusters are
each monophyletic (although one has only moderate bootstrap sup-
port). However, the northern region cluster is paraphyletic, and the
cluster predominantly from the central region appears to be des-
cended from it. This suggests at least some long-distance dispersal
(e.g., south to north to central colonization sequence; also see Hyseni
and Garrick 2019a) which we, therefore, classified as weak topo-
logical phylogeographic structure. The two S. sexspinosus BAPS
clusters correspond with quite deeply divergent clades (although one

O. disjunctus were united by shallower phylogeographic structure,
the inferred depth differed between these two species. Considering
strength of topological phylogeographic structure, neither scenario
predicted that C. punctulatus and S. sexspinosus (or R. flavipes and
N. americanus) would be congruent, to the exclusion of all other
species.

Changes in Effective Population Size Over Time

The most compelling evidence for past population growth came
from each of the four N. americanus clusters (based on either
mtDNA or nDNA) that collectively span both the northern
and southern + central regions of the study area, as well as the
C. punctulatus cluster “A” (both loci; Table 2) restricted to the
northern region. Signatures of past population decline were unique
to R. flavipes clusters “B” and “C” (based on nDNA and mtDNA
data, respectively) that both occupy the southern + central region.
All other species and clusters showed no cross-validated deviations
from the null hypothesis of population size stability. Of the multi-
locus EBSP analyses that did have sufficiently large ESS values to be
considered further (i.e., 9 out of 16 datasets), most of them (6 out
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of 9) matched corresponding single-locus inferences. The few cases
of discordance included one failure of the multi-locus EBSP to de-
tect growth in N. americanus cluster “B”, and two apparent false
positives (i.e., population size changes likely erroneously inferred
for R. flavipes cluster “A” and O. disjunctus). Given our treatment
of multi-locus EBSPs as confirmatory only, these did not alter our
primary inferences.

Congruence Assessment

The directionality of changes in population size over time, and the
geographic location where this occurred, were most concordant
between C. punctulatus and N. americanus (i.e., growth/expan-
sion in the northern region). Although neither of the two com-
peting scenarios predicted very strong congruence between these
two species, this outcome is more consistent with the ecological
co-associations scenario (Fig. 2, right panel). In the southern +
central region, neither of the two a priori scenarios predicted that
R. flavipes and N. americanus would be outliers (i.e., decline/con-
traction was unique to the former, whereas growth/expansion was
unique to the latter).

Historical Gene Flow Dynamics

Migration matrix estimation and hypothesis-testing using
MIGRATE showed that when considering mtDNA alone, com-
plete genetic isolation (M = 0) could not be rejected for all pairwise

Table 3. Likelihood-ratio tests (LRTs) of historical gene flow
scenarios, with the null hypothesis set as either complete genetic
isolation (M = 0), or symmetrical migration (M = s), for all pairwise
combinations of BAPS clusters per species. Outcomes of LRTs for
each single locus dataset were interpreted based on a consensus-
vote across five replicate runs; if the consensus was a significant
departure from the null hypothesis, the largest P-value is reported
(number of concordant replicates given in parentheses). Not sig-
nificant = “ns” Species names are abbreviated as in Fig. 1

Mitochondrial DNA Nuclear DNA
BAPS
Species  clusters M=0 M=s M=0 M=s
C.p. Avs. B ns (4) ns (5) <0.001 (5) ns (5)
Avs.C ns (4) ns (5) <0.001 (4) ns (5)
Avs.D ns (4) ns (5) <0.001 (4) ns (5)
Avs. E ns (4) ns (5) <0.001 (4) ns (5)
Avs.F ns (4) ns (5) <0.001 (5) ns (5)
Bvs.C ns (5) ns (5) <0.001 (5) ns (3)
Bvs.D ns (4) ns (5) <0.001 (5) ns (3)
Bvs. E <0.021 (3) ns(5) <0.001 (4) ns (4)
Bvs.F ns (4) ns (5) <0.001 (5) <0.024 (3)
Cvs.D ns (3) ns (5) <0.011 (5) ns (5)
Cvs.E ns (3) ns (4) <0.003 (4) ns (4)
Cvs.F ns (3) ns (5) <0.001 (5) ns (5)
Dvs.E <0.024 (4) ns(4) <0.001 (5) ns (3)
Dvs. F ns (3) ns (5) <0.001 (5)  <0.001 (3)
Evs. F <0.020 (3) ns(5) <0.001 (5)  <0.001 (3)
R.f. Avs. B <0.001 (5) ns(3) <0.001 (5) ns (5)
Avs.C ns (5) ns (5) <0.001 (4) ns (5)
Bvs.C <0.020 (5) ns(4) <0.001 (5)  <0.015 (3)
S.s. Avs. B ns (5) ns (5) <0.041 (4) ns (5)
N.a. Avs.B <0.018 (3) ns (5) <0.001 (4) ns (4)
Avs.C ns (3) ns (5) <0.007 (5) ns (5)
Avs.D ns (3) ns (5) <0.005 (5)  <0.002 (3)
Bvs.C <0.025 (3) ns(5) <0.003 (4) ns (5)
Bvs.D <0.011 (5) ns(5) <0.001 (5)  <0.001 (5)
Cvs.D ns (5) ns (5) <0.001 (5)  <0.021 (3)

comparisons involving C. punctulatus clusters “C” and “D”, nor for
the two S. sexspinosus clusters (Table 3). Interestingly, analysis of
mtDNA revealed that the cockroach, termite, and millipede each had
a single major hub of connectivity in the central region of the study
area (i.e., C. punctulatus cluster “E”, R. flavipes cluster “B”, and N.
americanus cluster “B”). Furthermore, for these three species, there
were no indications of any source-sink relationships (i.e., M = s,
could not be rejected). Nuclear loci indicated much more saturated
gene flow networks, with M > 0 inferred for all possible pairs of
clusters (Table 3). For all four species that could be analyzed using
MIGRATE, no single major hub was evident from nDNA. However,
source-sink relationships were identified for the cockroach (3 source
clusters: 1 sink), termite (1:1), and millipede (2:2), but given that
there was no clear regional localization, geographic concordance
could not be assessed. There was no source-sink relationship be-
tween the two centipede clusters.

Congruence Assessment

The existence, and geographic concordance, of mtDNA-based
hubs of connectivity shared by C. punctulatus, R. flavipes and N.
americanus is most consistent with predictions of the ecological
co-associations scenario (Fig. 2, right panel). However, given the
absence of genetic structure (and thus, any hub) in O. disjunctus,
correspondence with this scenario’s predictions was incomplete. The
nDNA-based inferences also aligned most closely with the ecological
co-associations scenario, given that the three species with con-
cordant hubs were also united by the existence of source-sink gene
flow relationships, to the exclusion of other species.

Discussion

Ecological Co-associations Have Power for
Predicting Phylogeographic Congruence
Competing phylogeographic scenarios must be conditioned on con-
trasting underlying processes to be interpretable, and they also need
to generate measurably different predicted outcomes to be testable
(Knowles 2004). In the present paper, we focused on hypotheses
in which abiotic versus biotic factors were the main drivers of re-
sponses of saproxylic invertebrates to past environmental change in
the southern Appalachian Mountains. Both of these alternatives are
biologically plausible: long-term habitat stability has been shown
to impact how intraspecific genetic diversity is spatially distributed
(e.g., Vasconcellos et al. 2019), and species interactions undoubt-
edly constrain or facilitate responses to Pleistocene glacial-inter-
glacial cycles (see Introduction). For the five species studied here,
expectations derived from these scenarios differed in several ways.
For example, historical habitat stability predicted close congru-
ence between the cockroach and termite, to the exclusion of the
other three species (which formed a second group). Indeed, this
was robust to whether occurrence records used to estimate ENMs
and CS maps were cropped based on a 100 km buffer (Fig. 2, left
panel) or not (Supp Fig. 4 [online only]). Conversely, the ecological
co-associations scenario predicted the centipede to have the most
unique phylogeographic history, and among the remaining species,
R. flavipes and O. disjunctus should have been most similar, fol-
lowed by C. punctulatus and then N. americanus (Fig. 2, right panel).
Given that our predictions about congruence among species were
represented as a strictly bifurcating (i.e., hierarchically nested) den-
drogram, yet outcomes of genetic data analyses can be equivalent
among three or more species (i.e., multifurcated) or may only partly
satisfy expectations, nuance becomes important when assessing fit.
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Indeed, we found stronger support for the ecological co-associations
scenario, but with an imperfect fit between its predictions and out-
comes of empirical data analyses. Our overall conclusion that eco-
logical co-associations have power for predicting phylogeographic
congruence was based on four axes of comparison. First, geograph-
ically coinciding breaks among natural spatial-genetic clusters were
identified for the cockroach, termite, and millipede (although con-
trary to expectations under this scenario, the beetle did not also
show this same pattern). Second, the deep phylogeographic structure
was shared by the cockroach, millipede, and centipede (however, the
termite and beetle differed from one another, inconsistent with pre-
dictions of the ecological co-associations scenario). Third, changes
in effective population size over time in the northern region of the
study area were congruent between the cockroach and millipede (yet
the termite and beetle were incongruent with them, and each other).
Finally, historical gene flow dynamics—including hubs of connect-
ivity and source-sink relationships—were very similar for the cock-
roach, termite, and millipede (but the beetle did not also show these
same characteristics, which was a departure from predictions of the
ecological co-associations scenario). As noted by Knowles (2009)
and others, the phylogeographic parameter space is large, yet only
a limited subset of scenarios can usually be examined. In our study,
the two scenarios served as a useful conceptual framework, but they
are highly simplified, and not mutually exclusive. Thus, conclusions
about the relative importance of historical habitat stability versus
ecological co-associations remain tentative.

Interestingly, if species interaction type was used as the sole com-
ponent of the ecological co-associations scenario (cf., our combin-
ation of four equally weighted components), predictions would have
matched outcomes much more strongly (Supp Fig. S3 [online only],
bottom right). This raises the questions: what types of interactions
matter most, and at what resolution do they need to be classified?
For example, a distinction between facultative versus obligate antag-
onistic interactions may be important. On one hand, consequences
of competitive exclusion can lead to allopatric distributions owing
to the decreased likelihood that two or more ecologically similar
species coexist (Waters 2011). Conversely, for obligate antagonistic
interactions that are highly specialized (e.g., species-specific host—
parasite pairs), sympatry will be maintained by host-tracking, and
intrinsic dispersal and/or physiological tolerance limits of one of the
interacting species can indirectly constrain responses of the other
(Garrick et al. 2013). Nonetheless, there are reasons to believe that
even relatively coarse classification of interaction types can be in-
formative. For the Sarracenia alata pitcher plant-arthropod com-
munity, Satler et al. (2016) simply categorized species as obligate
symbionts, herbivores, or capture-interrupters (i.e., those which op-
portunistically intercept prey that are attracted to the pitcher), yet
still clearly showed that phylogeographic concordance is positively
correlated with the degree of co-association. Likewise, Ortego and
Knowles (2020) found that when compared to considering abiotic
components of the environment alone, the addition of positive and
negative interactions (i.e., facilitation and competition, respect-
ively) between two Quercus oak species improved the fit of their
population genomic data to intraspecific demographic models,
again underscoring the potential influence of biotic drivers upon
phylogeographic patterns.

Evolution of Deadwood-Dependent Invertebrates in

an Unglaciated Montane Landscape

Saproxylic invertebrates typically have very limited dispersal abil-
ities (Hammond 1984). This can be a consequence of adaptations

for living in rotting logs, such as dorsoventrally flattened and/or
soft bodies (Woodman et al. 2007). Also, many species are flightless
despite other members of their clade having functional wings (e.g.,
Panesthia and Cryptocercus cockroaches), and other forms of loco-
motion such as jumping apparatus may have been secondarily lost
(Garrick et al. 2007, 2008). In the present study, our data showed
that short-range endemism was common to several focal species, and
their allopatric lineages often exhibited divergences of considerable
antiquity. In the southern Appalachian Mountains, similar findings
have also been reported for a saproxylic opilion (Thomas and Hedin
2008). However, these same patterns also extend to arachnids as-
sociated with rocky outcrops (Keith and Hedin 2012, Hedin and
McCormack 2017) and soil-burrowers (Newton et al. 2020). Indeed,
the region is famous for species-level short-range endemism of
plethodontid salamanders (Petranka 1998). Accordingly, regional-
scale topographic complexity and steep environmental gradients
are likely major divers of marked spatial-genetic structure within
southern Appalachian fauna.

Interestingly, a potential “phylogeographic break hotspot”
involving C. punctulatus, R. flavipes and N. americanus was identified
between northern and central regions of the study area. Geographic
sampling gaps for the latter two species precluded precise mapping of
this break, but if a significant overlap is confirmed, a taxonomically
broader assessment of concordance could be conducted using existing
phylogeographic data from arachnids (see references above), as well
as salamanders and other amphibians (e.g., Rissler and Smith 2010,
Herman and Bouzat 2016, Jones and Weisrock 2018). Ultimately,
the pervasiveness of a phylogeographic break across taxa with dif-
ferent microhabitat preferences can shed light on whether landscape-
level factors were responsible, and whether the driving forces were
long-standing or recurrent. Another notable finding from this study
was that the central region of the study area clearly contained the lar-
gest number of distinct phylogeographic lineages aggregated across
species. From a conservation perspective, parts of the central region
are subject to federal environmental protection legislation, as it con-
tains the Great Smoky Mountains National Park and adjacent lands
of the Eastern Band of the Cherokee Nation, as well as several large
National Forests. Thus, this region’s spatial and temporal continuity of
dead wood, which is critical for the long-term persistence of saproxylic
invertebrate populations (Grove 2002), is probably not under imme-
diate threat. Finally, an unexpected finding was that O. disjunctus
showed no detectable spatial-genetic structure. We cannot rule out in-
adequate sampling, unexpected long-distance dispersal, or undetected
recent rapid range expansion as the cause. However, this species did
have distinct mtDNA clades, but they were fully sympatric—often in
the same rotting logs (also see Garrick et al. 2019b, Whitaker et al.
2021). We speculate that this may be suggestive of past lineage fusion
(Garrick et al. 2019c¢, 2020), but acknowledge that such patterns can
also emerge within a single, large, unstructured population (Benham
and Cheviron 2019). Additional data will be needed to test these com-
peting ideas.

Comparative Phylogeography and the Analysis of
Ecological Communities

Conceptually, comparative phylogeographic analyses can be par-
titioned into direct (pattern-based) and indirect (scenario-based)
approaches (Garrick et al. 2008). For example, direct assessments
of the extent to which co-distributed taxa have matching phylo-
genetic tree topologies enable inferences about co-divergence (e.g.,
gene tree-based tests of monophyly, Sullivan et al. 2000; species tree-
based phylogeographic concordance factors, Satler and Carstens
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2016). Notably, these do not rely on spatially explicit a priori hy-
potheses about the drivers of shared vicariance. Likewise, commu-
nity trees (Carstens et al. 2016) infer the pattern of co-diversification
of multiple species (after identifying and excluding outlier species),
without first specifying the nature of environmental change(s) that
underpin concerted responses. By contrast, the indirect means of as-
sessing congruence rely on a common set of competing scenarios
that were formulated a priori. These scenarios are based on different
underlying evolutionary processes and/or events and serve as bench-
marks for evaluating the fit of empirical data from each species.
Such scenarios may be tailored to the landscape setting at hand, with
alternative divergence and expansion/contraction events hypothe-
sized for some areas, perhaps informed by paleoclimatic ENMs
(Richards et al. 2007). Alternatively, they may be more broadly ap-
plicable. Some scenario-based approaches focus on one type of his-
torical event (e.g., synchronous vs. asynchronous co-divergence, or
co-expansion/contraction, Huang et al. 2011, Xue and Hickerson
2015). Others jointly consider a nested set of different combinations
of divergence, gene flow, and population size changes (e.g., Jackson
et al. 2017, Xue and Hickerson 2017). Ultimately, however, the in-
terpretative framework is defined before results are known.

Here we attempted to incorporate elements of both direct
(pattern-based) and indirect (scenario-based) assessments of
congruence. We did this by first specifying a pair of com-
peting, process-driven hypotheses (i.e., historical habitat
stability vs. ecological co-associations), both of which were
based on non-genetic data, thereby avoiding circularity. Fit of
each species’ empirical data to alternative a priori predictions
were considered along four major axes of comparison. For
some of these, pattern-based approaches were used (e.g., the
spatial coincidence of breaks among natural spatial-genetic
clusters; shared existence of phylogeographic structure). For
others, we employed scenario-based approaches focusing on
one type of event (e.g., the directionality of change in effective
population size over time; refugial hubs of connectivity and
net sources of historical gene flow). In most cases, our assess-
ments of congruence avoided a simple dichotomy, and instead
considered three or more alternative classifications. This still
required considerable simplification. Indeed, the appropriate
level of resolution is a difficult balance to strike between
enabling broad multi-species comparisons and allowing for
some inevitable idiosyncrasy (i.e., inherent “noise”) versus
risking failure to distinguish pseudo-congruence from true
congruence.

Despite several positive aspects of our chosen analytical frame-
work, there are also limitations. A major challenge associated
with assessing the power of ecological co-associations to predict
phylogeographic congruence is objectively defining the nature of
species’ interactions within a community. These can range from ob-
ligate to facultative, from mutualistic to antagonistic, and they may
vary geographically, and throughout life cycles (Thompson 20035).
Likewise, food web relationships can be dynamic across develop-
mental stages, and fuzzy (e.g., omnivores may simultaneously oc-
cupy multiple trophic levels). Furthermore, the natural history of
many species—including whether direct and/or indirect interactions
occur among them—is poorly understood. Indeed, our inferences
about trophic relationships were based on coarse data and relatively
low sample sizes (see Garrick et al. 2019a). In the future, stable iso-
tope analysis could be used to investigate food web structure and
trophic interactions, including the nutrient flows and limitations
that may shape ecological communities (Quinby et al. 2020). Brown
food webs (i.e., those based on dead rather than living autotrophs)

are particularly poorly understood, and these basic knowledge gaps
remain to be filled. Our inferences about ecological co-associations
were also partly based on patterns of succession, yet these may be
variable and subject to priority effects. Regarding species inter-
action type and strength, there is some scope for comparative
phylogeography to leverage methods developed for community
ecology. For instance, Morueta-Holme et al. (2016) created a frame-
work for inferring species associations from presence-only occur-
rence data (albeit limited to symmetric interactions) that corrects for
indirect effects, incorporates spatial autocorrelation of species’ dis-
tributions into null models, and uses network theory to identify key
species in local communities that attract or repel others. Yet, despite
the appeal of inferring species interactions from co-occurrence data,
outcomes are prone to overinterpretation (reviewed by Blanchet
et al. 2020). Indeed, our own exploratory checkerboard analyses
showed sensitivity to choices about how to generate a null distribu-
tion of C-scores, suggesting conclusions were tenuous. In the context
of terrestrial arthropods, predictive functional trait approaches (see
Bartomeus et al. 2016, Brousseau et al. 2018) may provide a com-
plementary avenue for obtaining insights into the nature of species
interactions.

While comparative phylogeographic studies that characterize
interaction types using very simple categories (e.g., Satler et al.
2016, Ortego and Knowles 2020) may not suffer from the same
uncertainty regarding predictions of the associated “ecological
co-associations scenario” as in the present study, we believe that
the more finely resolved classifications attempted here will be
necessary to make advances in understanding biotic influences
upon present-day patterns of intraspecific genetic diversity.
Indeed, several important questions remain unanswered. To what
extent do ecological co-associations constrain species’ responses
to environmental change? At what level of co-association does
the biotic constraint become negligible? What aspect(s) of species
interactions matter most? To address these, study systems that
include a broad gradient of co-associations, with replication at
each level in the hierarchy, are particularly useful. Quantitatively
characterizing interaction types, and their relative strengths,
is clearly going to be very important. Although early, the find-
ings reported here point to the potential importance of a largely
overlooked component of phylogeographic history and high-
light some benefits of using saproxylic invertebrates as models
for disentangling the relative contributions of abiotic and biotic
factors.

Supplementary Data

Supplementary data are available at Insect Systematics and
Diversity online.
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