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Abstract

In the 21st century, phylogeography has experienced dramatic growth in the data and methods used by 
the field. Insect (more generally, hexapod) phylogeography has contributed to major advances and many 
of the influential papers included hexapods as model systems. In this literature review, we: (i) highlight re-
cent phylogeographic work in hexapod systems, and (ii) identify broader trends and critical future steps in 
the field. We include a summary of useful methodological approaches and identify the methods used to ap-
proach different questions asked in phylogeographic studies. An updated summary of the applications that 
phylogeography has contributed to the field of entomology, including spatial studies, conservation, system-
atics, pest control, and invasive species, is included to highlight vital work in the field. Special attention is 
devoted to investigations which seek to use multi-species data to understand community ecological and evolu-
tionary processes. Finally, we overview the main challenges, opportunities, and emerging areas, highlighting 
the “phylogeographic shortfall” that exists between the number of described hexapod species vs. the number 
of species that have been the focus of phylogeographic investigation.

Resumen

La filogeografía del siglo XXI demuestra un crecimiento fuerte y sostenido en la integración y expansión de 
fronteras en relación al uso de datos y desarrollos metodológicos. La filogeografía de insectos (y en forma más 
general, de hexápodos) ha contribuido a avances mayores de la disciplina, con varios trabajos filogeográficos 
fundamentales tratando modelos de hexápodos. Esta revisión de la literatura tiene dos objetivos: i) realzar y 
tratar estudios filogeográficos recientes en insectos y hexápodos y ii) evaluar sus resultados principales para 
así identificar tendencias generales y oportunidades futuras. Con el fin de asistir en la selección de métodos 
apropiados a aquellos interesados en estos estudios, comenzamos haciendo una revisión de los métodos 
filogeográficos existentes, presentando también una guía para asistir en su selección. Después de esta revisión 
metodológica, presentamos un resumen general de aplicaciones recientes en entomología, demostrando, 
entre otros, su importancia en áreas tales como estudios geoespaciales, conservación, sistemática, control de 
plagas y de especies invasoras. Siguiendo en esta línea, revisamos las contribuciones únicas de la filogeografía 
entomológica en estudios comparados, conectando ecología de comunidades con procesos evolutivos, 
siendo esta una de las áreas más activas y prometedoras de la filogeografía actual. Finalmente, discutimos 
los mayores desafíos, oportunidades y áreas emergentes de la filogeografía contemporánea, e identificamos 
el “déficit filogeográfico” existente entre la cantidad de especies de hexápodos descritas y aquellas que han 
recibido atención en estudios filogeográficos.
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Phylogeography was created as a hybrid study area that connected 
historical demographic events to external or environmental factors 
that had shaped the spatial distribution of genetic diversity within 
and among populations over relatively deep timescales. Because in-
sects can have close relationships with other species (e.g., specialized 
host development, specialized diets, etc.), these taxa became inform-
ative systems for studying how processes traditionally proposed 
as explaining diversification (e.g., spatial and topographic, abi-
otic, and biotic drivers) affect the early stages of speciation. Insect 
phylogeography has quantified the species-level processes that can 
generate macroevolutionary patterns (Tian et  al. 2015, Bain et  al. 
2016, Barrios-Leal et al. 2019), and bridged the gap between micro- 
and macroevolution.

Phylogeographic studies in the 2020s may be superficially dif-
ferent from the pioneering work of Avise (1987), Hewitt (1999), 
and other early practitioners in the field, but the discipline remains 
an excellent bridge between population genetics and phylogenetics. 
As such, it is capable of merging ecological and evolutionary per-
spectives to bring new insight into spatial patterns of genetic (and 
by extension, phenotypic) diversity within a species. In this review, 
we highlight recent phylogeographic work in insect systems while 
using the authors’ main findings to elucidate broader trends. After 
providing a general overview of current methods, we discuss several 
applications of phylogeography in entomology, present an overview 
of the new frontier of comparative and community phylogeography, 
and close by discussing some of the main knowledge gaps, opportun-
ities, and needs in the field.

The Evolution of Phylogeography and 
Phylogeographic Methods

Phylogeographic investigations into insect systems are motivated by 
a range of factors. Many studies follow broader trends in the field 
by inferring the historical demography (e.g., Buckley et al. 2010) or 
spatial genetic structure (e.g., Finn et al. 2006) of the focal taxon. 
Others address more practical concerns, such as Tembrock et al.’s 
(2019) investigation into invasive demographic expansion in a noc-
tuid moth. Regardless of their motivation, phylogeographic investi-
gations of insect systems often include the use of (i) complex models 
of demographic history, (ii) hypothesis testing and model selection 
approaches, (iii) large geo-referenced genomic datasets, and (iv) the 
incorporation of nongenetic data.

Scientists have been interested in describing patterns of spatial 
genetic structure since it was possible to assay genotypes in natural 
systems (e.g., Hubby and Lewontin 1966; see Roderick 1996 for 
a review). However, phylogeography as a discipline started when 
scientists began to collect data from mitochondrial genomes and 
analyze these data using approaches that were borrowed from 
traditional phylogenetics and previously geared towards questions 
above the species-level (Box 1). One early goal was to bring an evo-
lutionary and historical perspective to intraspecific investigations, 
largely based on allele phylogenies coupled with overlays of these 
alleles in geographic space (Avise et  al. 1987). Modern data and 
inference methods enable researchers to make precise estimates of 
parameters of biological interest, including effective population size 
(Ne; e.g., Carling et  al. 2007, Smith et  al. 2011), gene flow (e.g., 
Martin et  al. 2013), intrinsic rates of population expansion (e.g., 
Buckley et al. 2010), and population divergence times (e.g., Satler 
and Carstens 2017). While parameters such as these can be esti-
mated using a variety of methods, approaches such as Approximate 
Bayesian Computation (ABC; Beaumont et al. 2002; also see Csilléry 

et al. 2010) or fastsimcoal2 (Excoffier et al. 2013) allow researchers 
to design custom statistical models of the historical demography in 
empirical systems of interest. These landscape- and species-specific 
models, informed by other data and preexisting hypotheses, allows 
for a great deal of creativity in the field (Fig. 1; Table 1).

Song et al. (2018) provide an example of the flexibility offered 
by modern phylogeographic analyses. They aimed to discover how 
the recent evolutionary history of the moth Grapholita molesta 

Box 1

Referred to as “Not ‘Just Another’ Molecular Marker,” 
mitochondrial DNA (mtDNA) was the workhorse of 
phylogeography early on in the field’s inception (Avise et al. 
1987). Although mtDNA has been useful for phylogeographic 
research, challenges associated with making inferences 
from single locus data spurred a transition to multilocus 
data sets (Edwards and Beerli 2000; Brito and Edwards 
2009). With the advancement in sequencing technologies 
over the last couple of decades, the amount of data used in 
phylogeographic investigations has steadily grown (Garrick 
et  al. 2015), enabling researchers to make more refined in-
ferences of population genetic structure (Morales-Hojas 
et  al. 2020) and more precise estimates of relevant param-
eters (Satler and Carstens 2017). Approaches like restriction 
site-associated DNA (RAD) sequencing (Baird et  al. 2008) 
and double digest restriction site-associated DNA (ddRAD) 
sequencing (Peterson et al. 2012) allow researchers to gen-
erate sequence data (often short read, between 50 and 150 
base pairs) and SNPs from thousands to hundreds of thou-
sands of loci for phylogeographic inference (e.g., Hotaling 
et al. 2018). Importantly, these approaches do not require 
prior genomic information from the taxon of interest, 
which is often lacking in studies of non-model organisms. 
When genomic information is available, however, sequence 
capture approaches can be used (e.g., Faircloth et al. 2012; 
Lemmon et al. 2012). Researchers have used ultraconserved 
elements (UCE; Branstetter et  al. 2017; Derkarabetian 
et  al. 2019; Satler et  al. 2019; Branstetter and Longino 
2020; Gueuning et al. 2020), anchored hybrid enrichment 
(AHE; Hamilton et al. 2016), or other capture-probe based 
methods (e.g., Suchan et  al. 2016, Wachi et  al. 2017) to 
sequence hundreds to thousands of loci in parallel. These 
loci are usually longer than those generated with RAD 
sequencing, allowing researchers to use the full sequence 
data rather than primarily relying on SNPs. In particular, 
UCE loci have been identified across many insect groups 
(Faircloth et al. 2015; Faircloth 2017), providing available 
probe set information useful for generating markers for 
phylogeographic and phylogenetic studies of arthropods 
(reviewed in Zhang et  al. 2019). In addition, researchers 
are also using whole-genome sequences from population-
level sampling in model insect systems (e.g., Olazcuaga 
et  al. 2020; Kapun et  al. 2020). As sequencing costs con-
tinue to decrease, researchers in non-model systems will be 
increasingly likely to utilize entire genomes as the basis for 
phylogeographic investigations, which will enable better 
understanding of how natural selection influences the evo-
lution of insect systems (e.g., Lindtke et al. 2017).
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had been influenced by Pleistocene glacial cycles in eastern Asia. To 
accomplish this, Song et  al. (2018) adopted the useful strategy of 
conducting a series of exploratory analyses before estimating param-
eters using a custom scenario. They first estimated FST values and 
used a clustering method to determine that there were three genetic 
populations present in their sampling. After other analyses suggested 
that population sizes had remained relatively constant over time, 
Song et al. (2018) used ABC to evaluate several admixture scenarios 
before using IMa2 (Hey 2010) to generate estimates of the rates of 
gene flow (i.e., admixture rates) among populations. Ultimately, the 
authors incorporated multiple analytical methods ranging from de-
scriptive statistics (i.e., FST’s) to simple correlational tests (i.e., iso-
lation by distance) to complex demographic modeling using ABC 
and IMa2. Their approach recognizes that no single method is likely 
to be adequate, but the primary inferences derived from this re-
search were dependent on parameter estimates made under a model 
of historical demography they determined to be appropriate to the 
G. molesta system.

While no single method can serve as the basis for all historical 
inferences, many phylogeographic investigations evaluate a specific 
hypothesis about the evolutionary history of the focal taxon. In such 
cases, researchers should avoid casual tests of hypotheses based on 
qualitative interpretations of statistics (e.g., FST’s are low) or param-
eters estimated under general models (e.g., phylogenetically-based 
divergence time estimates) in favor of the direct evaluation of stat-
istical models of historical demography. Under a frequentist statis-
tical framework, a formal hypothesis test can be conducted using 
parametric bootstrap simulation of data under a model of historical 

demography that corresponds to the hypothesis being tested (e.g., 
Knowles 2000). Using a predetermined α-level of significance, this 
enables the researcher to either reject or fail to reject the null hypoth-
esis. Parametric simulation-based hypothesis testing (e.g., Knowles 
and Maddison 2002) was an important transitional step between 
early phylogeographic investigations—which tended to be overly 
descriptive and subject to confirmation bias (see Carstens et  al. 
2009)—and modern model-based investigations.

Several flaws, however, are inherent to this approach. First, these 
tests rely on data simulated under parameters that are estimated 
from the empirical data, and, as such, hypothesis testing is sensitive 
to sampling and decisions about the type of data collected and the 
model used to estimate the parameters (see Koopman and Carstens 
2010). Second, rejecting a hypothesis might enable researchers to rule 
out a particular historical scenario, but failing to reject a hypothesis 
does little to point researchers towards a model that might repre-
sent a better fit to the data. Researchers might test many different 
hypotheses to circumvent this issue, but the need for multiple com-
parison corrections may lead to false negative results, particularly 
because it is difficult to estimate statistical power and error rates for 
phylogeographic hypothesis testing (unlike hypothesis testing in ex-
perimental sciences). As a result of these difficulties, researchers have 
largely adopted model comparison or model selection approaches.

Like Song et al. (2018), many researchers use ABC to calculate 
the relative posterior probability of models of historical demog-
raphy. Unlike hypothesis testing, which ideally tests a single model 
in order to avoid issues of significance threshold correction, ABC 
enables the relative posterior probability of any number of models 

4. Are species boundaries 
   known? 

Some focal taxa have incomplete or 
absent taxonomy and require 
explicit species delimitation 

analyses. 

 2. Are samples grouped a priori? 

Samples may be collected from 
discrete local populations or be 
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dynamics are also possible. 
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Fig. 1.  Important questions to ask before starting a phylogeographic investigation. Shown in center boxes are four questions to consider at the beginning of an 
investigation. Adjacent boxes show potential answers to these questions, with the smaller edge boxes showing phylogeographic methods to consider.
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Table 1.  Summary of some common research questions or goals in phylogeography, coupled with examples of associated analytical 
methods used to generate inferences that address them (also see Fig. 1) 

Goal Exemplar methods Brief description References

Species delimita-
tion

GMYC Fits a lineage through time plot to data to identify inflection 
point of rate change

Pons et al. (2006)

ABGD Distance based clustering algorithm Puillandre et al. 
(2012)

delimitR Machine learning to identify demographic model of speci-
ation

Smith and Carstens 
(2020)

BPP Reversible jump MCMC method Yang and Rannala 
(2010)

BFD/BFD* Bayes factor delimitation of species tree Grummer et al. 
(2014), Leaché et 
al. (2014)

PHRAPL Information theoretic approach based on gene tree distributions Jackson et al. (2017)
Find de novo 

populations
BAPS Spatial or nonspatial individual- or group-based clustering 

of codominant or haploid data
Corander et al. 

(2003)
BARRIER Finds locations with abrupt increases in genetic differenti-

ation over short geographic distances
Manni et al. (2004)

SAMOVA Group-based spatial clustering that maximizes among-group 
genetic variance (Fct)

Dupanloup et al. 
(2002)

STRUCTURE Optimizes grouping of individuals to minimize departure 
from HWE and LE within “populations”

Pritchard et al. 
(2000)

DAPC PC reduction of individual-based genotype data with 
k-means test to find clusters, followed by DA

Jombart et al. (2010)

Diversity within 
populations

haplotypic diversity Mean proportion of pairs of randomly selected haplotypes 
that are different from one another

Nei (1987)

nucleotide diversity Mean per-site number of nucleotide differences between 
pairs of randomly selected haplotypes

Nei (1987)

segregating sites (S) Number of polymorphic sites among aligned haplotypes, 
excluding insertion-deletion mutations

Watterson (1975)

phylogenetic diversity Sum of branch lengths on a phylogeny that unites haplo-
types from a given group (or location)

Faith (1992)

Connectivity 
among popula-
tions

Fst Partitioning of genetic variance among groups; ranges from 
0 (panmixia) to 1 (fixed differences)

Weir and Cockerham 
(1984)

isolation-by-distance Correlation between pairwise genetic distances (e.g., Fst) vs. 
corresponding geographic distances

Wright (1943)

population graphs Genetic co-variance among populations represented by a 
graph’s minimum edge set

Dyer and Nason 
(2004)

MIGRATE Bi-directional (i.e., potentially asymmetrical) coalescent esti-
mates of long-term migration rates

Beerli and 
Felsenstein (2001)

Population diver-
gence

IMa2 Distinguishes incomplete lineage sorting from post-
divergence gene flow, estimates splitting time

Hey (2010)

Effective popula-
tion size (Ne)

LDNE LD-based estimate of contemporary Ne from a single tem-
poral sample using multilocus data

Waples and Do 
(2008)

Watterson’s theta Mutation-scaled Ne (the observed S in sample size n, div-
ided by the expected S given a neutral model)

Watterson (1975)

Changes in Ne 
over time

Tajima’s D Neutrality test that compares the mean number of pairwise 
nucleotide differences against S

Tajima (1989)

Extended Bayesian 
skyline plot

Coalescent estimator of the directionality, magnitude, and 
timing of past changes in Ne

Heled and 
Drummond (2008)

Multispecies com-
parative analyses

population graphs Assessment of shared edges between two (or more) co-
distributed species’ minimum pop graph topologies 

Dyer (2015)

MTML-msBayes/
hABC

Test for simultaneous divergence among corresponding pairs 
of populations from co-distributed species, using hABC

Huang et al. (2011)

aSFS/hABC Test for simultaneous growth among corresponding popula-
tions from co-distributed species, using aSFS and hABC

Xue and Hickerson 
(2015)

PARAFIT Test for global cophylogenetic structure between a pair of 
co-distributed species (e.g., host vs. parasite/pollinator)

Legendre et al. 
(2002)

JANE Event-based tree reconciliation between a pair of co-
distributed species (e.g., host vs. parasite/pollinator)

Conow et al. (2010)

Phylogeographic Con-
cordance Factors

Quantify phylogeographic congruence among population 
trees of co-distributed species

Satler and Carstens 
(2016)

Community Trees Identify species that fit a community tree model, and those 
species that are a poor fit to the model

Carstens et al. (2016)

Abbreviations are as follows: aSFS, aggregate Site Frequency Spectrum; DA, Discriminant Analysis; hABC, hierarchical ABC; HWE, Hardy–Weinberg Equilib-
rium; LD, Linkage Disequilibrium; LE, Linkage Equilibrium; MCMC, Markov chain Monte Carlo; PC, Principal Component
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to be calculated. Superficially, this may appear to be a reasonable 
response to the criticism that model choice experiments may mislead 
researchers because the “true” model is probably not included in the 
model set under comparison. In practice, however, as the number 
of models increases, the models generally become more similar and 
thus the parameter space among the models decreases, which causes 
the posterior probability to be divided amongst several similar 
models. This makes differentiating among many models a difficult 
challenge due to the use of thresholds in ABC (i.e., the retention of 
datasets that are arbitrarily close to the empirical data in Euclidean 
space) to calculate the relative posterior probability. Both empir-
ical (Fagundes et al. 2007) and simulation-based theoretical studies 
(Pelletier and Carstens 2014) suggest that model choice with ABC 
is best conducted with two to four models. However, these same 
studies indicate that the use of hierarchical model sets, where models 
are grouped by similarity and then the best models from each group 
are selected for comparison in a second round of model evaluation, 
may be a useful strategy for expanding the size of the model set 
under consideration.

To circumvent the limitations inherent to the use of ABC in model 
selection, other researchers utilize information theory to calculate 
the model probabilities of multiple models (see Anderson 2008 for a 
justification of this approach in the historical sciences). Superficially, 
this approach is similar to ABC in the sense that multiple models can 
be compared in a statistical framework. Researchers who use infor-
mation theory, however, are typically able to differentiate among a 
greater number of models because this approach relies on direct (or 
indirect, see Jackson et al. 2017) calculations of the likelihood of the 
model given the data. For example, consider Hotaling et al. (2018), 
who used this approach to investigate the demographic history of 
the stonefly Lednia tumana. Hotaling et al. (2018) inferred popu-
lation genetic structure and then assigned samples to three genetic 
populations. These populations served as the basis for a complex 
set of 20 models that represented different historical scenarios and 
included different degrees of population divergence, gene flow, and 
admixture. After calculating the maximum likelihood score of each 
model, the Akaike (1974) Information Criterion (AIC) and model 
probabilities (Burnham and Anderson 2002) were used to identify 
one of these models as the most probable with a probability of 0.96 
indicting strong superiority to all other models included in the set. 
This model was then used as the basis for parameter estimation and 
inferences regarding the empirical system. Given the similarities be-
tween this and other models in the set, it is unlikely ABC would have 
enabled the same discriminatory power.

The Many Aspects of Insect Phylogeography

Understanding Evolution in Space
After several decades of phylogeographic studies on insects, it 
may now seem obvious that the demographic history, spatial gen-
etic structure, and the timing of divergence of intraspecific gen-
etic groups can be at least partly explained by past environmental 
changes and by spatial and topographic features within a species’ 
range. It is important to realize that the strong development of 
phylogeography as a field led to the formal investigation and in-
tegration of evolutionary and spatial scales into species evolution. 
Further, this contribution set the foundation for understanding 
the history of ecosystems, and general species responses to envir-
onmental change. Evaluating this has provided key information 
on how past climatic and topographic changes affected the his-
tories and genetic compositions of species (Hewitt 1996, Roderick 

1996, Hewitt 1999). Indeed, several of the first phylogeographic 
studies were based on insect species (e.g., grasshoppers, beetles, 
moths). It is possible that the usual short life cycles and ability 
of these species to maintain viable populations within relatively 
small habitat patches, along with sometimes limited dispersal 
(e.g., low flight ability) and/or habitat specialization leading to 
patchy distributions, may have helped make insects useful study 
systems for understanding how landscape and environmental pro-
cesses structure genetic variation within a species (e.g., Roderick 
1996). Finally, insects are the most widespread and speciose group 
of animals, enabling them to be used as models for understanding 
landscape evolution across the world.

The study of insects was at the foundation of Palearctic and 
Nearctic phylogeography (Hewitt 1996, Taberlet et al. 1998, Hewitt 
1999, Shafer et al. 2010, Riddle 2016), allowing researchers to start 
to understand how temperate species retracted into refugia during 
glacial periods, and expanded their ranges in response to subse-
quent warming (but see Knowles 2000, and DeChaine and Martin 
2006, for counter-examples from alpine-adapted insects). Although 
the northern hemisphere has received the bulk of research attention 
(Riddle 2016; Fig. 2), insect phylogeography has been central to 
clarifying the responses of species to environmental change in other 
regions of the world. For instance, we now understand the main 
phylogeographic patterns of insects in South Africa (de Jager and 
Ellis 2017, Matenaar et al. 2018), a region in which plant species 
have historically been the main focus of research due to exceptional 
diversity and endemism in the Cape Floristic Region. The study of 
hexapod phylogeography also provided insights into their response 
to climatic changes in Antarctica (Stevens et al. 2006, McGaughran 
et  al. 2011, Collins et  al. 2019, McGaughran et  al. 2019, Collins 
et al. 2020), clarified the spatial response of species in the Tropics 
(Solomon et al. 2008, Leite and Rogers 2013, Su et al. 2014), and 
shed light into species’ histories in southern temperate regions 
(Chinn and Gemmell 2004, McCulloch et  al. 2010, Sosa-Pivatto 
et al. 2020). Besides the importance of these studies for conservation 
and taxonomic purposes, these studies demonstrated that patterns in 
the Tropics or southern temperate regions do not match those in the 
northern hemisphere.

Phylogeography and Species Conservation
Through the combined understanding of the spatial distribution 
of genotypes and their associated response to past environmental 
changes, one has the power to make predictions about likely re-
sponses to future environmental changes. From this perspective, the 
integrated toolbox of phylogeographic analysis methods (Table 1) 
can inform conservation decision-making (Box 2). For instance, de-
tailed information about the number and geographic distribution 
of divergent intraspecific lineages across a species’ range can facili-
tate the maintenance of genetic diversity (e.g., Collins et al. 2020). 
Likewise, estimates of the timing, nature, and magnitude of past 
demographic changes allow the likely drivers of those changes to 
be identified, as well as a prediction about such changes in the fu-
ture. Along with the combination of phylogenetic and purely spatial 
methods (e.g., species distribution modeling and other geospatial 
analyses), phylogeography allows combining range and genetic pre-
dictions, which can be used to inform decisions (Espíndola et  al. 
2012), including the establishment of habitat corridors that facilitate 
the persistence of unique genetic lineages (Robillard et al. 2015).

In the context of major changes in climatic and land use conditions, 
the contributions of phylogeography are impressive (Schierenbeck 
2017). Such studies have informed researchers about the conservation 
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needs of butterflies in response to climate change (Zakharov and 
Hellmann 2008, Wells et al. 2015, Brunetti et al. 2019) and investi-
gated the effect of landscape changes in bees (Dellicour et al. 2015a, b). 
Further, studies on Trichoptera (Múrria et al. 2020) provided specific re-
commendations on how to best protect species with extremely restricted 
ranges. As a result of this and other work, phylogeographic studies 
are now recommended for improving conservation decision-making 
(Andrew et al. 2013, Ghisbain et al. 2020).

The example of the study of Antarctic arthropods (most of them 
Hexapoda) represents a clear illustration of how the investigation 
of arthropod phylogeography can lead to understanding the spatial 
and biological history of understudied regions while informing con-
servation (e.g., Stevens et al. 2006, McGaughran et al. 2019, Collins 
et al. 2020). Even though Antarctica is one of the few regions of the 
world that remains almost completely isolated from human activity, 
climate change has allowed humans to reach previously inaccess-
ible regions of the continent. Phylogeography is contributing to a 
developing understanding of how best to protect endemic Antarctic 
species. In the past million years, Antarctica experienced both expan-
sion and contractions of ice sheets, with associated changes in land 
exposure and likely effects on species range changes. Studying the 
demographic and spatial history of Antarctic organisms enables con-
servation actions to target the preservation of unique genetic types 
and to predict connections between regions that may appear under 
higher temperatures. In present-day ice-free regions of Antarctica 

small invertebrates such as Diptera, Collembola, and Acari dom-
inate the fauna. To understand the effect of past environmental 
changes on the distribution of species and their genetic clusters (see 
Box 3 for a discussion of phylogeography and landscape genetics), 
studies have investigated the phylogeographic history of a number 
of Antarctic Collembola (Stevens et  al. 2006, McGaughran et  al. 
2011, Collins et  al. 2019, McGaughran et  al. 2019, Collins et  al. 
2020). Jointly, these works demonstrate that these groups harbor 
high intraspecific diversity, with most genetic clusters restricted to 
small refugial areas. Importantly, these studies demonstrate that 
Antarctic springtails likely harbor substantial cryptic diversity. While 
a common finding is that present-day populations are isolated from 
each other, past patterns of long-distance dispersal have also been 
identified, especially in coastal species (Rogers 2007, McGaughran 
et  al. 2019). This suggests that Antarctica’s land fauna has been 
mostly evolving in nunatucks, and that conservation actions will be 
needed to conserve the often highly endemic lineages from being lost 
with the reestablishment of connections among currently isolated 
populations.

Phylogeography and Insect Taxonomy
Phylogeographic investigations can make important contributions 
to species delimitation (e.g., Sites and Marshall 2004) and integra-
tive taxonomy (e.g., Dayrat 2005), particularly in groups such as 
insects where the Linnean shortfall—the large discrepancy between 
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Fig. 2.  Distribution and number of sequences available on GenBank for insect species, as obtained from the PhylogatR database (www.phylogatR.org). Cell 
colors represent the number of unique sequences at localities falling within that cell (see figure scale).
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the number of described species versus the number of actual spe-
cies (Lomolino 2004)—is substantial. Both single locus (e.g., Pons 
et al. 2006, Vondráček et al. 2017) and multilocus (e.g., Montagna 
et al. 2017, Liu et al. 2019) datasets have been used to delimit in-
sect species. In particular, phylogeographic investigations often 
discover cryptic species, where populations phenotypically indis-
tinguishable, are genetically distinct (Bickford et  al. 2007). While 
some investigations have found that mitochondrial DNA sequence 
data are not consistent with the morphological characters used to 
differentiate species (e.g., Vondráček et  al. 2017), other investiga-
tions have demonstrated that putatively cryptic species discovered 
by phylogeographic investigations using mitochondrial data are not 
supported with nuclear genomic data (e.g., Huang et al. 2020). For 
this reason, and because any single marker might not reflect popula-
tion history due to biological processes (deep coalescence, introgres-
sion) or non-biological (gene tree estimation error) factors, it is clear 
that single-locus data should not form the basis for the description 
of new species and are best applied in the discovery phase of species 
delimitation (Carstens et  al. 2013). Taken together, these analyses 
indicate that performing studies at the phylogeographic level can as-
sist in the identification of independently evolving lineages, which 
can be used to describe much of the still-undescribed insect diversity 
(Stork 2018).

Phylogeography for Pest Management and 
Biocontrol Agents
Reconstructions of colonization history provide important context 
for understanding the range expansion of pest species. For instance, 
phylogeographic analyses can identify the geographic origin(s) and 
the number of independent introductions into newly-invaded areas. 
Such inferences have management-relevant implications. In the case 
of multiple independent introductions, several gene pools may con-
verge and recombine at the wave front, producing an invasive popu-
lation with elevated genetic variation and adaptive potential (e.g., 
Kolbe et al. 2004, Kébé et al. 2017). Alternatively, if there is a single 
primary source of spread following initial arrival, targeted control of 
this bridgehead population should be possible (e.g., Grapputo et al. 
2005, Du et  al. 2020). Furthermore, insights into the relative im-
portance of natural vs. human-mediated long-distance dispersal can 
help set priorities for enhanced surveillance of stowaways, with an 
informed focus on road, rail, or shipping transportation networks, 
depending on which one is implicated in accelerating spread.

Owing to contributions from phylogeography, historical events 
leading to the colonization of North America by several exotic in-
sects that have become major pests are now well understood. The 
red imported fire ant (Solenopsis invicta) provides a good example. 
These ants are native to central south America and were acciden-
tally introduced by humans via shipping cargo to the southern USA 
in the 1930s. Since then, the species rapidly expanded into other 
regions in the USA (Ahrens et al. 2005) and has now also invaded 

Box 2

The study of representative species for conservation: There 
are many single-species phylogeographic studies that have 
conservation implications for the focal taxon. However, 
given limited resources, taxonomically far-reaching con-
servation benefits are critical. Thus, it may be efficient to 
target “umbrella species”; keystone species (i.e., function-
ally important ecosystem engineers; Paine 1969) or flag-
ships (i.e., charismatic icons for the plight of threatened 
taxa such as butterflies; New 1997) that may be used as 
proxies for decision-making at the level of the ecosystem. 
This is based on the premise that species-specific conserva-
tion interventions such as enhancing quality, quantity, and 
continuity of essential habitat, or mitigating other threats 
(e.g., undirected use of insecticides) can indirectly benefit 
other community members. For the umbrella species itself, 
phylogeographic analyses can help set conservation prior-
ities by determining whether isolated populations warrant 
treatment as evolutionarily significant units vs. manage-
ment units (Moritz 1994). In turn, this can inform the plan-
ning of captive breeding or assisted translocation / genetic 
rescue programs through a better appreciation of the risks 
of outbreeding depression. Also, an understanding of what 
types of landscape features have historically represented 
barriers vs. conduits for dispersal and gene flow can aid in 
the identification of habitat linkages that are likely to be 
critical in the present day, and future.

Two European beetles illustrate the potential value of 
understanding the demographic histories of umbrella species 
for advancing the conservation of whole communities. The 
Alpine longhorn (Rosalia alpina) and stag beetle (Lucanus 
cervus) are icons for biodiversity associated with veteran trees 
and dead wood. Both are widely considered threatened by 
habitat fragmentation and loss, as well as by forest sanita-
tion practices (e.g., removal of fallen logs or firewood collec-
tion), and in the case of L. cervus, also by the illegal pet trade. 
The former is IUCN Red-listed as Vulnerable (IUCN 2020), 
whereas the latter is currently on the Red List of the European 
saproxylic beetles as Near Threatened (Nieto & Alexander 
2010) and is the subject of an intensive monitoring program 
conducted by citizen scientists. Drag et al. (2018) conducted 
a phylogeographic investigation of R.  alpina and compared 
patterns of spatial-genetic structure with the distribution of 
the species’ primary host tree (European beech, Fagus spp.), 
as well as host trees classified as either “marginal” or “occa-
sional” habitat host trees. The authors discovered several di-
vergent lineages, one of which was considered suggested to 
represent a new subspecies. Other notable inferences were that 
R. alpina had closely tracked its primary main host only but 
not others, it seemed unable to persist in small isolated re-
fugia, and that most genetic diversity is concentrated at the 
extreme southern range margin of Fagus spp., where these 
forests are vulnerable to climate change. Thus, a high priority 
conservation intervention for R.  alpina is the protection of 
beech forests in montane regions of Greece, Italy, and Turkey 
(Drag et al. 2018). Interestingly, conclusions from a study of 
L. cervus had several similarities, despite oaks (Quercus spp.) 
being this beetle’s main host tree (Cox et al. 2019). These simi-
larities included the detection of deeply divergent lineages (al-
beit fewer that R. alpina), and the identification of montane 

regions in Greece and Italy as centers of phylogeographic en-
demism. Again, this information indicates that conservation 
efforts should be focused on protecting key oak habitats in the 
southern portion of the species range, including modification 
of intensive forestry practices so that mean tree age does not 
continue to decline (e.g., via longer rotation times; Nieto & 
Alexander 2010). Such changes would clearly also benefit a 
suite of dead-wood-associated fauna in the region.
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other continents, including parts of Asia and Australia. Ascunce 
et al. (2011) reconstructed the global invasion history of S. invicta 
to inform mitigation efforts through identifying source populations 
and transportation routes. The authors found that northeastern 
Argentina was the likely origin of invasion into the southern USA; 
phylogeographic analysis of S.  invicta in the native range (Ahrens 
et al. 2005) identified this region as containing one of two major lin-
eages. The southern USA was the primary source of almost all sub-
sequent global spread (i.e., eight of nine independent introductions), 
with one exception involving secondary long-distance colonization 
of California as the precursor to the invasion of Taiwan. Ultimately, 
the global invasion history of the fire ant can be largely attributed 
to one critical bridgehead population in the southern USA, plus one 
serial introduction (Ascunce et  al. 2011). If this type of informa-
tion had been available during the initial spread of S.  invicta, in-
tensive control efforts could have been targeted at locations of high 
cargo movement out of the southern USA. Today, this knowledge 
has practical applications via informing monitoring and quarantine 
programs in S. invicta and other invasive pests.

Not all invasive species are exotic, and native species that col-
onize and rapidly spread throughout previously unoccupied neigh-
boring regions can cause negative economic and ecological impacts. 
They also present a conundrum regarding classification of pest status 
and prediction of future impacts (Havill et al. 2019, and references 
therein). An illustration of the insights that come from investigating 
the demographic history of native invasives comes from research on 
the mountain pine beetle (Dendroctonus ponderosae). Briefly, this 
species recently expanded its range from western North America 
into new parts of the midwestern USA and Canada, increased its 
host breadth to include jack pine, and extended the duration of out-
breaks (Cullingham et al. 2019). To reconstruct historical dispersal 
dynamics, Janes et  al. (2018) coupled broad sampling across the 
native and invaded ranges with model-based phylogeographic ana-
lyses of alternative colonization scenarios. The authors found that 
D.  ponderosae was already present in Canada, albeit at very low 
levels, long before the species was thought to have arrived there. 
Thus, it appears that small and isolated founding populations can 
potentially persist for extended periods, despite low effective popu-
lation sizes and associated negative consequences of drift and 
inbreeding (Janes et  al. 2018). Accordingly, current management 
practices for irruptive pests that focus on the removal of infested 
trees in emerging outbreak areas may be ineffective in preventing 
future outbreaks.

In addition to understanding colonization history and the con-
text for the ongoing spread of invasive insects, phylogeography 
can contribute to evaluating the potential of natural enemies 
to act as high-fidelity biocontrol agents. Faithful host-tracking 
by parasitoids or prey-tracking by highly specialized predators 
is expected to generate signatures of strong congruence (e.g., 
codivergence of lineages, synchronous range expansions or con-
tractions, closely matching gene flow dynamics), whereas host-
switching is not (Page and Charleston 1998, Espíndola and 
Alvarez 2011). Comparative phylogeographic analysis of an in-
sect pest and its candidate biocontrol agent can reveal the strength 
and antiquity of their trophic interaction. Furthermore, this infor-
mation can guide choice of the source population(s) for progen-
itors used in mass rearing of the natural enemy prior to release 
(e.g., Kruitwagen et al. 2018).

Auger-Rozenberg et al. (2015) assessed long-term host special-
ization of two wasps that parasitize eggs of the pine processionary 
moth (Thaumetopoea pityocampa-wilkinsoni species complex), 
a major pest of conifers in the Mediterranean that is rapidly 

Box  3. The integration of phylogeography with 
landscape genetics/population genomics

Phylogeography (Avise et  al. 1987) and population gen-
etics—particularly spatially explicit approaches such as 
those implemented in landscape genetics (Manel et  al. 
2003)—lie along a continuum, and with the advent of 
next-generation sequencing datasets, there is increasing 
overlap among them (Rissler 2016). Perhaps the most 
widely acknowledged distinction relates to the timescale 
under consideration, whereby phylogeography typically ad-
dresses questions that focus on long-term Pleistocene-aged 
(or earlier) events and processes, whereas landscape gen-
etics studies are often most concerned with recent drivers 
of spatial-genetic structure (e.g., landscape-level changes 
that occurred over tens to just a few hundred generations, 
depending on the species). A  secondary distinction might 
include the proportion of a species’ known geographic 
range that is sampled, where phylogeographic studies usu-
ally attempt complete coverage, whereas landscape gen-
etics studies may deliberately focus on subsets to allow for 
meta-replication (e.g., Short Bull et  al. 2011; Burgess & 
Garrick 2020). Nonetheless, analytical tools developed for 
population and landscape genetics have considerable cross-
discipline utility. Accordingly, we briefly summarize some 
examples.

Spatially explicit simulation tools that model gen-
etic divergence through time while considering envir-
onmental heterogeneity, habitat carrying capacity, and 
genetic connectivity in the presence of a “hostile” matrix 
have been used extensively in landscape genetics. For ex-
ample, SPLATCHE (Currat et  al. 2004) integrates with 
SIMCOAL (Excoffier et  al. 2000) to simulate molecular 
data for discrete local populations via neutral coalescence, 
whereas CDPOP (Landguth & Cushman 2010) takes an 
individual-based forward-in-time approach. While these 
have been useful for identifying which characteristics of 
intervening areas between sampled locations affect dis-
persal and gene flow (and for understanding trade-offs be-
tween number of loci and number of alleles per locus, or 
number of locations and number of individuals per loca-
tion), they do not explicitly leverage the power of genomic 
datasets. Recent developments that redress this gap include 
msprime (Kelleher et  al. 2016) and SLiM (Haller et  al. 
2019). For example, SLiM, which uses individual-based 
forward-in-time simulations to model evolution of whole 
chromosomes within multiple user-defined population 
gene pools that can have complex demographic histories 
including variable gene flow dynamics and fluctuating 
effective sizes. ConStruct (Bradburd et  al. 2018) is an-
other useful tool population genomics analysis tool that, 
although tailored toward the short timescales most rele-
vant to landscape genetics, has the potential to serve as an 
important precursor to deeper timescale phylogeographic 
analyses of genomic data. This is because conStruct is dir-
ectly informative about the nature of present-day popu-
lation structure (i.e., distinguishing between clusters vs. 
clines, given the geographic sampling at hand), which is 
critical to the biological interpretation of downstream 
analyses that are conditioned on initial decisions about 
the basic units of analysis.
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expanding poleward owing to climate change. The authors used 
phylogeographic approaches to show that current differences in 
the degree of host specificity of the natural enemies, Baryscapus 
servadeii (only known to parasitize T. pityocampa-wilkinsoni) and 
Ooencyrtus pityocampae (which also parasitizes other Lepidoptera 
and Hemiptera) are long-standing. Whereas 40% of the variance in 
spatial-genetic structure of B. servadeii was explained by that of the 
host, for O. pityocampaei, only 15% was (Auger-Rozenberg et al. 
2015). Furthermore, B.  servadeii and T.  pityocampa-wilkinsoni 
were inferred to have shared common habitat refuges during glacial 
cycles, yet O. pityocampaei only recently recolonized areas where 
the pine processionary moth is found today. From the perspective 
of Integrated Pest Management professionals, this research is con-
firmatory with respect to the existing life history information for 
these parasitoids. Nonetheless, it should provide added confidence 
when evaluating the risks (e.g., host-switching or host generaliza-
tion upon introduction into novel communities) of biocontrol agent 
candidates.

Phylogeography as a Tool for Insect Domestication 
and Breeding
Few insects have been domesticated via a deliberate selective breeding 
of wild species (“directed domestication”; Lecocq 2018; e.g., honey 
bees, Bombyx mori silkworms). However, some species are con-
sidered semi-domesticated. Nonetheless, in all cases, the initial basic 
requirements are a pool of standing genetic variation with an asso-
ciated phenotypic variation that can be recombined so that artificial 
selection can be imposed. Characterizing the evolutionary history 
of wild populations of a species with an economically valuable trait 
can facilitate directed domestication in several ways. For example, 
the identification of distinct lineages could guide the design of artifi-
cial breeding experiments that optimize the potential for generating 
novel phenotypes. Also, given that depth of phylogeographic struc-
ture is positively correlated with reproductive isolation (Singhal and 
Moritz 2013), this information would represent a useful framework 
for interpreting the success or failure of different controlled crosses.

Phylogeographic studies of semi-domesticated silkmoths from 
India have provided baseline information about the nature of 
standing genetic variation, and by extension, the capacity to enhance 
quantity, quality or variety of silk through selective breeding. For 
example, the muga silkmoth (Antheraea assama) is endemic to a 
narrow region of northeast India where it produces luminous golden 
silk that has been used to make garments for over 2,300 yr. The 
reputation and authenticity of the species’ silk have been protected 
by Geographical Indications status, and there is interest in the po-
tential to harness new genetic resources. Arunkumar et  al. (2012) 
reevaluated the assumption that intraspecific genetic variation was 
low by performing spatially explicit analyses of population genetic 
data. They uncovered a divergent localized gene pool in close prox-
imity to (and potentially spatially nested within) a more broadly dis-
tributed unstructured genetic cluster, well within the expected flight 
range of individuals. Similarly, Chakraborty et al. (2015) identified 
marked spatial-genetic structure in the economically important tasar 
silkmoth (A. mylitta), again with two major groups. In this latter 
case, however, variation was previously expected to be much higher 
owing to the existence of numerous well-defined ecotypes each with 
different host-plant specificities, and which do not appear to freely 
interbreed in nature. Collectively, this research showed that an as-yet 
untapped potential source of novel phenotypic variation may exist 
for A. assama, whereas the considerable phenotypic variation ob-
served in A.  mylitta is attributable to contemporary genotype × 

environment interactions, rather than long-standing differences in 
evolutionary trajectories.

A second example comes from bees. Attempts to enhance pol-
lination services of bumble bees, particularly for greenhouse crops 
through directed domestication (i.e., “bombiculture”), began in the 
early 20th century, progressed through several steps of the process, 
but were then temporarily abandoned because of difficulties with 
rearing them in captivity (Lecocq 2018). However, with the ad-
vent of a suite of molecular resources for bumble bees (Woodard 
et al. 2015), phylogeographic methods can now be used to assess 
evidence for cryptic diversity within currently-recognized bumble 
bee species that still remain as candidates for domestication. Indeed, 
species with broad geographic ranges can include reproductively 
isolated lineages (e.g., Lozier et al. 2016), and those that span steep 
environmental gradients may include high elevation populations 
with unique local gene pools (e.g., Lozier et al. 2011). This infor-
mation could inform the design of controlled crosses, and perhaps 
also pinpoint unique reservoirs of adaptive variation that could be 
leveraged during the domestication process. Additional applications 
of phylogeography for guiding bumble bee domestication include 
understanding the potential for hybridization with native Bombus 
species (Woodard et al. 2015).

Phylogeography of Vectors of Disease
Vector-borne diseases kill over 700,00 people per year, with trop-
ical and subtropical regions most impacted. Among insect vectors 
of disease, female mosquitos, particularly Aedes, Anopheles, and 
Culex spp., transmit a suite of viruses and parasites that infect hu-
mans. Other blood-feeding dipterans such as tsetse flies, blackflies, 
and sandflies also have enormous human health consequences in the 
world’s poorest countries (WHO 2020). Responses to outbreaks, 
and prevention of disease, often focus on vector control. In this 
context, the identification of isolated populations provides oppor-
tunities for local eradication, whereas an understanding of mech-
anisms of long-distance dispersal can inform strategies to prevent 
further spread.

The dengue and yellow fever mosquito (Ae. aegypti) exempli-
fies the role phylogeography can play in understanding the past 
and on-going spread of an insect whose evolution has been in-
tricately connected to humans, and for which improved strat-
egies for control are needed. Brown et  al. (2014) reconstructed 
an “out-of-Africa” expansion of A.  aegypti in considerable de-
tail. The authors showed that there are two distinct lineages, one 
strictly African, which includes both forest-dwelling zoophilic as 
well as anthropophilic populations, and the other globally wide-
spread (i.e., in the tropics and subtropics) and strictly human-
associated. Brown et al.’s (2014) data were consistent with at least 
one dispersal event associated with human-trade routes (i.e., to 
the New World via slave trade, and subsequent serial invasion 
from the New World to Asia and Oceania), which caused gen-
etic bottlenecks associated with founder effects. This study, along 
with follow-up work with expanded molecular sampling for this 
species (e.g., Gloria-Soria et al. 2016), provides an important ref-
erence database of global genetic diversity for determining the geo-
graphic origins of new introductions and their associated traits.

The tsetse fly (Glossina fuscipes), which transmits a parasitic 
trypanosome that causes sleeping sickness leading to thousands of 
deaths per year in sub-Saharan Africa, provides an illustration of 
how phylogeography can inform vector control. To be effective, 
such interventions depend on an understanding of the spatial 
scale over which vector populations are connected by dispersal 
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and gene flow, in the present and the past. To address this, Beadell 
et al. (2010) examined spatial-genetic patterns of diversity across 
Uganda, and parts of Kenya, Sudan and the Democratic Republic 
of the Congo. Molecular data identified two deeply divergent 
lineages, attributable to ancient north-south vicariance. This 
division includes a narrow contact zone across central Uganda, 
where gene flow is currently occurring. Subsequent work has iden-
tified additional admixture zones, likely resulting from the his-
torical reorganization of river networks during the formation of 
the West African Rift system (Saarman et  al. 2019). Within the 
two major phylogeographic regions, Beadell et al. (2010) found 
that gene flow is generally high and that contrary to expectations, 
island populations within Lake Victoria are not genetically iso-
lated from the mainland. Importantly, populations at the species’ 
southeastern range margin are largely genetically isolated. This 
region could therefore be prioritized as a target for intensive trap-
ping and insecticide treatment, as well as other complementary 
eradication strategies (e.g., sterile insect technique, or symbiont-
induced cytoplasmic incompatibility; see Alam et al. 2011), with 
the goal of achieving complete local eradication.

Phylogeography in a Comparative Framework

Phylogeography reaches its full potential in a comparative frame-
work. Although single-species studies make valuable contributions 
to understanding the abiotic and biotic factors that structure gen-
etic diversity within a species, studies of codistributed species can re-
veal how historical events have shaped biodiversity and community 
structure across entire landscape systems (Moritz et al. 1998, Avise 
2000, Riddle et al. 2000). In particular, a comparative framework 
provides replication for testing how landscape and environmental 
processes (e.g., Pleistocene glacial cycles, mountain orogeny, river 
formation) have shaped taxonomic and genetic diversity among 
codistributed species (Arbogast and Kenagy 2001, Carstens et  al. 
2005). In this context, congruent phylogeographic patterns suggest a 
shared response to historical events.

Since the earliest days of the discipline, comparative 
phylogeographic studies have revealed that biogeographic bar-
riers, glacial refugia, and other landscape and environmental pro-
cesses influence the genetic diversity of codistributed species. In one 
influential project, Riddle et  al. (2000) used genetic data from 12 
species to test hypotheses about the role vicariance played in struc-
turing genetic diversity in Baja California, Mexico, and found shared 
phylogeographic patterns among several taxa supporting multiple 
vicariance events. Comparative studies, however, have also com-
monly revealed discordant phylogeographic patterns, suggesting that 
species responded idiosyncratically to landscape-level environmental 
processes. For example, Marske et al. (2012) identified shared gla-
cial refugia for three of four codistributed beetle species across New 
Zealand’s South Island, but variation in temporal patterns suggested 
different responses by the species to environmental changes best ex-
plained current distributions. Although congruent phylogeographic 
patterns reveal broader processes influencing genetic structure in 
a region, incongruent patterns are useful for understanding how 
differences in life-history traits, behavior, and ecology may allow 
species to vary in their responses to a changing environment 
(Papadopoulou and Knowles 2016, Zamudio et  al. 2016). When 
testing the species-pump hypothesis for 13 species of beetles from 
the Aegean archipelago, Papadopoulou and Knowles (2015) found 
evidence for multiple divergence episodes but considerable uncer-
tainty among demographic models. When the authors refined their 

hypothesis to include six beetle species that share similar habitat 
preferences, a single divergence episode was the best-supported 
model. Thus, a comparative framework is important for testing and 
refining hypotheses, including how intrinsic life-history traits (and 
extrinsic biotic interactions) can generate congruent or incongruent 
phylogeographic patterns.

Darwin’s (1859) tangled bank envisioned species spanning the 
tree of life, living in an ecological entanglement because they are 
interdependent in some manner. These biotic interactions may be 
loose and fleeting in time or may result in species evolving depend-
ence on each other for survival and reproduction. For example, in 
pollination mutualisms such as those exhibited by figs and wasps, 
each member is dependent on the other for reproduction; figs re-
quire fig wasps for pollination services, and fig wasps require figs as 
a nursery for egg-laying and larval development (Herre et al. 2008). 
Given a continuum of ecological associations among interacting 
species of a community—ranging from nonexistent to facultative to 
obligate—a comparative framework can be used to test hypotheses 
about the evolution of species interactions, how species interactions 
contribute to shaping phylogeographic patterns, and how these 
interactions shape community structure in space and time. This is 
the focus of community phylogeography (Satler and Carstens 2016).

Community phylogeography considers several topics, such as 
understanding the correlation between the degree of ecological 
association and shared evolutionary history, the potential (in)con-
gruence in dispersal and gene flow among interacting species, or 
quantifying the (dis)similarity in diversification patterns within 
and/or across trophic levels. In addition to revealing the abiotic 
factors structuring genetic diversity within a region, studying 
species from the same ecological community enables testing hy-
potheses on the nature of species interactions, their importance 
in shaping spatial and temporal community structure, and in 
identifying evolutionary communities: ecological communities 
maintained over evolutionary time.

Numerous examples of community phylogeography have re-
vealed the processes structuring ecologically interacting species. 
Below, we first discuss several exemplar studies of plant-insect as-
sociations and then highlight how community approaches can help 
define and establish conservation decisions.

Mutualistic Interactions
Insect pollinators range in their level of association with many (gen-
eralists) or few (specialists) host plant species. At one end of the con-
tinuum are specialists involved in obligate pollination mutualisms, 
which provide exemplar systems for studying the history of eco-
logical interactions and their importance in shaping evolutionary 
history. In these systems (e.g., yuccas and moths, figs and wasps), 
each lineage is solely dependent on the other for survival and repro-
duction. Thus, we might predict a shared response to landscape and 
environmental changes. For example, Smith et al. (2011) tested if 
Joshua Trees (Yucca brevifolia) and their four associated prodoxid 
pollinators responded in a similar manner to climatic changes of 
the Pleistocene glacial cycles. The authors provided evidence for 
concerted demographic changes between host plant and pollinator, 
suggesting these lineages responded similarly to the changing envir-
onment. This suggests the ecologically dependent plant-pollinator 
association has persisted through evolutionary time, with this com-
munity responding to abiotic processes as a unit. Phylogeography 
can also inform researchers about the community structure of the 
system (e.g., Satler et al. 2020), providing an important connection 
between ecological and evolutionary processes.
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Although we might predict obligate mutualisms to show similar 
phylogeographic patterns, differences in life history traits may con-
tribute to discordant patterns. Espíndola et al. (2014) investigated 
the phylogeographic history of the European globeflower (Trollius 
europaeus) and three of their obligate Chiastocheta fly pollinator 
species. In contrast to the Smith et  al. (2011) findings, Espíndola 
et al. (2014) recovered discordant phylogeographic histories among 
the pollinators and host plant. The authors suggested this discord-
ance was due to independent responses to historical events shaped 
by differences in dispersal ability.

Antagonistic Interactions
Given the interactions between hosts and antagonists (e.g., para-
sites, herbivores), we might predict lower levels of phylogeographic 
congruence (Espíndola and Alvarez 2011). As only one lineage is 
dependent on the other—and even then, antagonists can vary be-
tween generalists and specialists—a community phylogeographic 
framework can reveal processes shaping the evolution of these inter-
actions. For example, Bunnefeld et al. (2018) investigated the evo-
lutionary history of a community of oak gall wasps (four species) 
and their parasitoids (nine species). They did not find evidence of 
codivergence, codispersal, or a history of host tracking within the 
community, but rather, recovered idiosyncratic population histories. 
As some shared patterns were observed, Bunnefeld et al. (2018) sug-
gested that a more diffuse pattern of coevolution—restricted in geo-
graphic scale—characterized this community.

Another example of the comparative study of antagonistic 
interactions is of Araptus attenuatus, a bark beetle found in 
Baja California and mainland Mexico. Placed in the context of 
previous research done on the beetle’s only known host plant, 
Euphorbia lomelii (Garrick et  al. 2009), Garrick et  al. (2013) 
tested hypotheses on the abiotic and biotic processes shaping 
phylogeographic patterns in the beetle. The authors recovered 
similarities in phylogeographic histories between the two species, 
suggesting the bark beetle has tracked its host’s distribution, while 
also recovering phylogeographic patterns specific to the beetle. 
Their results suggest ecological interaction—and constraints 
imposed by the host-specific relationship—can contribute to 
generating shared phylogeographic patterns, while also allowing 
for species-specific responses to past climatic and other landscape-
level changes.

Ecological Communities
Investigations that focus on members of ecological communities 
spanning different trophic levels can provide opportunities for 
testing hypotheses on how ecological association correlates with evo-
lutionary history and how sets of taxa sharing life-history traits may 
partition their response to abiotic and biotic factors. Carnivorous 
pitcher plants provide excellent model systems for community 
phylogeographic research. In addition to their prey items, pitcher 
plants are often host to a diverse set of inquilines (i.e., non-prey spe-
cies) that span the tree of life, from bacteria to fungi to protists to 
arthropods (Adlassnig et al. 2011). These communities encompass a 
broad suite of ecological interactions, where some species are found 
in the habitat, but weakly associated with the host plant, while others 
are dependent on the plant for most or all of their life cycle. Thus, 
these self-contained and clearly-delimited systems are excellent for 
testing hypotheses about how ecological interactions contribute to 
shaping phylogeographic patterns among community members.

The Sarracenia alata pitcher plant system has been the subject of 
considerable phylogeographic research. The host plant is structured 

along the landscape with the deepest break at the Mississippi 
River (Koopman and Carstens 2010, Zellmer et  al. 2012), with 
evidence suggesting the presence of two cryptic species (Carstens 
and Satler 2013). Species that interact ecologically with the plant 
share similar population genetic structure, from bacteria (Koopman 
et al. 2010, 2011) to several different groups of eukaryotes (Satler 
et  al. 2016). In particular, a mite (Macroseius biscutatus), a moth 
(Exyra semicrocea), and multiple flesh flies (Fletcherymia celarata, 
Sarcophaga sarraceniae) are dependent on the host plant for their 
entire life cycles, and are only ever found in these unique habi-
tats. As predicted based on life history traits, these species share 
phylogeographic patterns with the host pitcher plant, suggesting 
that degree of ecological association is positively correlated with 
evolutionary history (Satler and Carstens 2016, 2017, 2019). In 
contrast, two spider species (Misumenoides formosipes, Peucetia 
viridans) found in but not restricted to this habitat show discordant 
phylogeographic patterns as compared with the host plant. These 
studies suggest landscape processes structuring genetic diversity in 
the host plant have similarly-structured genetic diversity in several 
associated species, with degree of ecological association being posi-
tively associated with a shared evolutionary history.

Conservation
The identification of multi-species centers of endemism can assist 
managers in prioritization of geographic areas for conservation. 
Comparative phylogeographic studies are particularly informative 
for community-focused conservation when they include a broad 
suite of distantly-related species, although it is not uncommon for 
such studies to focus on a particular ecological guild or microhabitat 
type. Assessments of the extent to which multiple members of the 
same community respond to past environmental change can be based 
on the level of similarity in their spatial patterns of intraspecific di-
versity, such as the number and geographic distributions of distinct 
lineages (e.g., Rissler and Smith 2010). Congruence can also be as-
sessed based on inferred underlying processes, including shared vs. 
different historical refuge areas into which populations contracted, 
persisted, and subsequently expanded from, as well as the estimated 
temporal synchrony with which such events occurred (e.g., Huang 
et al. 2011, Xue and Hickerson 2015). Geographic areas that con-
tain distinct lineages of multiple species (i.e., high phylogeographic 
endemism) can be directly targeted for protection. Indeed, conserva-
tion prioritization of areas that harbor deeply divergent intraspecific 
lineages will not only protect irreplaceable diversity but also pro-
motes the maintenance of the underlying processes that generated 
it (Moritz 2002).

Several examples from eastern Australia illustrate how com-
parative phylogeographic studies provide actionable information, 
and more granularity than the “single large or several small” de-
bate over conservation reserve design (see Fahrig 2020). In the 
northeast Wet Tropics rainforests, a marked phylogeographic 
break across the Black Mountain Corridor (BMC) has been docu-
mented in multiple vertebrate taxa (Schneider et al. 1998). More 
recently, Bell et al. (2007) extended this assessment to dung bee-
tles, including a pair of tropical rainforest specialist sister spe-
cies (Temnoplectron aeneopiceum and T. subvolitans). They each 
exhibited strong intraspecific spatial-genetic structure, as well as 
deep species-level divergence across the BMC (i.e., each species 
was restricted to a different side of the barrier). This suggested 
that ecologically-specialized invertebrates may show finer-scale 
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phylogeographic structure than more mobile vertebrates, and 
they may also speciate more readily. Indeed, Schiffer et al. (2004) 
identified a cryptic species of Drosophila serrata for which the 
southern range limit coincides with the BMC. In the same land-
scape setting, Hugall et al. (2002) showed that phylogeographic 
patterns in an ecologically-specialized low-mobility land snail 
(Gnarosophia bellendenkerensis) represented a composite of 
those seen in lizards and frogs. Those authors also highlighted the 
potential importance of microrefugia—blocks of montane rain-
forest habitat too small to support populations of vertebrates, 
but suitable for invertebrates—during Pleistocene glacial cycles. 
These findings also extend to temperate forests in southeastern 
Australia. In Tallaganda National Forest on the Great Dividing 
Range, a suite of dead-wood-dependent invertebrates, including 
springtails, terrestrial flatworms, spiders, and velvet worms typic-
ally exhibit strong phylogeographic structure over relatively short 
distances (i.e., ~100 km; Beavis et al. 2011, Garrick et al. 2012 
and references therein, Bull et  al. 2013). Notwithstanding some 
species-specific idiosyncrasies, marked spatial clustering of deep 
breaks are evident, and as a group, the invertebrates fully capture 
patterns of intraspecific diversity seen in a co-distributed lizard. 
Ultimately, the superimposition of multi-species phylogeographic 
lineage boundaries can be used to propose conservation of specific 
areas of endemism (Garrick et al. 2012) that are appropriate for 
different taxonomic groups.

Future Prospects and Opportunities

Insect phylogeography continues to evolve and provide new insights 
into the history of species, their interacting partners, and ecosystems. 
There are, however, several areas where opportunities are underutil-
ized, and knowledge gaps remain.

Soil-Dwelling and Subterranean Hexapod Species
Even though we have increased our understanding of how surface-
dwelling terrestrial species respond to environmental change, little is 
known of those that live underground. For example, soil communities 
have been called the “poor man’s tropical rainforest” (Giller 1996), re-
flecting their high levels of biodiversity. Considering that much of this 
biodiversity is represented by arthropods, there is a large knowledge 
gap in that area. The few studies that have investigated this usually 
have found considerable cryptic diversity, and made insightful discov-
eries about how species living in the soil or cave habitats responded to 
environmental change (e.g., Juan and Emerson 2010, Guzik et al. 2011, 
Faille et al. 2015, Katz et al. 2018, Langille et al. 2020) or how these 
habitats served as important refugia that enabled in situ persistence in 
glaciated areas (Faria et al. 2019).

Increasing the Geographic and Taxonomic Coverage
Phylogeographic studies are being conducted in many parts of the 
world, but they remain concentrated in the northern hemisphere 
(Riddle 2016; Fig. 2). More work is needed globally, particularly 
in the tropics, where most insect diversity is found yet likely un-
described and where it is urgent to understand how habitat loss and 
climate change may impact species survival and the retention of gen-
etic diversity. We found an alarming “phylogeographic shortfall” in 
entomological phylogeography. Indeed, there is not always a direct 
relationship between the proportions of phylogeographic studies and 
of taxa present in different orders. Further, it also seems that the re-
search focus is phylogenetically clustered (Fig. 3). These observations 
are worrisome because they suggest that some groups are grossly 

understudied and that most phylogeographic insights come from a 
small and potentially unrepresentative subset of Hexapoda clades. 
Future work should focus on redressing this taxonomic unevenness.

Integration of Methodological and Other Non-
Genetic Data
More work can also be done to improve the integration of ecological 
spatial methods with the estimation of genetic diversity and demo-
graphic history. For example, sample occurrence data can be used to 
estimate a statistical model of the climatic niche of a given species, 
which can then be projected onto climatic models at different time 
points (see Alvarado-Serrano and Knowles 2014). These models of 
how a species’ range may have changed over time can form the basis 
for hypothesis tests in phylogeography (e.g., Richards et al. 2007) 
and are particularly useful in comparative studies (e.g., Espíndola 
et  al. 2014) or for species of conservation concern (e.g., Brunetti 
et al. 2019, Françoso et al. 2019). Researchers have also combined 
phylogeographic investigations with acoustic data (e.g., Mahamoud-
Issa et al. 2017, Liu et al. 2019), morphological data (e.g., Vondráček 
et al. 2017, Henriques et al. 2020) or both (e.g., Liu et al. 2018). In 
combination, these data allow researchers to address questions of 
importance related to species boundaries, and thus appropriate for 
species delimitation and taxonomy (e.g., Wade et al. 2015).

Repurposing Georeferenced Genetic Data
The availability of millions of georeferenced DNA sequences present 
new opportunities for analysis and synthesis. Gratton et al. (2017) 
suggested that these data can be accessed and analyzed automatic-
ally via the construction of custom pipelines using R and Python. 
For example, Pelletier and Carstens (2018) automated analysis of 
data from >10,000 species, including thousands of hexapod species, 
to investigate the factors that lead to genetic isolation by distance, 
and then used machine learning to identify variables that predicted 
the presence of isolation by geographic or environmental distance. 
Investigations that apply data repurposing, where existing data are 
reanalyzed using a common analytical framework (Sidlauskas et al. 
2010) are particularly relevant in a field such as phylogeography 
where methods for data analysis are continually improving.

The Emergence of Community Phylogeography
As a relatively new subfield of research, community phylogeography har-
bors a lot of potential and is currently underutilized. Comparative studies 
often focus on codistributed species within a similar taxonomic group (e.g., 
reptiles, mammals), whereas relatively few studies focus on ecologically-
interacting taxa sampled from across the tree of life. We recommend more 
studies concentrate on sampling species from ecological communities. In 
addition to questions of community response to historical events, these 
studies can address fundamental questions and hypotheses on the evolu-
tion of species interactions, how species interactions contribute to shaping 
codiversification patterns, and how ecological communities evolve.

Integrated Analysis of Codistributed Species
Methods development will help improve our ability to test hypoth-
eses and make inferences about the evolution of codistributed species. 
A popular approach in comparative phylogeography is to generate 
parameter estimates on a species-by-species basis, and then compare 
estimates across species. For example, methods based on the site fre-
quency spectrum (e.g., fastsimcoal2; see Table 1) can be used to es-
timate demographic models and generate parameter estimates with 
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genome-wide SNP data sets. While useful, posthoc comparisons of 
parameter estimates across species are often challenging to interpret. 
For example, how many years difference is acceptable for a popu-
lation splitting event or speciation to be considered “simultaneous” 
among multiple species? And if parameter estimates require a muta-
tion rate and generation length (as generally needed with coalescent-
based approaches) to be converted to real units (e.g., years), how do 
we account for differences in mutation rate and generation length 
among species, and especially uncertainty in those values, when our 
assumptions of either can drastically alter interpretation? To respond 
to this need, we suggest a focus on developing methods that use com-
munity data simultaneously for testing hypotheses on the evolution 
of codistributed species. For example, methods using ABC have been 
used to test for simultaneous divergence (e.g., MTML-msBayes) or 
concerted demographic changes (e.g., aSFS) among a community of 
species (see Table 1 for details). Further, Oaks (2019) improved upon 
the msBayes approach by developing a full-likelihood method—cap-
able of handling genomic data—to test for simultaneous divergence. 
Additional methods for handling community data would improve 
our ability for testing hypotheses about the evolution of ecological 
communities. In particular, process-based methods that can model 
the interaction of species and how these interactions can generate 
phylogeographic patterns will be critical for addressing hypotheses 
in this field. Given that generating comparative genomic data sets 

is becoming easier, a focus on method development will be neces-
sary to address outstanding questions in the evolution of ecological 
communities.
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