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An evolving view of phylogenetic biogeography
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Running head: EVOLVING VIEW OF PHYLOGENETIC BIOGEOGRAPHY

Abstract: Biogeography is intrinsically linked to evolution as a process and to systematics as a
practice. Phylogenetic biogeography, in particular, studies the distribution of life in space over
time through the lens of common ancestry. Over the past century, new biological and geological
discoveries, theoretical frameworks, and methodological techniques revolutionized how we
understand why species have come to live where they do. This perspective piece orients readers
to major advances, changes, and conflicts from the phylogenetic biogeography literature, much
of which was centered around articles published in this very journal. As part of our survey, we
also highlight areas that were historically active, remain biologically significant, and deserve
renewed attention.
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All evolution occurs within a spatial context, making it crucial to consider where the
ancestors of a species once lived to understand that species’ present way of existence. To this
end, historical biogeography studies how life evolved in space over time, principally in terms of
the dispersal, extinction, and speciation processes that operate upon species, and in terms of the
geological, climatological, and ecological processes that operate upon landscapes. Phylogenetic
biogeography, the focus of this paper, extends the historical perspective to explicitly consider
common ancestry among species. What information does a phylogenetic tree carry about the
biogeographic history of its taxa and the landscape they evolved within? And, what do we learn
when faced with biogeographic and phylogenetic patterns for a clade that are seemingly at odds
with each other, defying the simplest historical explanation?

Dreaming big, a fully explanatory theory of phylogenetic biogeography would be able to
perfectly reconstruct when and where each species ever lived, determine how those species
originated, and measure how likely each was to move, speciate, evolve, or go extinct. This is
aspirational, idealistic, and probably impossible. As in other non-experimental disciplines,
phylogenetic biogeography must rely upon correlational evidence: we cannot observe evolution
at work over deep timescales, so we need to infer past biogeographical events and ancestral
distributions based on evidence collected at the present alone. Despite being unattainable in
practice, phylogenetic biogeographers nonetheless wish to develop a predictive theory that is as
accurate and useful as can be. How they have pursued this ideal has shaped how the field frames
its research problems, solutions, and discourse.

This article focuses on three central methodological goals of phylogenetic biogeography:

reconstruction of ancestral species ranges, inference of speciation mode, and estimation of the
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Figure 1. Anatomy of a simple phylogenetic biogeography analysis. Panel A: Two alternative
paleogeographic scenarios (G1, Gz2) portray relationships among three discrete regions (A, red; B, blue;
C, magenta) across three time periods (T+1, T2, T3). Under scenario G1, regions A and B are connected
during T4; a barrier forms between A and B and an isolated region C emerges during T2; and the barrier
between A and B erodes away during Ts. Under scenario Gz, regions A, B, and C are connected during
T1; a barrier forms only between A and B during T2; and the barrier for A and B erodes away while the
land bridge between B and C submerges, forming a barrier, during Ts. Panel B: A realized biogeographic
scenario depicting how lineages disperse, speciate, and go extinct among the three regions over time
according to the paleogeographic scenarios shown in Panel A and through various sequences of
anagenetic and cladogenetic events (Panels C-D). Color(s) of lineages indicate which region(s) they
occupy. Terminal species are annotated with their ranges (the region(s) they occupy) or an ‘X’ if the
species went extinct. Particular events (circled letters) are associated with different diversification
scenarios (Panel D). Panel C: Anagenetic and cladogenetic events change the geographic distribution
of a species relative to their ancestor and/or result in the formation of new species. Events from several
methods are represented. Panel D: Association of different diversification scenarios with events in
biogeographic scenario (circled letters in Panel B) under alternative paleogeographic scenarios (Panel
A). Vicariance is favored if a new barrier causes a widespread species to split in two. Founder event
speciation is favored if a species disperses over a barrier and then splits in two, or in the case of direct
dispersal. Progression rule is supported when a new species disperses away from its center of origin.
The Appendix contains definitions for terms.
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timing of biogeographic events. We do this for several reasons. First, these goals strive to link
evolutionary patterns to the tempo and mode of evolutionary processes, which is of central
importance in phylogenetics and biogeography, alike. Second, since methods represent earnest
attempts to reconcile the data and theory through precise definitions and rules, our focus on
methods reveals much about how leading biogeographers thought about the problems of their
day. Third, it allows us to celebrate the pivotal role that Systematic Biology, and its previous
incarnation as Systematic Zoology, has played in advancing discussions (and airing arguments!)
concerning phylogenetic biogeography. Indeed, about one of every six papers ever published in
Systematic Biology and Systematic Zoology had titles and/or abstracts associated with
biogeography (Appendix Figure 1).

We also note that phylogenetic biogeography has several qualities that give it a
particularly dynamic history. One, phylogenetic biogeography is largely an historical, inductive,
and circumstantial science. Compared to the type of experimental, deductive, and controlled
findings generated by molecular biologists, it is rare to arrive at universally resolved answers in
biogeography. Two, similar to paleobiology, biogeography is data-poor but implication-rich,
meaning the exact results can have large consequences, but they cannot always be taken as
completely certain. Three, biogeography is highly interdisciplinary and deeply ingrained within
phylogenetic thinking, concerning phenomena from adaptation to speciation to extinction, so the
field attracts the attention from a wide range of experts. To this last point, and in anticipation of
a broad audience, we have added a visual representation of a phylogenetic analysis of

biogeography (Figure 1) and a short glossary for key terms in historical biogeography to aid those
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unfamiliar with the jargon in our field (Appendix Glossary). For these reasons, we hope every

reader will find some threads in our piece interesting.
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Figure 2. An evolving view of phylogenetic biogeography. Each period (arrow) corresponds to one of
the four periods discussed in the main text. The ordering of themes within each period does not precisely
correspond to when key ideas were introduced or popularized.

Where to begin when discussing the history of phylogenetic biogeography? To keep in
theme with the anniversary of the journal, this piece mostly focuses upon the past 75 years of
research. Our article provides our view on the motivations, causes, effects, conflicts, and
resolutions of various research programs in phylogenetic biogeography. We have attempted to
maintain balance when covering various discoveries, theories, methods, and analyses that have
led to where the field is today, but we could not be exhaustive on all fronts in such a short piece.
We refer readers to Hull (1990), Ebach (2015), Nelson & Platnick (1981), and de Queiroz (2014)
for comprehensive overviews and varied perspectives on the history of phylogenetic

biogeography. To structure the article, we bracketed the history of phylogenetic biogeography
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into four periods of thought: before 1950, 1950 to 1974, 1975 to 2004, and 2005 to the present

(Figure 2).

Before 1950: Disjunctions, barriers, land bridges, and centers of origin

Naturalists of the 1700s and early 1800s, such as Carl Linnaeus, Alexander von Humboldt,
Augustin de Candolle, and Comte de Buffon, recognized that different regions tended to be
occupied by different species, regardless of environmental similarity, naturally prompting the
guestion: Why? Since the acceptance of common descent, dating back to the Theory of Evolution
by Natural Selection of Charles Darwin and Alfred Russell Wallace (Darwin & Wallace, 1858), it
became clear that closely related living species tended to occupy neighboring regions, with more
distantly related species living further apart. Biologists naturally sought out historical
explanations for how peculiar biogeographic disjunctions — spatially discontinuous distributions
separated by geographic or environmental barriers, such as the separation of Australian from
South American marsupials — could have come to be. Tree-thinking and fossil evidence together
helped identify where ancestral species lived, bounding when in time particular disjunctions must
have arisen (Du Toit, 1937; Du Toit & Reed, 1927; Hooker, 1853), but rarely in precise or
guantitative terms. Paleogeological events involving mountain-building, river capture, and
epicontinental flooding were known, but the grand movements of continents, as postulated by
Wegener (1912), were still not widely accepted (Kossmat, 1936).

During the first half of the 1950s, evolutionary trees remained fairly qualitative, and were
generally constructed through the expert assessment of morphological evidence. Explicit

phenetic and cladistic methods for reconstructing phylogenies did not yet exist, and DNA was not
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yet recognized as the medium for heritable genetic transmission. This is to say that
biogeographers of this early period had only a fraction of the phylogenetic information we have
today. Nonetheless, the population genetic views resulting from the Modern Synthesis (Huxley,
1942; Mayr & Provine, 1980) inspired new ideas for how speciation operated mechanistically
within a spatial context, e.g., isolation-by distance plus time could easily produce reproductive
incompatibility and lead to lineage diversification (Dobzhansky, 1937). Ernst Mayr proposed
models of allopatric speciation by which new species originated following dispersal over existing
barriers, or originated through subdivision caused by the formation of new geographical barriers
(Mayr, 1942, 1954). Under either scenario, geographical barriers limited gene flow, thereby
driving speciation. Slowly but surely, allopatric speciation became the dominant view for species
formation, particularly among zoologists (Coyne & Orr, 2004). This speciation mode envisages
species formation as occurring gradually and neutrally, "by chance events", rather than through
selective forces, such as sexual selection or adaptation to environment (Czekanski-Moir &
Rundell, 2019). From this perspective, biogeography was primarily the context for the
population-level, biological aspects of speciation — one species becoming two — while taking less
interest in Earth history, except as a physical template upon which allopatric, geographic
speciation occurs.

There also existed an alternative view of biogeography, which focused on constructing
historical explanations for regional and global distributions of species. A recurring question was:
how does biogeographic history explain disjunctions between closely related lineages that are
separated by seemingly impassable barriers? For example, Philip Jackson Darlington, in his

synthetic view of phylogenetics and biogeography, contemplated organisms originating in a
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geographical area (a "center of origin") and spreading through space — colonizing new areas
either passively or actively — while evolving through time. He and some members of the "New
York School of Biogeography" (Nelson & Ladiges, 2001; Morrone, 2022), like William Matthew
(1915), typically adopted a Northern Hemisphere-centric view of biotic dispersal, with faunal
Holarctic origins and subsequent dispersal to the Southern Hemisphere. Facilitating these ideas,
George Gaylord Simpson invoked the existence of geological land bridges to explain general
zoogeographic patterns, such as the Great American mammal Interchange (Simpson, 1943).
Simpson also convincingly argued that, while it may be unlikely for any individual species to
experience "sweepstakes" dispersals over a permeable barrier, over deep timescales it becomes
inevitable that at a few (not all) species complete the journey (Simpson, 1940). Exiting this period,
sweepstakes dispersal and ephemeral land bridges were among the most common explanations
for continental disjunctions, neither of which were very satisfying because they were each

virtually impossible to falsify.

1950 to 1974: Cladistics, continental drift, and tracks
The understanding that phylogenetic relationships can provide information on the
geographic distribution of organisms comes from the times of Darwin, when he proposed that
organisms migrate from "centers of origin" and later evolve by natural selection to give rise to
new species. Yet, it was not until Willi Hennig’s cladistic method of reconstructing genealogical
relationships was applied to biogeography that the field of phylogenetic biogeography was born
(Cox & Moore, 2010). His seminal work, Phylogenetic Systematics (Hennig, 1966), laid the

groundwork for the field we know today as cladistics, and revolutionized how systematic
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biologists approached their research (Hull, 1990). Using the principle of maximum parsimony (or
Occam's razor), by which the simplest explanation is preferred in the absence of contradicting
evidence, cladistics helped transition evolutionary systematics from a primarily descriptive field
of natural history into (by Popper's view) a proper scientific discipline built upon falsifiable
hypotheses. Hennig wrote extensively about biogeography in Phylogenetic Systematics and, in it,
he introduced the progression rule, drawing parallels between the evolution of traits in a
phylogeny and the geographic distribution of organisms: ancestral species (with more
plesiomorphic characteristics) tend to remain near the center of origin for a clade, while newer
species (with more apomorphic characteristics) are found in the periphery, having dispersed into
newer and previously unoccupied regions.

Hennig’s "progression rule" —that the branching order of lineages in a phylogeny contains
information about their geographic origins — represented a significant transformation in
biogeographic practices. Early biogeographers used simple parsimony approaches, where
lineages occupied one region at a time, and its location was mapped on branches or nodes to
explain ancestral species location. Time-calibrated trees were extremely rare, though
biogeographers such as Lars Brundin used geological information to temporally interpret
parsimony-reconstructed biogeographical histories (Brundin, 1966). Thus, these methods
primarily generated reconstructions that minimized the number of biogeographic movements
and were considered by some as another form of "scientific dispersalism" (Nelson & Platnick,
1981). Indeed, since the second half of the 20th century, discontent grew among biogeographers
regarding the ubiquity of dispersal-based explanations. If all movement over a barrier was an

exception to the rule, and breaking the rule was the preferred route to explaining disjunction,
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what would that rule actually govern? Contemporaneous biogeographers such as Gareth Nelson
(Nelson, 1978) called the New York "dispersalist school", to which Darlington, Matthew, and
Simpson belonged, the "science of the improbable, the rare, the mysterious and the miraculous".
While parsimony approaches for biogeography remained in a state of infancy during this early
period, the next period beginning in 1975 illustrates how the versatile and exact nature of these
methods soon enabled researchers to state, test, and criticize alternative biogeographic
hypotheses in unprecedented (and sometimes merciless) detail.

Even before phylogenetic biogeography took root, Léon Croizat had published
Panbiogeography (Croizat, 1958), which articulated the theory that "Earth and Life evolve
together" so intimately that biogeographic patterns and paleogeographic scenarios mirror one
another. To test panbiogeography theory, Croizat proposed his well-known "track analysis"
method, which involves connecting species distributions on a map with lines or "tracks", and then
searching for general tracks across different species as evidence of the fragmentation of an
ancestral biota by vicariant events. The important work of Croizat is considered the first to
vigorously challenge prevailing center-of-origin and dispersalist explanations for biogeographic
patterns. Although his methodology was intensely historical, its initial methods for analysis did
not account for phylogenetic relationships among species within an explicit cladistic framework;
it did, however, inspire cladistic biogeographers who were also dissatisfied with dispersalism
(Nelson, 1969) to develop new phylogenetic approaches to study vicariance biogeography
(Nelson, 1974), as we discuss below. Although not all contemporaries accepted Croizat's views,
his work has had an enduring importance, in part because it stimulated a critical re-examination

of what assumptions biogeographers should and should not take for granted (Morrone, 2021).
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Among biogeographers, the reality of tectonic drift remained hotly contested, as evidence
remained relatively scarce and circumstantial (Du Toit, 1944; Simpson, 1943). Towards the end
of this period, however, the theory of plate tectonics and the reality of drift was substantiated
by new lines of chemical, geological, and physical evidence (Holmes, 1944). Accepting that the
positions and adjacencies of continents had radically changed over time had immense
implications for how biogeographers explained disjunctions in species distributions: rather than
organisms dispersing to spread among Earth’s continents, it was the continents that moved,
carrying the organisms with them, "like Noah’s Arks or Viking funeral ships" (McKenna, 1973).
We note that, along with geological breakthroughs such as the discovery of paleomagnetism
(Vine & Matthews, 1963) and the tectonic supercycle (Hess, 1962), a critical line of evidence
backing plate tectonics came from biostratigraphy, where fossil sequences from currently
separated landmasses aligned when considered side-by-side (e.g., the Glossopteris fern flora of
du Toit, 1937).

Although Emile Zuckerkandl and Linus Pauling laid the foundations of molecular evolution
in 1962 — highlighting that DNA not only encodes the elementary functional elements of an
organism but also contains information about its evolutionary history (Zuckerkandl & Pauling,
1962) — molecular phylogenetics remained uncommon at this early stage of biogeography. The
seminal work of Edwards and Cavalli-Sforza (1964) represents an early example, revealing that
the hierarchical structures of genetic and geographical variation among human populations were
almost perfectly congruent. For researchers working across species boundaries and on deeper
timescales, phylogenies were still typically generated using morphological characters, identified

and assessed using expert knowledge, and analyzed using emerging parsimony methods. The

11
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ages and relationships among many major lineages were still poorly known. The desire to locate
centers of origin made ancestral area estimates of critical importance to biogeographers, since
knowing where a clade originated helped interpret the historical conditions of extant lineages

and their adaptations.

1975 to 2004: Vicariance, patterns and processes, molecular phylogenetics

As plate tectonics became widely accepted, continental drift joined chance-dispersal and
long-gone land bridges as a plausible explanation for biogeographic disjunctions. This created
new opportunities for researchers to revisit biogeographic patterns that previously defied
explanation. For instance, what historical circumstances enabled species from a clade of flightless
birds to be variously distributed among South America, Africa, Australia, and New Zealand
(Cracraft, 1974)? Repeated rounds of overwater dispersal seemed unlikely, given what was
known at the time (Mitchell et al., 2014).

This period ushered in the rise of vicariance biogeography (Nelson, 1974; Nelson &
Platnick, 1981; Cracraft 1972; Cracraft 1973). In this framework, biogeographic disjunctions were
explained through ancestrally widespread species that were later fragmented by the formation
of a geographical or environmental barrier. Vicariance biogeographers of the time argued that
the inherent stochasticity of dispersal meant it was not useful for testing most hypotheses
regarding the history of biogeographic disjunctions (Croizat et al., 1974). In this sense, dispersal
scenarios typically require that different species colonize new regions at random times, meaning
most dispersal events must be treated as isolated cases (Nelson, 1978). If any progenitor species

can disperse over any barrier at any time — such as a plant dispersing from a mainland into an
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island region — how can one ever falsify dispersal as an explanation for a biogeographic
disjunction (Platnick, 1977)?

Vicariance, in contrast, came with two advantages over dispersal-based explanations.
One, that it was falsifiable (Croizat et al., 1974; Nelson, 1974). Vicariance speciation requires that
the species divides in two only after the emergence of a barrier. If the speciation occurs before
(or long-after) barrier-formation, vicariance is rejected as an explanation (Nelson, 1974). Another
advantage is that it consolidates evidence to test for a scenario using a "common cause". In
contrast to dispersal, Croizat’s axiom of Earth and Life evolving together meant that vicariance
scenarios have the potential to generate a shared signal of synchronous, allopatric speciation
with respect to common barriers across multiple lineages (Croizat et al. 1974).

Though Sanger sequencing was introduced in the late 1970s (Sanger et al., 1977), there
were still very few densely sampled and time-calibrated phylogenetic trees. Molecular
phylogenies, particularly for plant and animal clades, grew more common by the 1990s.
Vicariance grew as the standard explanation for many biogeographic disjunctions, supported by
geological reconstructions or evidence from the fossil record. The classical paradigm was the
"Gondwanan distribution", exhibited by many plant and insect lineages found among the
continents of the southern hemisphere (Brundin, 1966; Raven & Axelrod, 1972; Cracraft, 1972;
Sanmartin & Ronquist, 2004).

Parsimony-based methods were extremely influential during this phase. Vicariance
biogeography relied on the principle of parsimony to search for the optimal area cladogram or
the most explanatory biogeographic reconstruction. Vicariance was generally assumed as the null

model, whereas other processes such as extinction or dispersal were regarded as incongruities
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or homoplasies to be minimized during inference (Brooks & McLennan, 1991; Nelson & Platnick,
1981). Initially, three methodological frameworks dominated: component analyses (Humphries
& Parenti, 1999; Platnick & Nelson, 1978), Brooks Parsimony Analysis (Brooks & McLennan,
1991), and tree reconciliation approaches (Page, 1990). Though united around the vicariance
paradigm — a search for congruence between phylogenetic and distributional patterns —
vicariance biogeographers disagreed on the role of geological evidence as a falsifier (Parenti &
Humphries, 2004) and whether a search for general patterns was the only aim of biogeography
("area biogeography"; Ebach & Humphries, 2002), or a posteriori interpretation of patterns in
terms of underlying events ("phylogenetic biogeography"; Van Veller et al., 2003; Wojcicki &
Brooks, 2005) was a second, valid aim. Another point of discussion was the treatment of area
cladograms and species distributions that departed from the vicariance paradigm, such as
redundant distributions, missing areas, and widespread taxa. Tree reconciliation (Page, 1990,
1994), in which a specific cost matrix for different biogeographic events is used to map a taxon
cladogram onto an area cladogram, emerged as the precursor of the next biogeographic school.

Discontent with the artificial separation between biogeographic patterns and the
underlying processes triggered the birth of event-based methods (EBMs; Ronquist, 2003). If
biogeographic events were ignored during the inference process, or only invoked a posteriori
when interpreting incongruities between the general area cladogram and taxon-specific area
cladograms, it became difficult to falsify hypotheses or test the significance of general patterns:
the same biogeographic pattern can be explained equally well by qualitatively different historical
scenarios (Sanmartin, 2012). In the event-based school, events from each biogeographic process

— vicariance, duplication (speciation within a local area), dispersal, and extinction — collectively
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contributed to explain observed distribution patterns. The cost of each event is fixed prior to
analysis using a criterion of phylogenetic conservatism: processes that maximize inherited history
between ancestors and descendants (e.g., vicariance, duplication) are assigned low costs, while
those that disrupt vertical inheritance—such as dispersal and extinction—are penalized with
higher costs (Sanmartin, 2007). Randomization tests (i.e., randomly shuffling the tip geographic
distributions or the phylogenetic relationships in the taxon cladogram) are used to find the
"optimal cost" for events and to statistically discriminate between alternative biogeographic
reconstructions (Ronquist, 2003). Dispersal-Vicariance-Analysis (Ronquist, 1997) represents one
of the most sophisticated event-based methods of its time. However, unlike pattern-based,
vicariance-based approaches, the output of DIVA is not a general area cladogram but a
reconstruction of biogeographic ranges at internal nodes (range division scenarios by vicariance
and duplication) and along branches (dispersal and extinction). Parsimony-based "tree-fitting
(Ronquist, 2003) or "jungle" algorithms (Charleston, 1998; R. D. Page, 2003), are variants of this
approach, which are also conceptually similar to various methods for host-parasite
coevolutionary inference, all of which are still used today.

Thus, EBMs and cladistic pattern-based approaches (Brooks & McLennan, 1991) are alike
in that they both use parsimony to infer the simplest reconstruction with the phylogenetic and
biogeographic patterns, but only EBMs explicitly mapped events onto the phylogeny to generate
biogeographic histories consistent with observed patterns (Sanmartin, 2012). Despite being
grounded in a more explicitly mechanistic framework, EBMs have been criticized by some
vicariant biogeographers, under the view that EBMs are overly reliant upon dispersalist or center-

of-origin histories (Crisp & Cook, 2005; Ebach et al., 2003) or for assuming a single area history,
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thereby ignoring species contingencies (Wojcicki & Brooks, 2005). However, these critiques
largely reflect differences in interpretation rather than inherent limitations of the framework.
EBMs helped shift biogeography away from the practice of inferring ancestral regions by aligning
phylogenetic and biogeographic patterns, and towards investigating the phylogenetic placement
of events needed to produce a biogeographic pattern (Sanmartin, 2022).

However, still missing among parsimony methods was an explicit temporal dimension.
Taxon sampling and time-calibration approaches improved toward the end of this period,
creating compelling evidence for long-distance dispersal in the history of many lineages. For
instance, Raven and Axelrod, through consultation of the fossil record, were quite aware that the
relatively young ages and tropical disjunctions of many angiosperm lineages were incompatible
with continental vicariance explanations (Raven & Axelrod, 1974), as Pangaea and Gondwana
were largely broken up by the Cenozoic, with only relatively localized geological changes
occurring thereafter (e.g., the formation of the Isthmus of Panama, opening of Drake's passage,
etc.). In addition, because parsimony methods generally do not incorporate time into the
analysis, they were prone to conflate biogeographic congruence (true positive, correspondence
in spatial and temporal patterns) with pseudocongruence (false positive, identical spatial
patterns with different temporal origins) and even pseudoincongruence (false negative), all of

which require temporal information to distinguish (Donoghue & Moore, 2003).

2005-2025: Timing, probability, and models
The smaller datasets of the previous era meant biogeographers were often limited to

considering deep "backbone" disjunctions and movements in their analyses. By the early 2000s,
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plummeting sequencing costs granted biogeographers access to phylogenies of unprecedented
guality, with denser taxon sampling and greater topological resolution. Public databases, such as
GenBank (Bilofsky et al., 1986) for genetic sequences, GBIF (Global Biodiversity Information
Facility, 2001) for geospatial occurrences, and the Paleobiology Database (Alroy et al., 2001) for
fossil occurrences, grew steadily. These data, combined with advances in molecular dating
methodologies (Thorne & Kishino, 2002), enabled biologists to rapidly produce time-calibrated
phylogenies and species range matrices for larger, densely sampled clades. With improved
phylogenetic and biogeographic resolution, researchers became increasingly capable of
estimating the tempo, mode, and timing of dispersal and speciation in precise, quantitative terms
(Renner, 2005; but see Heads 2005 & 2012). In addition to helping distinguish biogeographic
pseudocongruence from true shared history (Donoghue & Moore, 2003), time plays a key role in
understanding propensities for biogeographic change. When branch lengths in a phylogeny
reflect evolutionary change, they can also inform us about the likelihood of biogeographic events,
and what should be considered "rare". Recalling Simpson’s view on the inevitability of
"sweepstakes dispersal", longer branches necessitate more time and thus a greater chance for
rare events of dispersal, extinction, or for a lineage to be influenced by geological processes.
Much of this progress was made possible by newer process-based probabilistic models
that built on the successes of the likelihood revolution in molecular phylogenetics (Felsenstein,
1981). These models use stochastic processes to approximate the behavior of biogeographical
processes — such as dispersal, extinction, and speciation — in the production of biogeographical
events, both in terms of timing and outcome. Using maximum likelihood or Bayesian inference

approaches to fit these models to phylogenetic and biogeographic patterns allowed researchers
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to compare rate estimates, reconstruct ancestral ranges, and statistically test competing
biogeographic hypotheses. Lastly, these models were also used to simulate biogeographic
patterns, which was crucial for assessing model realism, validating method accuracy, and
exploring hypothetical biogeographic scenarios. The randomness of probabilistic models helped
capture the uncertainty inherent to historical inference problems: rather than reconstruct the
single most-parsimonious history, models instead reconstructed sets of (probabilistically)
plausible histories (Ree & Sanmartin, 2009).

The first biogeographic models adapted continuous-time Markov chains (CTMCs),
commonly used to model discrete traits (Pagel, 1999), for application in island biogeography. In
these Island CTMC models, lineages move between pairs of regions through direct dispersal
(A->B, B—>A) during anagenesis, with species occupying one region at a time. Nepokroeff et al.
(2003) was among the first to apply maximum likelihood methods to study biogeography,
applying the approach to Hawaiian Psychotria, while remarking on the need to account for
estimation uncertainty when making biogeographic inferences, the importance of branch lengths
(time) for understanding the probability of biogeographic change, and the potential for adding
realism to models to improve estimates. Biogeographers soon realized that the simplicity of
CTMCs makes them highly adaptable and scalable for modeling complex biogeographic scenarios,
simply by modifying the structure of the underlying rate matrix.

An extension of the Island CTMC approach is the Bayesian Island Biogeography (BIB)
model (Sanmartin et al. 2008), which was developed to infer general patterns of geographic
movement across multiple clades radiating among a shared set of islands. This is achieved by

introducing hyperparameters into the Island CTMC rate matrix that govern range evolution
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across clades — such as between-island dispersal rates and island carrying capacities — while
clade-specific traits (e.g., tree topology, branch lengths, molecular substitution rates, age of
origin, and migration rates) are modeled through individual parameters that are jointly
marginalized over as part of Bayesian inference.

As a Bayesian approach, BIB explicitly accounts for two major sources of uncertainty often
disregarded by parsimony and maximum likelihood-based approaches: phylogenetic and
parameter uncertainty. Early efforts to incorporate phylogenetic uncertainty applied parsimony-
based biogeographic methods to samples from the Bayesian posterior distribution of trees
(Huelsenbeck & Imennov, 2002; Nylander et al., 2008). In contrast, BIB jointly estimates the
phylogeny and parameters governing molecular and biogeographic evolution (e.g., substitution
rates, migration rates) directly from sequence alignments and species location data, thereby
integrating phylogenetic uncertainty throughout the inference process. Parameter uncertainty is
likewise accommodated, as all parameters are inherently estimated as posterior densities rather
than point estimates, capturing the notion that we do not (and should not) claim to know the
exact rate of dispersal between regions (Sanmartin et al. 2008).

Despite all their advantages, models within the Island CTMC family had several
shortcomings for modeling species-level biogeography. First, the ranges of widespread species
cannot be represented using a single-region encoding. Second, these models ignored the
important influence of speciation in shaping the range of newly formed species. Third, they
assumed dispersal rates between regions were constant over time and ignored periods when
particular regions (e.g., volcanic islands) did not exist (Sanmartin, 2022). Amending these issues,

the Dispersal-Extinction-Cladogenesis (DEC) model (Ree et al., 2005; Ree & Smith, 2008) can be
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viewed as a probabilistic treatment of DIVA that fundamentally differed from Island CTMC
models. DEC allowed species to occupy multiple regions simultaneously, daughter lineages to
asymmetrically inherit species ranges following cladogenesis, and paleogeographical information
(e.g. paleocontinental adjacency) to shape dispersal rates as a function of time. DEC also
distinguished itself from DIVA, which generally assumed vicariance was responsible for lineage
divergence, by instead treating cladogenesis as the random outcome of speciation, either within
or between regions. Anagenetic range evolution along phylogenetic branches is modeled in DEC
as a CTMC with two event types. Unlike the simple region-switching movements of Island CTMCs
(A=>B, B—>A), dispersal is modeled as range expansion (A->AB), while geographic extinction is
equated to range contraction (AB->B). Consequently, a species in region A must first expand into
region B and then contract from region A in order to "shift" its entire range from A to B under the
DEC model.

Among DEC’s many features, the cladogenetic component was particularly captivating. In
2005, relatively few phylogenetic models allowed asymmetric trait inheritance during time of
speciation (but see Bokma, 2002). DEC supported two cladogenetic scenarios defined previously
by DIVA: Scenario 1 involved an ancestor in one region yielding two new species in that region
(A—>A,A) and Scenario 2 involved a widespread species being split into two regions (AB—>A,B).
DEC cladogenesis differed from DIVA by introducing Scenario 3, which allows the partial
inheritance of widespread ranges (AB—>AB,A), and by disallowing vicariant speciation patterns
(ABCD—>AB,CD) modeled by DIVA, on the basis that DEC was not equipped to adequately model
vicariance. Even though Ree et al. (2005) was careful to define cladogenetic events purely in

terms of state patterns, practicing biogeographers came to interpret the probability for certain
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cladogenetic inheritance patterns as evidence to support or reject particular speciation modes.
For example, the Scenario 2 pattern involving a split in ancestral ranges is often equated with
vicariance, even when no causal paleogeographic event is referenced.

During this era, biogeographers still wished to test whether biogeographic disjunctions
were predominantly caused by vicariant or founder event speciation. This motivated Matzke
(2014) to introduce the DEC+j framework, an extension of DEC that includes jump-dispersal: a
new cladogenetic event, distinct from the anagenetic dispersal process, that allows new species
to acquire a region outside the ancestral range during speciation. Whereas previous studies used
statistical model choice to measure support for alternative anagenetic dispersal models (Ree &
Smith, 2008; Sanmartin et al. 2008), Matzke (2014) instead used model selection to measure
support for alternative cladogenetic model variants. Particularly in cases where each species
tends to occupy a single region (e.g. island systems), biogeographers have found that DEC+j is
frequently selected over standard DEC models that lack jump-dispersal cladogenesis. While
biogeographers generally expect that dispersal over a barrier will sever gene flow and eventually
lead to speciation, whether DEC+j is suitable for modeling this complex phenomenon, especially
over deep time scales, has been both critiqued (Ree & Sanmartin, 2018; Sanmartin, 2022) and
defended (Matzke, 2022) on biological and statistical grounds. Exactly how to model jump
dispersal — whether as a compound event of dispersal-with-speciation, akin to an instantaneous
founder-speciation event, or as a sequence of events, caused by dispersal over a barrier followed
by allopatric speciation —remains an open question warranting further discussion and study (Ree

& Sanmartin, 2018; Matzke, 2022; Landis et al. 2022).
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Central to questions of cladogenesis is the fact that Island CTMC and DEC models are trait
variation processes, not branching processes that generate trees: they take the phylogenetic
relationships and branching times as given, and then "map" range evolution histories onto that
tree. This has several consequences. First, cladogenetic events in DEC (and DEC+J) are modeled
without a temporal context (reminiscent of parsimony approaches) which can lead to undesirable
properties. For example, because DEC models do not allow species range to influence speciation
rate, a widespread species whose range crosses a barrier does not experience an elevated risk to
undergo allopatric speciation, meaning that species can maintain unrealistically fragmented
("spatially disjunct") ranges indefinitely. Second, DEC models will underrepresent cladogenetic
range evolution resulting from "hidden" speciation events that left no observed descendants due
to e.g. extinction or undersampling (Cornuault & Sanmartin, 2022), making them sensitive to
incomplete or uneven taxon sampling. Third, DEC does not allow species to truly go extinct, but
rather approximates extinction by placing imperiled species into an inescapable absorbing state
called the "null range" (a range with no regions; Massana et al., 2015). In effect, this means that
DEC paradoxically expects some extant species to possess (extinct) null ranges, leading the model
to underestimate extinction rates and overestimate the importance of cladogenetic events when
explaining why species have narrow ranges.

Concerned with these issues, Goldberg and collaborators modeled how dispersal,
speciation, and extinction events act upon species ranges to directly produce phylogenetic and
biogeographic patterns (Goldberg et al., 2011). Their geographic-state speciation-extinction
(GeoSSE) model translated the general logic and event-set of DEC into the state-dependent

speciation-extinction framework of Maddison et al. (2007). Under GeoSSE, species evolve
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through dispersal (range expansion), local extinction (range contraction), within-region
speciation, and between-region speciation, where all rates depend on the species ranges before
and after the event. Consequently, species ranges influence biogeographic rates, and
biogeographic rates shape species ranges. GeoSSE yielded several improvements over DEC, such
as the ability to test whether speciation or extinction rates varied among regions or ranges, and
a mathematically explicit way to account for "hidden" speciation events. In contrast to DEC,
which could not model relationships between local extinction and lineage-level extinction,
GeoSSE linked the two events, defining lineage-level extinction as local extinction in the last
region of the species range.

Although GeoSSE allowed species ranges to instigate speciation, it provided no inherent
structure to predict how variation among regional features (e.g. sizes, distances, elevations)
should shape biogeographic outcomes. Taking allopatric speciation as an example, species that
disperse over barriers should quickly divide in two due to lack of gene flow. Those same barriers
should also limit how often species move among regions. Indeed, many regional features (e.g.
size, elevation, temperature) are predicted to shape rates of speciation, extinction, and
dispersal, with the effects of those features on rates differing from clade to clade. Feature-
Informed GeoSSE (FIG) approaches model the sign and magnitude of relationships between
rates and regional features (Landis et al., 2022; Swiston & Landis, 2025) as part of the tree and
range evolution process. For instance, whereas DEC models assume that all widespread ranges
undergo allopatric speciation (by splitting the ancestral range) with equal probability, FIG uses
the distribution of barriers among its regions to inform the rate at which widespread species

with unstable ranges split into daughter lineages with stable ranges (Landis et al., 2022).
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How to model biogeographic rate variation and, therefore, which spatial factors govern
those event rates, has always been of acute interest and importance to biogeographers.
However, parsimony-based biogeographic approaches required users to assign costs to different
event types, which becomes difficult to do in a principled manner when there are large numbers
of unknown factors. For example, what cost should be assigned to speciation occurring in a
flighted species that is widespread throughout a tropical mountain range relative to the cost of
extinction of a wet-adapted species in a desert? Probabilistic models, on the other hand, estimate
what these costs should be from the dataset in question and use the laws of probability to assign
those costs in a coherent way to alternative biogeographic scenarios. As such, developers of
methods have proposed dozens of new phylogenetic approaches to model how biogeographic
rates are informed by phenotypic traits (Sukumaran et al.,, 2016, Klaus & Matzke, 2020),
unobservable "hidden" traits (Caetano et al., 2018), paleogeography (Buerki et al., 2011),
paleohabitats (Landis et al., 2021a; Quintero et al., 2023), competition (Quintero & Landis, 2020),
and the geometry of regional features (Cardillo et al., 2017). Models exploring how various
geographical and ecological factors shape biogeographic rates are too various to summarize here.
However, they share a common inference strategy and objective: to incorporate information
beyond the standard phylogenetic and biogeographic inputs to infer how those extrinsic factors
shape biogeographic rates.

Not surprisingly, any results from phylogenetic methods for biogeography depend
critically upon the evidence at hand. However, what is "known" versus "missing" varies wildly
among biogeographical systems (e.g., temperate mammals versus deep-sea microbes), due to

gaps in our knowledge of taxonomy, evolutionary relationships, and geographic distributions

24


https://www.zotero.org/google-docs/?7udzW7
https://www.zotero.org/google-docs/?OoFkG7
https://www.zotero.org/google-docs/?jnBBup
https://www.zotero.org/google-docs/?Akvibc
https://www.zotero.org/google-docs/?XVK4gT

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

(Hortal et al. 2015). For instance, incomplete taxon sampling, particularly when biased to exclude
certain regions (e.g. remote islands), is prone to underrepresent the true extent of range
evolution in a clade. Similarly, incorrect phylogenetic relationships can create spurious patterns
of biogeographic disjunction, leading to overestimated rates of species movement. Taxonomies
based on "oversplitting" or "overlumping" lineages artifactually alter patterns of species richness
and endemicity, which would also distort biogeographic inferences. False presences and/or false
absences in range maps and georeferenced species occurrence databases could also misinform
inferences. Despite its importance, strategies to handle uncertainties, biases, and errors in the
input data remain relatively underexplored.

As noted earlier, this most recent period witnessed an explosion of biogeographic
analyses, sustained by new modeling techniques and growing numbers of fossil-dated molecular
phylogenies. Although early molecular systematists voraciously incorporated temporal
information from fossil taxa to date their phylogenies, spatial information about ancestral
lineages often went unused. Paleobiogeographers warned that ignoring fossil evidence in
biogeographic studies is dangerous, as past episodes of dispersal and extinction may cause
surviving, descendant species to inhabit regions completely apart from their ancestral origins
(Lieberman, 2002). Since then, researchers have introduced various techniques to incorporate
fossil biogeography into reconstructions, with early examples including parsimony methods
(Swenson et al., 2001), fossil node "priors" for ancestral ranges (Meseguer et al., 2015), fixing
fossils tips within a backbone phylogeny (Mao et al., 2012; Wood et al., 2013), or even treating
fossil taxa as part of the phylogenetic inference procedure (Landis et al., 2021b). Including fossil

taxa is easier said than done, due to the notorious incompleteness of the fossil record
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(Lieberman, 2002). The incompleteness itself varies in intensity across different times, places,
and clades, due to differences in rates of fossil preservation, extraction, and description (Benson
et al. 2021). While there exist non-phylogenetic methods of historical biogeography that account
for spatiotemporal variation in fossil richness (Silvestro et al., 2016), we lack explicitly
phylogenetic models that do so. When the fossil record delivers, such as for the case of primates
(Wisniewski et al. 2022), researchers have convincingly shown that ancestral ranges
reconstructed solely from extant species are prone to underrepresent dispersal and misestimate
the place of origin. Even taking a single fossil into consideration has radically altered how we
understand the historical biogeography of groups such as hummingbirds (Mayr 2004) and daisies
(Barreda et al. 2015). Conversely, biogeographic analyses of entirely extinct groups, such as non-
avian dinosaurs, have altered how we understand their historical movements and diversification
(Griffin et al. 2022). This is to say that, among biogeographers and paleobiologists, there is a firm
consensus that fossils should be included in phylogenetic ancestral range estimates whenever
possible, though more work in this area is needed.

For clades lacking strong fossil records (e.g. many plant and insect groups), systematists
have long combined biogeographic scenarios with paleogeographic evidence to date divergence
times for disjunct lineages (Brundin, 1966). For example, one might constrain the maximum age
of a clade to be younger than the volcanic island it inhabits. Using biogeographic scenarios to
date nodes a priori is not without complications, as it requires the researcher to first observe
cladogenesis in the tree and then presuppose the timing and nature of the historical scenario
producing the split (Baldwin & Sanderson, 1998). Moreover, any phylogeny time-calibrated in

such a manner is tainted and cannot be safely re-analyzed a second time to study historical
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biogeography of the clade (Kodandaramaiah, 2011; Renner, 2005). Recent work has shown that
these problems of uncertainty and circularity can be avoided by jointly modeling a unified
phylogenetic, biogeographic, and paleogeographic history (Landis, 2017; Landis et al. 2018).
Under such a framework, all modeled historical scenarios are considered, where those of high
likelihood (e.g. a single colonization event into a young island followed by a recent radiation) are
favored over less parsimonious scenarios (e.g. an ancient radiation followed by ten independent
island-colonization events). As such, ancestral range and divergence time estimates are
inferences from, rather than assertions upon, the dataset and model.

Coming full circle, founder event or jump-dispersal speciation, deemed by vicariance
biogeographers as untestable (Croizat et al., 1974), returned to prominence during the period
thanks in large part to the proliferation of time-calibrated trees, the advancement of
biogeographic methods that explicitly account for geological time, and the adoption of statistical
hypothesis testing methods (de Queiroz, 2014; Crisp et al., 2011). Denser phylogenetic sampling and
methods that are temporally explicit revealed that many biogeographic disjunctions were
created, not by ancient vicariance events, but recent dispersal events over barriers (Cook & Crisp,
2005). As a result, vicariance drifted from being the favored hypothesis for explaining most
disjunctions, to one that is in an even competition with many newer, dispersal-based hypotheses.
On the other hand, paleobiogeographers who incorporate fossil taxa and Earth history data into
their analyses routinely recover support for ancestral vicariance events (Griffin et al., 2022).
Confidently discriminating between these competing historical scenarios ultimately depends on
accurate estimates for the timing of paleogeographic barrier formation, biogeographic dispersal,

and phylogenetic lineage divergence. The assembly of newer, integrative datasets with
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comprehensive sampling of living and extinct species, richer paleogeographical information, and
the invention of more nuanced statistical tests, may help identify which disjunctions were caused
by the appearance of a barrier (vicariance) versus the dispersal over a barrier (founder event).

It is also important to stress that cladistic and event-based biogeography tested
hypotheses of vicariance by searching for shared patterns across multiple clades (Marshall &
Liebherr, 2000; Sanmartin et al., 2001). The advent of more sophisticated, parameter-rich
biogeographic models from the DEC and GeoSSE families have returned focus back to single-clade
approaches, reminiscent of Brundin (1966). As we have seen, BIB can be used to detect shared
patterns while accounting for lineage-specific components of biogeographic history in a set of co-
distributed taxa, and has been extended to the study of "continental island" patterns (Sanmartin
et al. 2010). Other diversification models within the DAISIE framework were developed to test
general theories of island biogeography (e.g. diversity-dependent diversification) by estimating
parameter across multiple island clades (Valente et al. 2015, 2020). However, the multiclade
analytical approaches used in BIB and DAISIE have not yet been extended to explicitly model
vicariance in multiclade systems. Rather than use true multiclade models, biogeographers
instead combine results from single-clade models, either across many smaller clades (Ye et al.
2023; Ding et al. 2020; Merckx et al., 2015) or within large individual clades (Wootton et al. 2025),
to identify "common causes" underlying biogeographical movements and disjunctions. This
suggests that vicariance continues to interest modern biogeographers, as it had for earlier
cladistic-vicariance biogeographers of the last period, and that there is an unsatisfied appetite

for new statistical methods in this area.
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All phylogenetic methods of biogeography discussed so far assume, if not hope, that
species ranges can be realistically represented as discrete characters, e.g. as sets of occupied
regions. This simplicity is convenient for defining models, generating datasets, and testing
hypotheses. Keeping the number of regions small is crucial, as most computational methods have
struggled to analyze systems with unconstrained range sizes for more than (say) 10 regions
(Landis et al. 2013). For these reasons, the practice of demarcating regions is rather subjective
and system-specific. In addition, the use of large and poorly-defined regions would likely fail to
capture the fine-scale nature of geographic variation. These shortcomings of discrete methods,
combined with the explosion of high-resolution geospatial datasets, fueled the rise of new
biogeographic models that represent species locations in continuous space. These approaches
typically use Brownian diffusion as the driver of movement (Lemmon & Lemmon, 2008) and
represent species locations with a geographical coordinate or a point (e.g. a sample or the
centroid from the range). Continuous models have been invented to allow diffusion speed to vary
among lineages (Lemey et al., 2010), to integrate species range data (Nylinder et al., 2014;
Quintero et al., 2015), to correctly represent species movements on spherical surfaces (Louca,
2021), to allow for the subdivision of ranges through the stochastic appearance of barriers (Albert
et al., 2017), and to account for paleogeography when reconstructing movement (Arias, 2024).
This leaves an open question, do discrete representations of biogeography (i.e. using "areas" or
"regions") serve a purpose or are they a holdover from parsimony-era analysis? Despite the
advantages of explicitly representing species ranges in continuous space, treating all directions
of movement as equal—as in the Brownian (random-drift) model—can obscure general dispersal

trends. In particular, rare between-area dispersal events may be masked by the much more
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frequent within-area movements under a diffusion model (Ronquist & Sanmartin, 2011). Ideally,
future biogeographic models that represent species locations in continuous space can be
adapted to account for phenomena currently captured by existing, discrete-based models, such
as location-dependent speciation and extinction or cladogenetic range inheritance.

As we conclude this section and reflect on recent times, phylogenetic biogeography has
proven relevant to evolutionary phenomena that play out on human timescales: namely
epidemiological outbreaks and the spread of cancers. The CTMC models, originally used to study
island biogeography, have been adapted to model pathogen phylogeography and epidemiology,
with early work in this area pioneered by Lemey et al. (2009). In their model, viruses spread
among populations (e.g. of countries) during an outbreak, while using Bayesian techniques to
favor pathogen spread among the smallest set of short-distance routes. Other innovations
include modeling migration rates to vary across calendar years (Bielejec et al., 2014),
hierarchically modeling shared transmission tendencies across independent outbreaks (Cybis et
al.,, 2013), and using generalized linear models to use external predictors (e.g. distances) to
inform migration rates (Faria et al., 2013). Using techniques such as these, epidemiologists now
routinely analyze pathogen sequences to track the origin and spread of infectious disease,
ranging from recent outbreaks, such as those for SARS-CoV-2 (Bedford et al., 2020; Nadeau et al.,
2021) or seasonal influenza (Bedford et al., 2015), to historical scenarios, such as the introduction
of HIV into the US (Worobey et al., 2016). In terms of other evolutionary diseases, biogeographic
approaches have also been used to model the spatial diversification of cancerous cells within a
tumor (Lewinsohn et al., 2023) and the spread of cancer among tissues during tumorigenesis

(Alves et al., 2019; Chroni et al., 2021). Because both epidemics and cancer-spread can be
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completely observed (sequenced) on human timescales, and because these may be accompanied
by a wealth of patient or host data (e.g. risk factors), they are ideal for studying many properties
of biogeographic systems. Knowing how the past shaped the present should help predict the
future, so understanding the temporal, spatial, and phylogenetic context of evolutionary disease

holds immense promise to improve human quality of life.

Future growth

Due to its versatility and exactness, our view is that the current process-based modeling
paradigm holds the most promise to advance phylogenetic biogeography. However, it is still far
from reaching its full potential, largely because existing models are primarily informed by
phylogenetic patterns and geographical occurrences. What else might be missing?

Models, of course, represent a field's humble attempts to formally describe nature as we
observe it. Most phenomena we wish to model ultimately derive from the experience and
expertise of organismal biologists, who ideally represent the study of a diverse range of distinct
lineages and geographical settings. The truth is not all clades and places have been adequately
represented by our current approaches. Consider, for instance, that many of the key figures
(including Darlington, Simpson, Brundin, Rosen, Platnick, and Nelson) involved in the early
debates published in Systematic Zoology were, of no surprise, zoologists. Could their taxonomic
focus have led them to place geographical barriers above, say, environmental filters and biotic
interactions when formulating their ideas behind dispersalism and vicariance biogeography?
Imagine if instead botanists, following in the ecological traditions of de Candolle and Humboldt,

laid the foundation for phylogenetic biogeography that emerged throughout the 1960s and into
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the 1980s. Perhaps our theoretical frameworks would instead focus on range evolution in
response to climate, soil type, wind and sea current, and interspecific interactions with
pollinators and seed-dispersers. Modern botanists of the molecular era might have first extended
the theory to incorporate the reciprocal effects between hybridization and polyploidy with
biogeography, and so on. Going further, how would phylogenetic biogeography appear today,
had its central ideas come primarily from mycologists, from microbiologists, or from virologists?

While there are no correct answers to this type of thought experiment, it helps remind us
there are many "blind spots" persisting in our field. Moving forward, we should strive to be more
creative regarding what additional lines of evidence — including from population genetics,
paleobiology, ecology, and morphology — we consider when constructing or testing our
biogeographic hypotheses.

Phylogenetic models of biogeography would benefit immensely by incorporating ideas
from mechanistic, population genetic models used to study phylogeography (Avise, 2000).
Sequence data availability was a limiting factor 20 years ago, but clade-wide population-level
sequencing is now affordable for many researchers. In particular, incorporating phylogeographic
techniques can generate new information about the nature of organismal movement versus gene
flow (Levin, 1981), patterns of within- and between-species population structure to infer
allopatric speciation (Choi et al., 2021), the use of historical population bottlenecks to date and
locate past dispersal and/or extirpation events (Vincek et al., 1997), how alleles are inherited
under alternative speciation scenarios (Avise, 2000; Knowles & Maddison, 2002), and how shifts

in allele frequencies indicate adaptation to novel environmental conditions (Coop et al., 2009).
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Integrating this microevolutionary perspective into future model design will be important for
advancing interspecific approaches to phylogenetic biogeography.

That said, a microevolutionary perspective that focuses too intently on shallow
timescales, at the exclusion of deeper timescales, might miss the big picture. Most studies of
phylogenetic biogeography are already neontological, relying solely upon the distributions and
relationships among extant taxa to make historical inferences, even though extant taxa may
differ from where or how their shared ancestors lived (Faurby et al., 2024; Wisniewski et al.,
2022). Phylogenetic biogeographers interested in realistic historical inferences should make the
effort to incorporate the fossil record and Earth history data whenever possible. Developing
models that explicitly account for the geographical and stratigraphic ranges of ancestral species
(e.g. as chronospecies; Hopkins et al., 2018), the unevenness in fossil sampling effort (Silvestro
et al., 2016), the uncertain phylogenetic placement of microfossils (Barreda et al., 2015), fossil-
based evidence of extirpation (Jones et al., 2009), and higher-resolution paleogeographical and
paleoenvironmental data (Scotese, 2021) will be crucial for understanding how biogeographic
processes operate at the deepest timescales.

Just as integrating vertically with respect to timescales will be key, so will it be to integrate
horizontally across lineages in the ecological dimension. Most event-based models in
phylogenetic biogeography assume that species disperse, originate, and go extinct more-or-less
randomly, not as the consequence of species coexistence or environmental change (Vellend,
2010). This is partly reflected in the fact that models of phylogenetic biogeography have primarily
focused on "habitation" (e.g. geographical range) while largely ignoring "station" (e.g.

environmental conditions for survival). How changing spatioenvironmental conditions influence
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species persistence, dispersal, extinction, and adaptation, particularly over deep timescales, is of
central importance, but vastly underexplored from the modeling perspective (Donoghue &
Edwards, 2014). Taking this further, biotic interactions resulting from competition for limited
resources (MacArthur & Wilson, 1963), mutualistic plant-pollinator associations (Hembry et al.,
2013), and parasitic dependencies upon hosts (Hoberg & Brooks, 2008) all shape biogeographic
processes and patterns, both in terms of habitation and station. Even though modeling how
historical ecological interactions form and dissolve in space over time within a phylogenetic
context is not easy, advances in this area will be important for the field.

Variation in morphological adaptations also have a profound impact on where different
species disperse, survive, and diversify (Sukumaran & Knowles, 2018). The presence or absence
of categorical traits, such as powered flight among birds, undoubtedly impacts many dispersal
patterns (Garcia-R & Matzke, 2022). Similar but more complicated factors, such as variation in
airborne seed buoyancy in relation to atmospheric circulation (Vasconcelos et al. 2021), must
also impact dispersal, but remain difficult to model explicitly. There is no shortage of other
fascinating traits of biogeographical relevance — e.g., among angiosperms: wood anatomy, leaf
succulence, seed dormancy, fruit color, deciduousness, the ability to self-fertilize, etc. — yet the
few current approaches we have that account for morphology inspect only a single trait, rather
than consider the integrated effects of all traits at the organismal level. The ability to model how
entire suites of evolving organismal traits collectively shape, and are shaped by, range evolution
will be an important step forward.

That being said, there is no simple or singular recipe to elevate phylogenetic

biogeographic research to its next, logical level. Most empirical research focuses on the analysis
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of species-level phylogenetic trees with geographical ranges. Combining standard phylogenetic
biogeography analyses with comparative analyses of population-level genetic variation,
functional traits, climatic niches, ecological interactions, and/or fossil data will continue to be
instrumental for strengthening evidence surrounding basic biogeographic principles, and for
identifying weak points, contradictions, and unsolved puzzles that deserve critical attention. It is
this type of careful empirical work that inspires the design of new modeling tools used by the
next generation of biogeographers, creating a positive feedback loop for future discoveries.

Integrating microevolutionary scales into macroecological questions, together with the
incorporation of additional independent sources of evidence as noted above, has resulted in new
and complex models that are both increasingly realistic and parameter-rich (Skeels et al., 2019;
Overcast et al. 2021; Hagen et al.,, 2021). This added complexity translates not only into
substantial computational demands, but also, more importantly, risks the construction of models
with intractable likelihoods and/or non-identifiable parameters. In this context, emerging
applications of supervised machine learning (Voznica et al., 2022; Lambert et al. 2024, Qin et al.,
2026; de la Pefia et al., 2026) and generalizable modeling tools (Landis & Thompson, 2025) that
are increasingly being used for complex biogeographic inference problems, such as the spread of
pathogens in space (Thompson et al. 2025), the effects of local species richness on diversity-
dependent biogeography (Soewongsono & Landis, 2026), and the reconstruction of ancestral
locations (Nagel & Landis, 2026), and may expand the range of biogeographic phenomena and
scenarios we explore in the near future.

For most biogeographers, the very aspects of phylogenetic biogeography that complicate

its study are also what make it such an alluring subject. The grand questions that engrossed (and
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vexed!) early dispersalist and vicariance biogeographers of the last century brought us to where
we are today. Continuing in this tradition, our work as phylogenetic biogeographers is to
understand what processes generated the spatial history of all life in all possible places over all
possible timescales. Fuller integration of microevolutionary, paleobiological, ecological,
morphological, and other perspectives into our empirical studies and our models will
undoubtedly bring us closer to a fully explanatory theory of biogeography. Despite how
promising the next generation of datasets, models, and analyses might be, we should not hope
to answer our questions in biogeography through individual efforts. To advance phylogenetic
biogeography in particular, and biogeography as a whole, we must strive to build truly
multidisciplinary collaborations, involving organismal experts, geneticists, ecologists,
climatologists, geologists, computational biologists, and statisticians, to make progress in this

captivating area of natural history research.
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Appendix

Glossary
Brief definitions of terms used in the associated manuscript, and in phylogenetic biogeography
more broadly, are provided below. See Figure 1 in main text for visualizations.

- Range: The basic unit of biogeographical analysis. The range represents the location,
size, shape, and extent of the geographical distribution of a taxon (e.g., a population, a
species, a clade, etc.). Ranges may be encoded as sets of occupied regions, individual
localities, centroids, rasters, or polygons. The choice of range encoding is influenced by
data availability and desired precision (e.g., expert-based range maps versus computer-

determined boundaries), methodological requirements (e.g., input as region-sets or
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continuous ranges), and the biological implications of the encoding (e.g., based on
species ranges versus geological features).

Barrier: A geographical (e.g., an ocean) or environmental feature (e.g., uninhabitable
land lying outside a given species’ climatic tolerances) in the physical template of Earth
that impedes regular movement into new regions and/or interrupts the gene flow
between two populations or species. Barriers can be permanent or temporary, they can
be semi-permeable or impassable, and they can change in location and quality over
time. Not all species interact with a barrier in the same way. In fact, a barrier for one
species might be a dispersal route for another (e.g. a river).

Region: A defined area of the Earth that is delimited by geographical or environmental
features (e.g. barriers), patterns of endemism (e.g. uniqueness in species composition),
or other criteria. Region definitions often depend on the scale of the analysis and the
hypotheses being tested. For example, a study of dispersal among Caribbean islands
might define each island as one region, whereas a global study of continental radiations
might lump all Caribbean islands into one region.

Endemic and widespread species: Endemic species live in only one region whereas
widespread species live in many regions. Endemic species are often assumed to be more
specialized to local condition and at higher risk of extinction, whereas widespread
species are often considered to be more generalist and at lower risk of extinction.
Disjunction: The separation of one or more species' ranges into geographically distinct
regions by a barrier. Biogeographically disjunct populations within a species are

expected to share lower levels of gene flow and be at higher risk of experiencing
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allopatric speciation. Biogeographically disjunct species refers to two or more species
(often sister lineages) being isolated into different regions. For example, a continental
species that colonizes an island will afterwards have disjunct populations. If the
disjunction leads to allopatric speciation, the two species will represent a biogeographic
disjunction, while the populations within each species will no longer carry the
disjunction that led to speciation.

Dispersal: A biogeographic event in which a species establishes a new populationin a
location outside of its ancestral range. Dispersal expands a species’ range if the newly
established population(s) maintain(s) enough gene flow with the ancestral populations
to prevent lineage divergence, causing a species to become more widespread; this
process is sometimes referred to as "range expansion" or "dispersion". Alternatively,
dispersal over a barrier to gene flow may result in founder event or jump-dispersal
speciation (see also Vicariance and founder event speciation). Direct dispersal, where a
lineage switches its occupancy from one region to another, has also been used to
represent founder-event speciation. This definition of dispersal is not to be confused
with definitions from ecology or population biology that concern the movement of
individuals within a taxon's established range, seasonal migration, vagrant occurrences,
etc.

Extinction: An event involving the disappearance of an organism from part of its range
(e.g., local extinction, extirpation, or range contraction) or throughout its geographical

range (e.g. global extinction or lineage extinction). Extirpation in a widespread species
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might only result in range contraction, whereas extirpation in an endemic species might
result in lineage extinction.

Speciation: A phylogenetic branching event that causes one species to become two
species. Biogeographers are particularly interested in the spatial context of speciation.
For example, speciation can be caused by a barrier interrupting the gene flow and
isolating two populations, as in allopatric or geographic speciation; or by phenotypic,
reproductive, or ecological divergence in two co-occurring populations that ultimately
results in lineage divergence due to lack of gene flow, as in ecological speciation.
Vicariance and founder event speciation: Vicariance is a historical scenario that involves
the geographic range of an ancestral species dividing into two or more fragments due to
climatic or geographic barrier formation (e.g., a new ocean basin opening), followed by
allopatric speciation. Founder-event speciation is dispersal over a barrier followed by
allopatric speciation. Because the final outcome is allopatric speciation in both cases,
the timing of events is often used to infer which scenario took place. If the barrier and
speciation event are similar in age, then vicariance is the preferred explanation. If the

barrier is older than the speciation event, then founder-event speciation is preferred.

Biogeography Articles in Systematic Biology and Systematic Zoology

We analyzed the dataset of nearly all Systematic Biology and Systematic Zoology articles

published between 1952 and July 2025 curated by (Landis & Donoghue, 2026). For each year,
we collected all scientific publications (research articles, points of view, book reviews, spotlight

articles, software articles, and symposium articles), and then counted both the total number of
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articles and the number of articles whose titles and/or abstracts contained any of the following
substrings (partial matches allowed): ‘biogeo’, ‘geograph’, ‘vicarian’, ‘allopatr’, ‘sympatr’,
‘coloniz’, ‘disperse’, ‘dispersal’. This procedure recovered 3,768 scientific articles, with 621
articles containing biogeography terms (16.3%). We then computed the proportion of
biogeography-associated articles published per year (Appendix Figure 1). The shift from lower
to higher proportions around 1970 is potentially caused by the fact that almost no Systematic
Biology/Zoology articles published before 1967 had abstracts, so only (short) titles for those
articles offered opportunities to associate them with biogeography terms. However, the bump
may also coincide with the rising interest in biogeography among systematists (and cladists, in
particular) at that time. Volume 37 from 1988 contained an unusually high proportion of
biogeography-associated articles (52.9%). Two of the four issues published that year (Issues 3
and 4) are associated with the Society of Systematic Biologists’ "Symposium on vicariance
biogeography: Theory, methods, and applications", whose proceedings are dedicated to the
memory of the eminent biogeographer, Donn Rosen (1929-1986). All articles in those issues

concern biogeography.
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Appendix Figure 1. The number (left) and proportion (right) of scientific articles whose titles and/or
abstracts contain biogeography terms that were published in Systematic Biology or Systematic Zoology

during 1967 to 2025. See Appendix for details.
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