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Speciation can be gradual or sudden and involve few or many genetic changes. Inferring
the processes generating such patternsisdifficult, and may require consideration of

emer gent and non-linear properties of speciation, such aswhen small changes at tipping
points have lar ge effects on differentiation. Tipping pointsinvolve positive feedback and
indirect selection stemming from associations between genomic regions, bi-stability dueto
effects of initial conditions and evolutionary history, and dependence on modularity of
system components. These features ar e associated with sudden ‘regime shifts’ in other
cellular, ecological, and societal systems. Thus, tools used to understand other complex

systems could be fruitfully applied in speciation resear ch.
1. Introduction

The speciation process can range from gramusiidden®. Below, we draw caricatures of these
scenarios. These are not metntealistically capture the complexity of speciation. Rather, they
introduce elements of the on-going debate concerning whether Darwinian gradualism can be
reconciled with mounting evidence for rapid evolution, evolutionary gaps, and missing

intermediates. Our argumestthat resolving this debate will require moving beyond these

caricatures because they conflate pattern (genetic and phenotypic change) and process (drivers of

change). We outline how this can be achieved using evolutionary theory, genomics, and

principles emerging from the study of a wide range of complex, dynamical systems.
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Darwin argued that speciation involves the gradual accumulation of differences between
populations in small stepsThis process can leave an observable and éoterected ‘speciation
continuum’ of populations varying in differentiation (Figure 1, Table 13°. For example, pea
aphid host races vary in levels of population genetic differentfatiord natural hybridisation
between butterfly taxa declines gradually with genetic distdnicemodern parlance, many
differences in small stemsn be interpreted as polygenic, genome wide changes. Indeed,
multiple loci of minor effect underlie many cases of adaptaffdnand some cases of
reproductive isolaticff*> For example, local adaptation of herfihgichlid®®, and stick-insect
populations involves numerous genome wide differéié@sand multiple loci of modest effect
contribute to flowering time differences in m&izand sexual isolation between cricket

specie¥”

However, palaeontologists have long reported the sudden emergence of new taxa in the fossil
record. This led influential figures like Simpson, Eldredge, and Gould to highlight the punctuated
nature of evolutioh’’?°. Likewise, modern theory suggests speciation can occur suddenly due to
rare founder effect8® or rapid evolution once mutations causing reproductive isolation

aris€>** In terms of genetics, speciation as a single evolutionary leap driven by macro-mutation
and‘hopeful monsters’ is largely unsupported, but major genetic changes do H&¢uFor

example, major effect loci contribute to differences in bony armour between stickleback
population®, colour-pattern differences between butterffi&$ flower colour in phloX', and

vision in cichlid€. Accordingly, major effect loci or genome re-arrangements can concentrate
differentiation irto a few genomic regiofi§>34394#% as reported between sub-species of

crows”®, colour-pattern races of butterflf&8°*° and Drosophila speci®s

There is @many-to-many’ relation between the patterns reported above and underlying
speciation process’’. That is, a given pattern may be explained by the action of many
alternative processes, and theoretical expectations become complex once multiple populations
and potential gene flow between them is introd{&&dIn particular, a pattern of sudden
differentiation could be influenced by an abrupt environmental shift, epistatic interactions
causing a snowball of intrinsic genetic incompatibiltiéé>3(e.g., as argued in fligsand

tomatoe?), slight increases in frequency dependent selection which drive rapid evolutionary
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branching®®’, and evolutionary leaps via genome re-arrangement, polyploidisation, or founder
event§3%°8 Of these factors, those that act during speciation are more critical for the divergence

process than those that accumulate after speciation is cothplete

Sudden speciatiois also compatible with evolution in small steps. For example, sudden
evolution can arise when small changes become coupled to each other in a positive feedback

loop?®6*

(i.e., at some critical threshold a change in the dynamic variable x can increase y, which
feeds back to increase x, and so on). As saidiergence process involving small changes can
suddenly speed up ati@pping point’ in speciation, at least in theory (Figure 2; Table 2 for

glossaryj). In this case, speciation emerges as an intrinsic dynamical property of the divergence
process, not via a large extrinsic perturbation or trigger. Hence, even when reproductive isolation
and genetic differentiation are continuous variables, tipping points caude tgederally

occupy one of two states: a single species with little differentiation, or two strongly differentiated

species.

Such distinct states could be indicative of bi-stability (i.e., alternative stable states under similar

conditions}>®’

, Which arises when evolution is dependent on initial conditions and the sequence
of historical events (also called path-dependency or hysteresis). In speciation, initial conditions
such as sympatry versus geographic isolation can affect the type of differentiation thafbuilds
epistasis can cause the historical sequence by which mutations arise to affect &%6iutiod

drift can affect which variants are lost or established throug tueh factors can affect the
reversibility of evolution such that reverting to an original state is difficult, again contributing to

bi-stability.

As one example of such dynamics, Flaxman étaddelled divergence with gene flow in terms

of the per-locus strength of divergent selection (DS) between ecological environments (s),
migration rates (m), and numbers of genetic loci involved. In this model, loci differentiate by the
selection they directly experience plus indirect selection stemming from statistical associations
(linkage disequilibrium, LD) with other divergently selected loci. When migration was high (m
S), sudden speciation and alternative stable states of differentiation occurred and wémt hand-

hand with a positive feedback loop (Figure 2). Below a critical threshold of genome wide DS and
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between-populatiohD, differentiation built very slowly due to homogenising migration.
However, once a critical level of both was reached, DS and LDeelggrositive feedback loop
where each enhanced the other, driving a rapid reduction in gene flawtrandition from one
species to two. In essence, loci under DS transition from evolving independently to exhibiting
coupled dynamics; out of a mass of a genetically well-mixed population, distinct clusters of
genotypes congeal, and rapid, genome-wide differentiation ensues. Due to the role of LD,
indirect selection was critical to explaining these dynamics. In Box 1 we use simulations to
provide exploratory results on how such coupling in time relates to previous theory on the
coupling of multilocus clines in spaé€® Similar dynamics likely apply during polygenic

A% "and the coupling of different reproductive barfiéfé”> Thus, the dynamics we

adaptatio
focus on here could be general, and indeed selection and LD are commonly involved in

speciatiofy’.

In contrast to the results described aboweergence with lower migration in the Flaxman et al.
model was more linear through time a&geneby-gené, with individualloci differentiating by

the selection they directly experience rather than through strong efféd®s.ofhe issue then is
not just whether few or many loci diverge during speciation. Rather, it is whether a few genes
diverge first (followed gradually by the rest) versus many genes diverging suddenly and

simultaneously once a critical amount of selected, standing variation exists.

Sudden speciation in the aforementioned model occurred without intrinsic genetic
incompatibilities, major effect loci, genome re-arrangements, or periods of geographic isolation,
though these factors can promote the process. For example, divergence maintained despite
migration was often higher when initial differentiation involved a period of geographic isolation
than when it did nét This provides one example of bi-stability; two outcomes were possible for

the same selection strength, dependent on initial geographic setting. This example also highlights
that the divergence process is bi-directional, as differentiation can build, be maintained upon
secondary contact, or collapse. Here, we propose a framework for understanding these
potentially complex dynamics that draw parallels between speciation and tipping points in other
complex systen?s®”. We then outline approaches to quantify speciation patterns and infer

underlying process.
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2. Connection between speciation and other complex systems

When speciation involves simple evolutionary dynamics driven by few loci then a reductionist
approach focused on identifying and studying these individual loci may enhance our
understanding of speciatih® In other cases, speciation may involve many loci and emerge via
complex interactions between evolutionary procéss&sSuch complex phenomena cannot
always be understood as the additive combination of their underlying individual parts. Instead,
‘systems thinking’” may be required that attempts to understand how complex networks exhibit
emergent properties not shown by individual nodes in the netWrEvolutionary studies of
complex, population-level processes such as speciation might benefit from such thinking, which
remains largely the purview of cell and molecular biologists working below the population level,
or ecologists working above it (i.e., our analogy is here a heuristic one concerning the study of
emergent properties in complex systems, not a directmaee analogy to applications in
molecular biology and genomics). Some relevant networks for speciation are genes within

genomes, individuals within sub-populations, and sub-populations within a meta-population.

To support our argument, we consider how tipping points in speciation relate to those in other
complex systems. ‘Tipping points’ in the narrow sense are cases where positive feedback at an

unstable equilibrium causes a rapid shift between alternative states. This usage is applied to
critical transitions or sudden ‘regime shifts’ in a range of complex systems (e.g., health: asthma

attacks; ecology: population extinction, climate change, shifts in community composition;
economics: crash of financial mark&®&). Principles governing tipping points in these systems
have emergéd®’, such as features that make a system prone to system-wide regime shifts.
Specifically, increased connectivity (i.e., reduced modularity) of a system network increases the
chance of critical transitions. One explanation for this is that local changes in a well-connected
system are ‘repaired’ by neighbouring nodes, buffering the system against local chifje

Thus, observable change does not occur until the entire system hits a threshold that drives a shift
to an alternative, system-wide state. In other words, a highly connected system is robust to local
perturbation, but prone to system-wide change. In contrast, poorly connected systems allow

gradual noddsy-node change.
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These concepts appear to apply to speciation. For example, sudden dynamics in Flaxman et al.
were dependent on two types of connectivity. First, sudden transitions from one species to two
were only observed in models that allow for the build up of LD, because LD was a key
component of the feedback that drives the transition. Indeed, factors that promote LD, such as
increased physical linkage in chromosomal inversions, can promote speciation with gene
flow****# LD can be conceptualized as a type of connectivity between genes due to their
organisation into individuals (i.e., genomes). In other words, genes are connected because
offspring are not formed geri®rgene from a population ‘beanbag’ of alleles, but rather, parents

pass on sets of genes to offspring. Note that we refer here to connectivity of genes in a statistical

sense (i.e., LD), although connectivity in gene regulatory networks warrants future work.

Second, speciation dynamics were dependent on the gross migration rate connecting populations
(relative to the strength of DS). When migration was low, individual loci overcame gene flow via
the selection they directly experience, and thus diverged on their own (Figure 2). In other words,
genes had largely independent dynamics and gradual byegene divergence ensued. The

situation was different with high migration, where loci have difficulty diverging via direct

selection. Instead, speciation requires alleles at different loci to develop strong associations,
causing them to be selected against as units in migrating individuals (Box 1). This allows even
weakly directly selected loci to overcome high gene flow via the combined effects of direct and
indirect selection. Thus, connectivity of genes within individuals (in genomes) and among

populations (due to migration) can affect the likelihood of sudden change.

Our logic above focused on simple spatial settings (e.g., population pairs), but could be extended
to complex networks of many sub-populations (i.e., a meta-popufdtitar)which speciation is

an emergent systems-level property (Figure 1). Nodes in the network are sub-populations and
connections between nodes are edges representing gross migration. Each node can have a series
of properties (e.g., population size, selective regime, dispersal rate, genetic architecture,
recombination landscape, etc.). Reproductive isolation and genetic differentiation emerge when
considering sets of populations in the network (e.g., those that are ecologically divergent or

connected in particular ways by migration), but are not exhibited by individual populations.
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Anotherphenomenon studied in regime shifts is their propensity to exhibit ‘carly warning

signs’®>®’. Early warning signs are statistical signals that occur when a system is nearing a
tipping point, but before a critical transition. Examples are increased variance and
autocorrelationslow return to previous state upon small perturbation (‘critical slowing down”),

and ‘flickering’ between alternative states when perturbations are sufficiently large to push a

system temporarily back and forth between states. It is unclear if such signs apply to speciation,
but we suspect some signals should precede a drastic shift, such as the initial appearance of
subsets of loci with elevated LD. Work in this area is warranted as it might allow populations
near tipping points (that are poised for greater differentiation) to be identified and compared to
those far from tipping points. With this framework in place, we turn to empirical studies of
speciation dynamics.

3. Patterns and processes of speciation

Quantifying gradual versus sudden patterns

We focus on genetic differentiation because it can be measured in a wide range of systems and
can reflect reproductive isolation. In this context, genetic differentiation is best considered with
spatial setting in mind, for example compared among taxa in a similar spatial setting (e.g.,
multiple pairs of adjacent lake and stream ecotypes of sticklébatk)s is because

reproductive isolation is only tested to the extent that geographic proximity allows for potential
gene flov§3%47*8838%3nd a continuum of differentiation under isolattmpdistance need not be
indicative of a continuum of reproductive isolation. Despite our focus on genetic differentiation,
our logic applies to experimental estimates of reproductive isolation, which could be used as

another measure of degree of speciation.

Inferring patterns of differentiation during speciation is challenging for at least four reasons
(Figure 3). First, high replication is required. This is because whenever data are sparse there is
danger of inferring discontinuities when they don’t exist, an issue long discussed with respect to

inferences from the fossil recdrd?°. Second, the full distribution of differentiation should be
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sampled to avoid false inference of a continuum. For example, an inferred continuum among
weakly to moderately differentiated ecotypes could actually be part of a strong discontinuity
between ecotypes and well-differentiated species. Third, the build-up of differentiation within a
single lineageshould ideally be analysédi Combining data from distantly related lineages can

be problematic, for example when sudden change within each of two different §apagars
gradual when data from the two are combined. This presents an empirical difficulty for studying
speciation because individual lineages may not exhibit variatidh steges of speciation.

Indeed, studies of the speciation tend to span a modest portion of the speciation c8htinuum
(Figure 1). Fourth, not all loci necessarily couple and differentiate simultaneously, with
divergently selected loci differentiating before neutral ffedhus, neutral loci may exhibit
gradual differentiation for long periods of time and assessment of whether divergence is gradual
or sudden can depend on whether phenotypes, neutral loci, or adaptive loci are €xamined

To our knowledge, data of sufficient scale to resolve these issues are sparse. For example, studies

of speciation (Table 1), including our own work in Timema stick in&digcaiedes

butterflied®, and Rhagoletis fli#§ have highlighted the quantitative nature of the divergence
process’. However, existing work does not generally overcome the difficulties described above,
precluding strong inferences about the dynamics of divergence along this continuum. Highly
replicated studies of differentiation across the speciation continuum are now required to test
whether the transition from weak to strong differentiation occurs gradually or suddenly. Even if
time since divergence cannot be inferred, the overall distribution of differentiation can be
informative. For example, bi-modal distributions imply gaps in the speciation continuum and
potentially sudden dynamics. Observational studies could be supplemented with experiments
mimicking secondary contact between populations, testing directly whether gene flow itself (i.e.,
reproductive isolation) changes gradually or suddenly as genetic differentiation increases.
Another possibility concerns the fossil record. When fossils contain information on multiple
traits that are known to exhibit independent genetic control (e.g., in extant ref4fivekp

dynamics by which the evolution of different traits becomes coupled could be analysed through
time. Of course, experimental evolution in the lab could directly quantify speciation dyffamics

However, this may not be as simple as it sounds, as many systems with levels of sex and
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recombination appropriate for tests of most speciation models are not amenable to long-term

laboratory studies.
Quantifying genetic changes

Speciation can involve genetically localised or genome-wide changes. Under the genic model of
speciation, some genetic regions become resistant to gene flow (i.e., exhibit reproductive
isolation) before othe?s®. This leads to one or a few locatis genomicislands’ of

differentiation, which grow through time as speciation progrésse&ventually, effects of
reproductive isolation evolve to become genome wide, as implied by the aforementioned theories
of coupling and congealing of differentiation across&ti% and classic views of biological

%4,30

specie An unresolved empirical issue is how readily and why the transition to genome-wide

differentiation occrus.

Approaches for quantifying the genetic changes involved in adaptation and speciation have been
covered elsewhef®&**"7%9%4 \We priefly re-iterate two core points that are most relevant for
speciation dynamics. First, integrative approaches that combine ecology, experiments,
population genomics, and genetic mapping could yield more robust inferences than studies
relying on one approach alone. In particular, observational genome scans and genetic mapping
studies identifying genetiegions associated with population differentiation can be

supplemented with manipulative transplant or experimental evolution studiesitdhese

regions are subject to divergent selection. Although such experimental approaches are not
without limitations, recent studies highlight their poteAtid**°®°. For example, studies of
stick-insects and flies show that genetic regions responding to experimentally induced divergent

selection correspond to those which are highly differentiated between natural poptitatitis

Second, quantifying the true distribution of genetic changes involved in speciation is challenging
becaus®f the relative ease of detecting large effect changes (i.e., leading to over-estimation of
the distribution of effect sizes). Nonetheless, recent analytical advances for quantifying genetic
architecture per se can help alleviate this problem. Consider the example of genome-wide

association (GWA) mapping. Classic GWA methods analyse contributions of individual genetic
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variants to phenotypic variation, one at a tifheThese methods are suited for detecting loci of
large effect but not for quantifying the architecture of polygenic, complex traits. In contrast,
recently developed whole genome regression or polygenic modeling approaches consider the
joint influence of all genetic variants, and relatedness among individuals, to quantify genetic
architecturé®. Polygenic modeling is aligned in spirit with quantitative genetics and in wide use
in artificial breeding, but not fully exploited in evolutionary stuffi&&®2 Once patterns of
differentiation and associated genetic changes are in hand, one can turn to the difficult task of
inference of underlying speciation processes.

Inferring process

It is clear that speciation dynamics are parameter-dependent and can involve non-linear,
emergent properties. Thus, inferring process will require information on selective regimes,
migration, recombination, and the underlying genetic architecture of traits driving speciation,
including effect sizes, linkage relationships, and epistatic interactions. Such data can allow
patterns of differentiation to be more readily interpreted in light of theoretical predictions. It is
also relevant to test whether speciation coincided with a bottleneck, founder event, or abrupt
environmental shift. Approaches for inferring these factors have been covered eléefitmre

we focus on the topics of feedback and bi-stability here.

It may be difficult to distinguish whether sudden differentiation is due to small changes in an
individual variable having large effects or a true feedback loop (i.e., between dynamic variables).
For example, a change in eithg® or LD could increase genetic differentiation, without

invoking feedback. Changes without feedback predict bi-modality only in one response variable.
In contrast, a feedback predicts missing intermediates in both variables being measured.
Ultimately, tests could be devised for whether each component of a feedback loop directly
strengthens the other. In terms of bi-stability, two states should be observable under similar
conditions, ie., those representing an unstable intermediate domain. In some cases, the historical
sequence of events will have led to strong differentiation, but in other cases they will have not.
The same prediction applies for gene flow upon experimental secondary contact. In principle,

populations lying in the unstable domain could be perturbed to an alternative state, for example
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by manipulating levels of LD via gene flow or other factors. These examples suggest that even if
contemporary populations largely sit in one or two domains of differentiation, it may still be

possible to study transitions between them.
Concluding remarks

Implementation of the ideas outlined here will require substantial effort, as it implies the need to
generate data on patterns of differentiation, multiple evolutionary processes, and genetic
architecture in a wide range of sub-populations, and better frameworks for comparing among
studies. However, until this is done it will be impossible to know how usgftéms-level

thinking and tipping points will be for understanding the dynamics of speciation, or if the hunt
for individual genes driving speciation will largely suffité®°® We predict that the inherently
multi-locus and multi-faceted nature of speciation makes tipping points and initial conditions of
broad importance for understanding the process. An open question is how evolutionary tipping
points might affect ecological systems (e.g., communities and ecosySt¥nispding to

interactions between evolutionary and ecological dynamics.
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Table 1. Examples of empirical studies of different stages of speciation for replicate, co-

occurring pairs of taxa. msat = microsatellite loci. WGS = whole genome sequence data. PGS =

partial genome sequence data (e.g., from genotypyrgequencing). We report quantitative

results if the original study tabulated them for genome wiggelfit otherwise give a summary

of qualitative findings. Due to different marker types being used, values cannot be easily

compared across studies, but within-study variation encapsulates the putative speciation

continuum.
Organism Comparison Genetic| Replicates | Results Reference
data
Fish
Cichlid fish Sympatric msat 5 pairs Fst=0.000, 0.002, | ’
(Pundamilia) phenotypes 0.010, 0.014, 0.026
found in
different
localities within
lake Victoria
Stickleback fish | Parapatric lake-| msat 6 pairs Fst=0.05, 0.10, 8
(Gasterosteus) | stream pair in 0.12, 0.14, 0.16,
North America, 0.23
each pair in a
different
locality
Stickleback fish | Parapatric lake-| WGS | 5 pairs Fst=0.09, 0.11, 9
(Gasterosteus) | stream pairs 0.22,0.22,0.28
across the
globe, each pair
in a different
locality
Lake whitefish | Sympatric PGS |5 pairs Fst=0.008, 0.029, | *°
(Coregonus) dwarf and 0.049, 0.105, 0.216

normal ecotype:
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within lakes,
each pairin a
different lake

Plants
Sunflowers Sympatricor |PGS | 3 pairs (plus | Fs7=0.30,0.35, | *®
(Helianthus) parapatric 1 allopatric) | 0.51 (0.48 for
species pairs allopatric pair)
with different
levels of gene
flow
I nsects
Pea aphids Sympatric msat 11 sympatric| An interconnected | ™
(Acyrthosiphon) | populations biotypes continuum of
associated with differentiation
different host
plants in
western Europe
Mimetic Parapatric and | WGS | 4 pairs Continuum of 12 see
butterflies sympatric races differentiation also™®
(Heliconius) and species between races and
species
Birds
Flycatchers Populations GWS | 7 pairwise | Fst~ 0.1 wi/in 14
(Ficedula) within and comparisons| species, ~0.3 b/w
between species, ~1.0 b/w

species, with
variation in
degree of
geographic

overlap

distantly related

species

Amphibians
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Poison Frogs

(Ranitomeya)

Mimetic
morphs in three
different

transition zones

msat

3 transition

Zones

Clines for different
colour pattern traits
clines varied from
offset to coincident;
genetic structure
varied from present

to absent

15
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Table 2. Glossary of key terms and examples of their relevance for speciation dynamics.

Term

Definition

Example of relevance

Indirect selection

Selection on a trait stemming from
correlation of the trait with a directly
selected trait; the same concept app

to a locus rather than a trait

Can increase the total selectio
experienced by a trait (or locus
above that due to direct

selection, potentially promoting

divergence with gene flow

Tipping point

(narrow sense)

A point where a system may flip to a
alternative state, involving positive

feedback at an unstable equilibrium

Could explain sudden speciati
and gaps between populations|
and species, and do so withou
invoking catastrophic events o

large external perturbations

Positive feedback

A process in which dynamic variable|
enhance the changes happening in
each other (i.e., each increases the
other)

At a critical threshold, divergen
selection and LD can enter a
feedback where each reinforce
the other, driving rapid

speciation

Bi-stability

A scenario in which a system has tw
alternative possible stable states ung
the same conditions (often due to

effects of initial conditions and path-

dependence in evolution)

Could explain gaps between

populations and species

Linkage
disequilibrium (LD)

Non-random statistical associations

between alleles at different loci

A core component of some
types of positive feedback loop

that drive speciation

Sudden dynamigs
(i.e., non-linear

dynamics)

Some parts of speciation occur mucl
faster than others such that
differentiation is not uniform through

time

Leads to discontinuous pattern
of differentiation and gaps

between stages of speciation

Gradual dynamics;

(i.e., linear

Near uniform/constant differentiation

through time; note that this does not

Leads to a well inter-connectec

speciation continuum, with
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dynamics) imply slow change, but rather simply intermediate states readily

fairly constant rate observed

Critical transition Abrupt shift in a system when driving Rapid shifts in differentiation af
parameters reach a threshold (i.e., | critical thresholds of divergent
critical) value; the associated shift | selection and LD

from one state to another is sometir

referred to as a ‘regime shift’

Gross migration Movement of individuals between | Variation in gross migration
populations (contrasts with effeaiv | rates can affect the dynamics ¢
migration which considers the speciation, and whether tipping
incorporation of the alleles in those | points occur

individuals into the local genetic

background)

Figure 1. Empirical studies of the speciation continuum and the dynamics of speciation. (a)
Previous studies of the speciation continuum. Modified from SeehauseH.dbaPatterns of
differentiation in aphids, lizards$®, crow$®, and herrinf. (c) Genetic architecture of traits in
butterflies®*® cricket$? stickleback®, and maiz#&. (d) Overview of a systems biology

framework for studying speciation. White lines are chromosomes with circles on them being
genetic loci. Red circles are individuals. Blue and yellow circles are populations in different
environments. Double-headed arrows represent gross migration and the other letters represent
evolutionary processes (s = selection, r = recombination, u = mutatiergff¢ctive population

size).

Figure 2. Gradual and sudden dynamics of speciation in the model by Flaxman et al . s =

strength of divergent selection. m = gross migration rate. (a) Gradual differentiation occurs when
selection is strong relative to migration. Following Hartl and CP&rktrongly differentiated lac

are those with &> 0.25, but results are similar for other cut-offs. (b) Sudden differentiation

occurs when selection is weak relative to migration, because a critical threshold of divergent
selection and genome-wide linkage disequilibrium must be achieved before differentiation can

ensue. (c) Schematic of a tipping point where positive feedback at an unstable equilibrium (thin
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line) causes a rapid shift between alternative stable states. Slight changes in conditions (e.g.,
selection strengths, levels of standing genetic variation) can cause the system to switch from one
state to the otheAn unstable domain predicts alternative states under similar conditions,
dependent on the history of events leading to those conditiorsn @ample of bi-stability in

the Flaxman et @lmodel (with L = 60 loci, m = 0.1)[he y-axis shows the local frequency of an
allele in the deme in which it is favoured. Within a range of s values, there are two equilibria and
the system state depends upon past conditions. This is indicated by the two sets of points, one
when initializing populations with maximum divergence (blue symbols) and the other when
initializing with no divergence (orange symbplBanels a,b,d use previously published data

from® and the Dryad repositof/. A script for producing the pandksarchived in a GitHub

repository <link here upon final acceptance>.

Figure 3. Difficultieswith quantifying patter ns of differentiation during speciation. (a) With

low replication it can be difficult to extrapolate between data points in a manner that
unambiguously distinguishes gradual from sudden change. (b) If both extremes of the
distribution of differentiation are not sampled, a continuum might be falsely inferred (as for the
sampled taxa shown with black points). (c) Each dot represents data from a different population
pair. When data from different species are combined true discontinuities within a species (red,
dotted line) might be hidden, leading to the erroneous conclusion of gradual dynamics.
Specifically, if a line were drawn through all the points shown (red and black) then the pattern
would look continuous, despite it being discontinuous within one of the sp@idslaptive

and neutral loci might differentiate at different points in the speciation process such that patterns

of speciation are dependent on the type of loci examined.

Box 1: Exploratory resultson the relation between multilocus coupling in time ver sus

space.

Multilocus cline theor{? "> makes predictions about the shape of allele-frequency clines in space
by determining the conditions in which clines at different barrier loci will be coupled (i.e., acting
as a multilocus selected unit) or uncoupled (loci evolving independ@itifoupling is

promoted by increasing the number of barrier loci (L), increasing the strength of selection per
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locus (s), or decreasing the recombination probability between neighbouring loci (r). The effects
of these key drivers can be encapsulated by the “summed coupling coefficient,” ¢, defined by
Kruuk et al”® as¢= (L— 1)s/r.

Though most previous theory considers equilibrium patterns in space, temporal dynamics of
coupling have also been studieHowever, theories in space versus time are poorly connected,
and non-equilibrium conditions have proven difficult to study analytically. We show here
exploratoryresults relating temporal dynamics and critical transitions observed in stochastic,
forward-time simulationt metrics commonly used in multilocus cline theory. The figure shows
results with s = 0.02 and gross migration rate m = 5% between two demes (i.e., discrete space).
Additional parameter combinations and details are in the OSM.

New, divergently selected mutations arise continuously in our simulations, cé@usiimygcrease

over time because L increases amdcreases as a greater number of variable sites become
packed into a genome of fixed size. The actual degree of coupling between loci at any point in
time can be quantified by the “effective number of loci”’?, L, computed as the number of loci

with selection coefficient s that would need to be perfectly coupled (i.e., in complete linkage
disequilibrium) to produce the observed average allele frequency difference between demes at a
given time. k. = 1 when loci are evolving independently (each locus acts as one, independent
locus characterized by s) and increases as loci become coupled. Our simulations highlight two
key points about evolutionary dynamics whem 81 (a) genome-wide congealing (GWC) in

time is associated with nonlinear shifts in reproductive isolation and couplinguid (b) there

may be a critical value afthat defines a tipping point between undifferentiated and

differentiated populations.

The figure shows the followingA() Example time series (one simulation run) showing the
effective migration rate, gfsolid line), and effective number of loci (orange, dashed line),
through the genome-wide congealing (GWC) transition (gold, dash-dot liges)ampopulation-
level measure of reproductive isolation, defined as the proportion of a deme’s reproduction from
immigrarts'®. (B) Relationship between a discrete-space analogue of cline-wildéninverse of

allele frequency difference between demesd ¢ (time-implicit parametric plot from same
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simulation run a#\; solid line: simulation results; dashed and dotted lines: deterministic

expectations for completely coupled and uncoupled sites, respectively; circle: start time; square:

end time; diamond: time of GWC). Random fluctuations in the analogue to cline width (y-axis)

arise due to the effects of genetic drift. See OSM for detailed methods.
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