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Abstract
Rapid adaptive radiation poses two distinct questions apart from speciation
and adaptation: What happens after one speciation event and how do some
lineages continue speciating through a rapid burst? We review major features of rapid radiations and their mismatch with theoretical models and
speciation mechanisms. The paradox is that the hallmark rapid burst pattern of adaptive radiation is contradicted by most speciation models, which
predict continuously decelerating diversification and niche subdivision. Furthermore, it is unclear if and how speciation-promoting mechanisms such
as magic traits, phenotype matching, and physical linkage of coadapted alleles promote rapid bursts of speciation. We review additional mechanisms
beyond ecological opportunity to explain rapid radiations: (a) ancient adaptive alleles and the transporter hypothesis, (b) sexual signal complexity, (c)
fitness landscape connectivity, ( d ) diversity begets diversity, and (e) plasticity first. We propose new questions and predictions connecting microevolutionary processes to macroevolutionary patterns through the study of rapid
radiations.
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1. INTRODUCTION
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The most striking pattern of biodiversity is its uneven distribution across space and time. This disparity transcends all scales: From the Cambrian explosion to microbial microcosms, rapid bursts
of diversification are staggeringly uneven across different environments, time periods, and evolutionary lineages (Alfaro et al. 2009b; Blount et al. 2012; Glor 2010; Landis & Schraiber 2017;
Rabosky et al. 2012, 2018; Simpson 1944; Uyeda et al. 2011). Phylogenetic comparative analyses
of long-standing ecological theories, such as the latitudinal diversity gradient (Hurlbert & Stegen
2014), punctuated equilibrium (Pennell et al. 2014), and the speciation–area relationship (Kisel
& Barraclough 2010, Wagner et al. 2014), generally aim to explain these patterns of disparity at
global scales. In contrast, mechanistic models of species divergence (Dieckmann & Doebeli 1999,
Gavrilets 2004, Kopp et al. 2018, Servedio & Burger 2014), ecological speciation theory (Hendry
2017, Nosil 2012, Schluter 2000), and speciation genomics (Ravinet et al. 2017, Seehausen et al.
2014) attempt to predict and describe phenotypic and genetic divergence within a population at
microevolutionary timescales. However, a gap remains between these two scales: We have little
understanding of the population-level mechanisms and processes contributing to repeated bouts
of speciation within an environment—the initial rapid burst phase of adaptive radiation (Harmon
et al. 2010, Losos 2010, Stroud & Losos 2016).
Periodic rapid bursts of diversification contradict many existing speciation models. Many models and mechanisms predict or imply that the rate of speciation should slow down after each speciation event due to increased niche subdivision, weakened disruptive selection, and the limited
availability of genetic architectures (e.g., inversions) or sexual traits (e.g., magic traits) that promote speciation (see Section 4). In contrast, at the macroevolutionary scale, bursts of multiple
speciation events in rapid succession appear to be common (Estes & Arnold 2007; Gavrilets &
Losos 2009; Glor 2010; Landis & Schraiber 2017; Uyeda et al. 2011, 2018). These bursts indicate accelerating speciation rates within some lineages at certain times, rather than continuously
decelerating rates as predicted by many speciation models. Indeed, explosive speciation, the temporary acceleration of speciation and trait diversification rates, is often noted as a feature of classic
adaptive radiations (Kocher 2004, Rabosky & Lovette 2008). It is this explosive phase of some
radiations that we aim to understand here.
The solution to this paradox of rapid radiation has long been the deus ex machina of ecological
opportunity, generally described as key innovations enabling access to new resources, colonization
of new environments with abundant resources and few competitors, or mass extinction events
(Futuyma 1998, Hendry 2017, Losos 2010, Schluter 2000, Simpson 1944, Stroud & Losos
2016, Wellborn & Langerhans 2015, Yoder et al. 2010). There is no question that ecological
opportunity is associated with adaptive radiation and diversification at global and regional scales;
indeed, this remains the dominant explanation within the ecological theory of adaptive radiation.
However, on closer inspection of some taxa at microevolutionary scales, key innovations do not
always coincide with increased diversification (Alfaro et al. 2009a, Harmon & Harrison 2015,
McGee et al. 2015, Rabosky 2017, Seehausen 2006), many taxa colonize new environments and
fail to diversify (Arbogast et al. 2006, Lovette et al. 2002, Martin 2016a, Martin & Wainwright
2013a, Meyer et al. 2017, Muschick et al. 2018, Roderick & Gillespie 1998), and diversification of
new lineages often precedes or lags long after mass extinction events (reviewed in Erwin 2015).
Furthermore, niche axes relevant to ecological opportunity and diversification are rarely tested a
priori (e.g., Schluter & Grant 1984a; reviewed in Erwin 2015, Stroud & Losos 2016, Wellborn &
Langerhans 2015). There are also many examples of rapid radiation within already species-rich
communities with no obvious ecological opportunities, such as wild tomatoes (Pease et al. 2016)
and Amazonian pike cichlids (Burress et al. 2018), with no apparent unique key innovations.
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Indeed, key innovations can provide access to new resources while not resulting in increased
species diversification or decreased extinction rates (Rabosky 2017, Stroud & Losos 2016). Thus,
the theory of ecological opportunity is clearly a dominant cause underlying adaptive radiation but
sometimes provides limited predictive power without the very difficult step of actually measuring
fitness landscapes in natural populations (e.g., Arnegard et al. 2014, Bolnick & Lau 2008, Keagy
et al. 2016, Martin 2012, Martin & Wainwright 2013b, Schluter & Grant 1984a; also see Stroud
& Losos 2016). These direct measurements of multi-species fitness landscapes provide evidence
of the multivariate selection pressures acting on natural populations and could be used to probe
the existence of empty fitness peaks in comparable environments without radiations.
Our goal is to review the pattern of rapid, repeated bouts of speciation during early phases of
adaptive radiation and emerging theories for understanding how multiple speciation events can
occur simultaneously or in quick succession. We define this scale between a single speciation event
and global macroevolutionary patterns as mesoevolution (Table 1), comprising the study of rapid
bursts of diversification within a single clade or a shared environment. This follows Dobzhansky’s
(1954) first use of the term and departs from the emphasis on parallelism proposed by Abouheif
(2008).

Table 1 Hierarchical levels of questions about the evolution of diversity, from case studies of single speciation
events (microevolution), to case studies of repeated bouts of speciation (mesoevolution), to global diversity patterns
(macroevolution)
Microevolution (speciation)
Ecological niche

Mesoevolution (rapid radiations)

Macroevolution (global
biodiversity patterns)

What niches do sister species
occupy?

Did total niche diversity increase due to
niche subdivision, new trophic levels,
or novel niches?

Which environmental and lineage-specific
variables are associated with niche
diversification?

What are the reproductive isolating
barriers between species?

How do reproductive isolating barriers
change after each speciation event?

What are the relative rates of evolution of
different types of isolating barriers?

What is the strength of disruptive
selection on sister species?

How many fitness peaks exist on the
fitness landscape within an
environment?

How many fitness optima can be
distinguished in multivariate trait space for
a given set of taxa?

Do sister species differ in
performance within their
respective niches (i.e., trait utility)?

How are fitness landscapes shaped by
performance constraints versus
competitive dynamics?

Do biophysical principles constrain
macroevolutionary adaptive landscapes?

Did gene flow promote or constrain
speciation?

Did extinct ephemeral species contribute
ancient adaptive alleles to extant
radiations?

How do gene trees underlying speciation
traits differ from neutral gene trees?

Did speciation occur in parallel
across similar environments?

How much parallelism results from
sorting of ancient haplotypes?

Are structural rearrangements more likely to
be found within rapid radiations?

How do mate preferences affect
speciation?

How does repeated speciation affect
mate preference functions?

How stable are mate preference functions
over macroevolutionary timescales?

Did magic cues or preferences
promote speciation?

Were different magic cues or
preferences involved in multiple
rounds of speciation?

Are diverse clades associated with more
frequent transitions among mating
preferences or cues?

Fitness

Gene flow

Mate choice
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2. SETTING THE STAGE
2.1. What Is Adaptive Radiation?
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The definition of adaptive radiation remains loose but requires a clade to diversify and fill a variety
of niches, often within a short timespan (Gavrilets & Losos 2009, Losos 2010, Olson & ArroyoSantos 2009, Schluter 2000, Simpson 1944, Stroud & Losos 2016). Many researchers consider
adaptive radiation to result from repeated bouts of ecological speciation—i.e., speciation driven
by ecological divergence (e.g., Glor 2010, Wellborn & Langerhans 2015, Yoder et al. 2010)—
in contrast to speciation by sexual selection (Arnegard et al. 2010) or mutation-order speciation
(Schluter 2009). However, nearly every reproductive isolating barrier is affected by adaptation in
at least one of the two diverging populations (Sobel et al. 2010), including postzygotic intrinsic
barriers, which may often be affected by the environment (Fuller 2008, Miller & Matute 2017).
Thus, nearly all speciation is ecological speciation. Additionally, rapid is often included in the
definition of adaptive radiation but left unquantified following the original framing of Simpson
(1944), who described a qualitative distinction between phyletic gradualism and adaptive radiation.
More recent definitions require phylogenetic comparative evidence for a rapid pulse or early burst
of phenotypic diversification (Glor 2010, Landis et al. 2013) or simply a wide diversity of ecological
niches within a clade, regardless of age or diversification rate (Givnish 2015).
Our main goal is to ask whether additional mechanisms outside of ecological speciation are
needed to sufficiently understand and predict the occurrence of rapid radiations. Our focus here
is on the unique processes that may contribute to exceptionally diverse radiations in sympatry
during the rapid burst phase of some adaptive radiations (e.g., Givnish et al. 1997, Kocher 2004,
Martin & Wainwright 2011) relative to the continuum of adaptive divergence across taxa.
We define rapid radiation as a young clade (a) diversifying rapidly and (b) containing at least
three or more species occurring in sympatry (often described as species flocks; see Echelle &
Kornfield 1984). Our focus on radiations of three or more species ensures that we are discussing
processes that apply to repeated bouts of speciation in the same environment, rather than a single
speciation event or repeated parallel speciation across similar environments (reviewed in Bolnick
et al. 2018). Indeed, processes affecting multiple speciation events in quick succession within
a single environment cannot be studied in case studies of a single species pair. More broadly,
we view the process of rapid adaptive radiation as encompassing diverse phenomena across a
multidimensional radiation space containing the axes of species richness, phenotypic disparity,
niche divergence, ecological novelty, levels of sympatry versus microallopatry, frequency of
repeated parallel speciation, and habitat, trophic, or sexual diversification (Figure 1). This catalog
of rapid radiations includes species-rich, but ecologically similar, radiations, such as plethodontid
salamanders (Kozak et al. 2005) and Mexican axolotls (Shaffer & McKnight 1996); species-rich
sexual radiations, such as Habronattus jumping spiders (Masta & Maddison 2002) and mormyrid
electric fishes (Arnegard et al. 2010, Carlson et al. 2011); microhabitat-driven radiations existing
in microallopatry across heterogenous landscapes, such as Hawaiian Metrosideros trees (Stacy
et al. 2014) and Malili Lake shrimp (von Rintelen et al. 2010); and classic examples of adaptive
radiation, such as Darwin’s finches (Grant & Grant 2011), Hawaiian drosophilids, honeycreepers,
and silverswords (Givnish & Sytsma 1997, Landis et al. 2018, Lovette et al. 2002), and East
African cichlid radiations (Kocher 2004, Seehausen 2006) (Figure 1).

2.2. Why Study Rapid Radiation?
Rapid radiations provide insights into the processes operating above the level of a single speciation event and connect these processes to patterns observed at global macroevolutionary
scales (Table 1). High levels of sympatry in many rapid radiations provide tractable case studies
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Pygopodid
Aprasia lizards

Ecological novelty
without species richness
San Salvador pupfishes

Escherichia coli

Sternarchella electric fishes
Brocchinia bromeliads Headstander
Sulawesi
fishes
Lake Tana barbs
Caridina shrimp
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Microhabitat-driven
radiations
Hawaiian tetragnathid spiders
Lake Baikal sponges Galápagos
Hawaiian limpets
Bulimulus snails
Hawaiian Metrosideros trees
Mimulus monkey
flowers

Repeated
parallel speciation
Sticklebacks
Timema walking sticks
Lake whitefish

Nonadaptive
radiations
Batrachoseps salamanders
Madeiran land snails
Mexican axolotls
Galápagos mockingbirds

Sexual
radiations

Hawaiian
lobelioids

Hawaiian
silverswords
Anolis lizards

Columbine flowers

Classic adaptive
radiations

Phyllostomid bats
Darwin’s finches
Barombi Mbo cichlids
Lemurs
Lake Baikal sculpins
Marsupials
Malagasy vangids
Birds
Lake Lanao barbs
Dinosaurs
Antarctic notothenioid icefishes
Hawaiian honeycreepers
Tanganyikan cichlid radiations
Lake Baikal amphipods
Victorian haplochromine cichlids
Hawaiian drosophlids
Malawi haplochromine
cichlids

Lake Ejagham cichlids
Enallagma damselflies
Paramormyrops electric fishes
Dendrobatid poison dart frogs
Carydorus catfishes
Habronattus jumping
spiders

Figure 1
Examples of different types of rapid radiations along the three major axes of adaptive radiation. Representative illustrations of the
following groups are shown: ecological novelty without species richness (pygopodid Aprasia lizards); microhabitat-driven radiations
with extensive microallopatry (Malili lakes Caridina shrimp); repeated parallel speciation (Timema walking sticks and benthic/limnetic
stickleback); nonadaptive radiations (Batrachoseps salamanders); sexual radiations (Habronattus jumping spiders and Paramormyrops
electric fishes); and classic adaptive radiations (Malawi cichlids, Hawaiian picture-wing Drosophila, and Hawaiian Argyroxiphium and
Dubautia silversword alliance).

of eco-evolutionary dynamics for several reasons: (a) radiations diversify on a shared adaptive
landscape, enabling direct measurements of the macroevolutionary contours of this landscape
beyond a single diverging population (Arnold et al. 2001, Benkman 2003, Martin & Wainwright
2013b); (b) genetic mapping crosses among closely related species can provide estimates of the
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genetic architecture of adaptive traits (Martin et al. 2017a, Miller et al. 2014); and (c) gene flow
is pervasive in all rapid radiations examined with genomic data so far (Richards et al. 2019),
making rapid radiations excellent for genome-wide association studies connecting genotypes to
phenotypes (Matz 2018, McGirr & Martin 2017, Pease et al. 2016).
Finally, it is worth remembering that humans originated within a rapid radiation. Our species
most likely evolved within a species flock of at least 3–5 hominin species frequently experiencing
gene flow, adaptive introgression, and potentially coexisting in sympatry across most of our range
(Crawford et al. 2017, Huerta-Sánchez et al. 2014, Racimo et al. 2015). Understanding the process
of rapid radiation will illuminate our own origins.

3. THE PATTERN OF RAPID RADIATION
Annu. Rev. Ecol. Evol. Syst. 2019.50. Downloaded from www.annualreviews.org
Access provided by University of California - Berkeley on 10/22/19. For personal use only.

3.1. Three Fundamental Axes: Species Diversification, Phenotypic Disparity,
and Ecological Divergence
Rapid radiations occur along three major axes of diversification: species richness, phenotypic disparity, and ecological niche diversity (Figure 1). Although these axes are often correlated in global
surveys [e.g., body size and lineage diversification rates in fishes (Rabosky et al. 2013)] and in classic
adaptive radiations, they are not always correlated when comparing different types of rapid radiations observed in nature, suggesting a diversity of driving mechanisms. For example, nonadaptive
rapid radiations display extensive cryptic species diversity, often with some degree of sympatry,
such as plethodontid salamanders and some land snails (Gittenberger 1991, Kozak et al. 2005,
Rundell & Price 2009). In other radiations, likewise, many species occupy a small cluster of related
niches within a small region of morphospace, such as flannel-mouth characins versus headstanders
(Sidlauskas 2008). In the opposite extreme, some radiations display extensive niche diversity and
ecological novelty but limited species and trait diversification rates, such as pygopodid lizards. This
Australian radiation of burrowing, nearly limbless gekkonid lizards includes specialists on spiders,
skinks, insects, and ant larvae (Patchell & Shine 1986). Vampire finch populations are another example of novel niche use without detectable phenotypic or lineage diversity: Sharp-beaked finches
drink blood from Nazca and blue-footed boobies on only two of the Galápagos Islands (Schluter
& Grant 1984b).
Sexual radiations are another type of nonadaptive radiation that display extensive trait diversification within sexual characters but minimal ecological divergence, leading to common arguments
that sexual selection is driving the radiation (Kaneshiro & Boake 1987, Martin 2013). For example, some mormyrid electric fishes exhibit substantial diversity in electrical signals that are used in
species recognition and mate choice (Arnegard et al. 2010, Carlson et al. 2011). Numerous other
sexual radiations exist across diverse sensory modalities: from mechanical premating isolating barriers in radiations of damselflies (McPeek et al. 2009), to acoustic and visual courtship displays in
peacock jumping spiders (Masta & Maddison 2002), to color polymorphisms in poison dart frogs
(Reynolds & Fitzpatrick 2007). Sometimes these sexual radiations are also found nested within
larger, ecologically diverse radiations, such as some groups of Malawi cichlids, which coexist despite extensive overlap in morphology, diet, depth, and microhabitat but display a diversity of male
sexual coloration and bower shapes (Kocher 2004, Martin & Genner 2009a,b).
Degree of sympatry is another variable differentiating radiations—from putative examples of
sympatric speciation in a single homogeneous environment (Martin et al. 2015, Richards et al.
2019), to classic adaptive radiations in which species assemblages coexist within heterogeneous
habitats and compete for the same resources while reaching alpha diversities in excess of 100
species (Kocher 2004), to habitat-driven radiations in which each species occurs only within a
single microclimate or microallopatric niche (Losos 2009, Muñoz et al. 2016, Stacy et al. 2014),
25.6
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consistent with an automatic magic trait mechanism of speciation if these species mate within their
respective microhabitats (Servedio et al. 2011).
Finally, novel ecological niches are a surprisingly common feature of rapid radiations, in the
sense of specialization on resources not only unique within the novel environment of the radiation
but also unique across closely related outgroups and sometimes across their global range (Martin
& Wainwright 2011). For example, radiations of Hawaiian tetragnathid spiders have uncharacteristically evolved to build orb webs, spear their prey, and pursuit hunt (Roderick & Gillespie 1998);
radiations of Caribbean Anolis lizards have repeatedly evolved chameleon-like ecomorphs (Mahler
et al. 2016); and a sympatric radiation of pupfishes on San Salvador Island, Bahamas, contains a
scale-eating specialist separated by 168 million years from the most closely related scale-eaters
within East African cichlids (Martin & Wainwright 2013a). Although seed-eating is common in
Darwin’s finches and outgroups, blood-drinking combined with parasite removal in the vampire
finch appears analogous to the niche of oxpeckers, separated by 20 million years (Martin &
Wainwright 2013a). Simpson’s (1944) original concept of adaptive zones also conveys the idea of
ecological novelty as distinct from niche diversity: transitioning from a cluster of related niches
(e.g., browsing horses) to an entirely different cluster of niches in a new adaptive zone (e.g.,
grazing).

3.2. Is an Early Burst Pattern the Hallmark of Adaptive Radiation?
The prevalence of an early burst pattern of species and trait diversification during adaptive radiation versus other evolutionary models, such as a rare pulse or multi-optima Ornstein–Uhlenbeck
(OU) model, is increasingly contentious (Givnish 2015, Uyeda et al. 2018). Initial surveys of body
size variation found the early burst pattern to be rare (Harmon et al. 2010). However, new comparative analyses suggest that this inference was an artifact of ignoring intraspecific variation and
instead found that early bursts of trait diversification are quite common (Landis & Schraiber 2017,
Landis et al. 2013, Uyeda et al. 2018). More recent comparative methods employing a Lévy process to model waiting times for rare, stochastic bursts of body size diversification found more
support for rare pulses of diversification within many different vertebrate clades than early burst
or multi-optima OU models (Landis & Schraiber 2017). Furthermore, detection of an early burst
signal within lineage diversification rates is also affected by trait diversification (O’Meara et al.
2006, Uyeda et al. 2018) and variable, unknown rates of extinction (Rabosky 2010). Regardless of
prevalence or timing of onset, however, any phase of repeated speciation events in rapid succession presents the question we address in this review: How can the speciation process sustain itself
through a rapid burst?
Conversely, the flip side to a rapid burst is the long waiting time before a burst occurs and the
subsequent slowdown in diversification rates. For example, body size diversification appears to accelerate only after a waiting period of approximately 1 million years across highly diverse taxa and
types of data (Uyeda et al. 2011). One interpretation of this result is the ephemeral nature of species
boundaries until postzygotic intrinsic isolating barriers evolve [the waiting time for (Bateson)–
Dobzhansky–Muller incompatibilities (DMIs) to evolve (Coyne & Orr 2004, Rosenblum et al.
2012)]. However, similar lags can be observed on microevolutionary timescales. For example, a
fine-scale fossil time series for colonization of an ancient lake by stickleback exquisitely depicts
the lag in adaptation to a new fitness optimum after colonization, followed by extinction as the
lake dries up and the cycle begins anew (Hunt et al. 2008). Similarly, riverine cichlids colonized a
small Cameroon lake almost immediately after its formation, but sympatric radiation did not occur
until 8,000 years later, coinciding with an influx of olfactory receptor alleles (Poelstra et al. 2018).
These lags are expected from theory for a single speciation event; for example, due to waiting
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Figure 2
(a) Speciation models predict repeated subdivision of a broad ancestral niche with decreased strength of
disruptive selection after each speciation event and decreasing speciation rates. (b) Rapid radiations observed
in nature often exhibit an early burst of diversification greatly exceeding niche width and niche diversity in
the ancestral population. Fitness functions (dotted lines) are shown for comparison: (a) frequency-dependent
dynamics expected under models of speciation with repeated subdivision of the ancestral niche and decreased
strength of disruptive selection after each speciation event versus (b) a static and complex adaptive landscape
underlying a burst of diversification that greatly exceeds ancestral niche width.

times for the buildup of linkage disequilibrium between ecological loci and mating loci (Gavrilets
2004). However, the paradox is that repeated speciation events within rapid radiations are not each
accompanied by long waiting times.

4. THE PARADOX: MODELS AND MECHANISMS OF SPECIATION
PREDICT DECELERATING SPECIATION RATES
In contrast to the observed pattern of rapid bursts of diversification, most theoretical models and
speciation mechanisms suggest that the interval between repeated speciation events should always
increase, not periodically decrease (Figure 2a). Furthermore, many models and mechanisms are
based on a finite supply of ecological niche diversity, niche width, assortative mating cues, or genetic architectures promoting speciation. In theory, as speciation proceeds rapidly, these promoting factors should be used up, unless their supply is recycled or effectively unlimited (see Section 5).

4.1. Theoretical Models of Adaptive Radiatio
There are two main classes of theoretical models of adaptive radiation, often referred to as
repeated evolutionary branching processes (Haller et al. 2013). In the first class, spatially continuous models use a single environmental gradient as the resource axis. This scenario underlies
most adaptive dynamics models. These models generally rely on negative frequency-dependent
competition among similar phenotypes to generate disruptive selection, such as in Dieckmann &
Doebeli’s (1999) classic model of sympatric speciation and subsequent adaptive dynamics models
(Doebeli et al. 2005). After a population mean phenotype reaches a fitness optimum, directional selection on a population changes to negative frequency-dependent disruptive selection for extreme
25.8
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phenotypes capable of exploiting the tails of the resource distribution. This splits the population
if additional factors are favorable, including low costs to strong assortative mating and relatively
simple genetic architectures that enable the buildup of linkage disequilibrium between alleles for
adaptation and assortative mating by ecotype (Dieckmann & Doebeli 1999; also see the more
difficult scenario of speciation by sexual selection, van Doorn & Weissing 2002, Weissing et al.
2011).
Importantly, theorists are drawn to modeling competition on a single continuous resource axis
not because of the prevalence of this mechanism in nature but because it is an elegant modeling
framework. For example, Polechová & Barton (2005) were enthused that “disruptive selection
appears to emerge from a continuous unimodal resource distribution, rather than being imposed arbitrarily” (p. 1195; emphasis added). Competition for a single continuous resource is exceedingly
rare within adaptive radiations, which are generally defined by a diversity of discrete and continuous resource axes in many dimensions (Gavrilets & Losos 2009). Indeed, no one-dimensional
resource-based empirical fitness landscapes have been described except for the classic study of seed
size distributions and their match with beak sizes in Darwin’s finches (Schluter & Grant 1984a).
Interestingly, the most influential adaptive dynamics model in this class (Dieckmann &
Doebeli 1999) actually does result in continued branching after the first speciation event, all the
way up to the point at which the phenotype distribution is continuously distributed and matches
the resource distribution (Polechová & Barton 2005). In the original study, simulations were
not run long enough to observe this behavior and phenotypic variance was constrained so that
disruptive selection was always present (Polechová & Barton 2005). This repeated branching
process occurs on a single continuous niche axis, resulting in repeated subdivision of the niche axis
after each speciation event (Figure 2a). Disruptive selection results from available niche width
and weakens after each population splitting event due to reduced niche space, until speciation
stalls completely when the scale of competition among phenotypes exceeds available niche space
(Polechová & Barton 2005). Bolnick (2006) also found that this model can result in the simultaneous emergence of three species. However, simultaneous speciation events in this model still
resulted in niche subdivision and weakened disruptive selection after speciation (Bolnick 2006).
Adding additional ecological trait axes experiencing directional selection can lead to repeated and
recurrent adaptive radiations within multivariate trait space but still results in repeated niche subdivision and weaker disruptive selection after speciation along each axis (Ito & Dieckmann 2007).
Thus, the strong preference of many theorists, particularly within the adaptive dynamics
school, for the elegance of disruptive selection emerging naturally from competitive interactions
along a single, unimodal resource axis has resulted in model predictions that do not explain observations of increased speciation rates and expansion of niche breadth during rapid radiation,
rather than the subdivision predicted. In the second class of models, populations evolve on fixed
fitness landscapes, such as patchy heterogeneous habitats of varying fitness (e.g., Gavrilets 2004,
Kondrashov & Kondrashov 1999, Wilson & Turelli 1986). These models often result in the spontaneous evolution of habitat specialists under a variety of conditions (Gavrilets & Vose 2005) and
can explain the evolution of trophic specialization (Futuyma & Moreno 1988, Holt & Gaines
1992). Although criticized for failing to model fitness landscape dynamics (Doebeli & Dieckmann
2005), static fitness landscapes with multiple optima may be most appropriate for modeling bursts
of adaptive radiation (Figure 2b) in which divergent resource specialists may be constrained to
different fitness optima by absolute performance tradeoffs and biophysical constraints instead of
competing directly on the same resource axis (Benkman 2003, Hendry 2017, Higham et al. 2016,
Martin 2016b).
Recent models have begun to investigate the origins of transitions between adaptive zones
(Kagawa & Takimoto 2017) or chasing a moving fitness optimum (Hansen et al. 2008, Kopp &
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Hermisson 2007). For example, increased phenotypic variance facilitates transitions between peaks
and may be caused by transgressive segregation (Kagawa & Takimoto 2017), gene flow (Gavrilets
2004, Gavrilets & Vose 2005), or ubiquitous negative frequency-dependent disruptive selection
(Haller & Hendry 2014). Challenging work remains in combining complex empirical fitness or
performance landscapes with complex genetic architectures for ecological and mating loci originating within diverse spatial and temporal contexts. This complexity may be needed to actually
make predictions about the extent of diversification in natural case studies of rapid radiation (e.g.,
Bolnick 2011, Gavrilets 2014, Gavrilets et al. 2007, Martin 2013, Recknagel et al. 2014, Stayton
2019, Wagner et al. 2012). Furthermore, most speciation models have yet to confront the realworld problems of a distribution of allelic effect sizes for each complex trait (Kopp & Matuszewski
2014, Matuszewski et al. 2015, Rockman 2012), each with its own distinct spatiotemporal origins
(e.g., Marques et al. 2019, Richards & Martin 2017). This is compounded by a complex genetic basis and fitness epistasis among multiple, interacting reproductive isolating barriers. It not yet clear
in any empirical system how to make predictions from existing speciation models when the diversity of mechanisms, effect sizes, and evolutionary origins of ecological and mating loci within a
single speciation event often exceeds the diversity of mechanisms explored separately in all models
to date.

4.2. Speciation Mechanisms and Their Implications for Rapid Radiation
Various types of traits and genetic architectures are known to promote speciation (Coyne & Orr
2004, Gavrilets 2004, Kirkpatrick & Barton 2006, Kopp et al. 2018, Servedio et al. 2011, Yeaman &
Whitlock 2011). For example, assortative mating cues or preferences also experiencing divergent
ecological selection are known as magic traits and promote speciation (Gavrilets 2004, Kopp et al.
2018, Servedio et al. 2011). Despite their name, magic traits are common and include many different classes of traits, including sensory drive, communication signals affected by the environment,
and condition-dependent traits affected by local adaptation (Servedio et al. 2011). Assortative mating mechanisms may involve either a preference for some cue (independent preference/trait loci)
or phenotype matching [e.g., imprinting (Kopp et al. 2018, Verzijden et al. 2005, Yeh et al. 2018)],
which promotes speciation (Felsenstein 1981). Similarly, the evolution of strong assortative mating by ecotype with low costs to choosiness is needed for speciation with gene flow (Doebeli et al.
2005), although many taxa may pay minimal costs for choosiness (Martin 2010, Puebla et al. 2012).
A second broad class of speciation-promoting mechanisms occurs at the level of genetic architecture, including physical linkages between mating loci and ecological loci, between different
types of ecological loci involved in adaptation to the same niche (Yeaman & Whitlock 2011),
or between ecological loci and intrinsic reproductive incompatibilities (Seehausen 2013). Inversions can capture physically linked adaptive alleles and suppress recombination (Fuller et al. 2017,
Kirkpatrick & Barton 2006). Physical linkage of ecological or mating loci to DMIs may also promote speciation by effectively reducing the breakdown of beneficial haplotypes due to recombination between divergent species’ backgrounds after secondary contact (e.g., Wright et al. 2013),
or ecological divergence may directly result in DMIs through hybrid gene misregulation (Mack
& Nachman 2017, McGirr & Martin 2019).
Although all these mechanisms are widely appreciated for their role in speciation, if and how
they promote more than a single speciation event during rapid radiation is often unclear. In many
cases, traits and architectures promoting speciation are discussed as if they are in limited supply
and may thus be depleted after one speciation event. For example, magic traits may become species
recognition cues distinguishing sister species, or genetic architectures, such as inversions containing coadapted loci, may become fixed between diverging populations. Even when multiple such
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MODELS AND MECHANISMS OF SPECIATION IMPLY DECELERATING TRAITS
Summary of Pattern




Rapid radiations result from periodic bursts of diversification on three major diversification axes and lead to a
diversity of outcomes within radiation space, including classic, sexual, nonadaptive, habitat-driven, and ecological
novelty radiations (Figure 1).
The early burst pattern was once considered the hallmark of adaptive radiation but now shows limited empirical
support across clades relative to other evolutionary models.
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Frequency-dependent speciation models based on a single continuous resource axis predict decelerating speciation rates and increasingly subdivided niche widths (Figure 2).
If speciation-promoting traits and genetic architectures are in limited supply, they may be used up after each
speciation event, resulting in decelerating speciation rates.

traits are segregating within a population, those with the largest effect sizes for adapting to a new
fitness peak are most likely to be used first, resulting in a decelerating rate of adaptation, a general
prediction of Orr’s extension of Fisher’s geometric model (Orr 2005) for any adaptive walk. This
behavior is often observed when populations adapt to similar environments using the same largeeffect standing genetic variation [e.g., armor loss in sticklebacks (Brown et al. 2015, Colosimo
et al. 2005)]. Thus, many speciation-promoting mechanisms would appear to imply a decelerating rate of speciation, not a rapid burst pattern (see the sidebar titled Models and Mechanisms of
Speciation Imply Decelerating Traits).

5. SOLUTIONS TO THE PARADOX OF RAPID RADIATION
Explanations for rapid radiation must explain not only the speciation process itself but also how
this process is able to briefly sustain itself at rates far exceeding typical background levels of population divergence. In this section, we discuss general mechanisms in order of strongest to weakest
evidence. None of these mechanisms are mutually exclusive and exclude many additional systemspecific mechanisms, such as repeated genomic conflict (Fishman et al. 2013, Lande et al. 2001),
species pumps driven by cycles of geographic connectivity and fragmentation (Papadopoulou &
Knowles 2015), and transposable element mobilization (Zeh et al. 2009).

5.1. The Transporter Process: The Ancient Origins of Adaptive Alleles
One emerging pattern is that the adaptive alleles and genetic architectures differentiating each
species within a rapid radiation are older than the radiation itself. These ancient polymorphisms
may be maintained by balancing selection in divergent environments as the speciation process
repeatedly unfolds (reviewed in Guerrero & Hahn 2017, Marques et al. 2019). Here, we extend
this mechanism to an entire radiation, rather than to a single speciation event, by invoking multiple
axes of ecological divergence and multiple balancing polymorphisms.
The role of ancient balancing polymorphism is rapidly gaining empirical support in genomic
studies of single speciation events. For example, most stickleback colonized glacial lakes formed
10–20 kya using an ancient adaptive allele for armor loss dated to 2 Mya and maintained as standing variation in marine populations, as initially reported in Colosimo et al. (2005), and later termed
the transporter process (Schluter & Conte 2009). This pattern is now reported for most adaptive
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alleles underlying adaptation to glacial lakes (Nelson & Cresko 2018). The large-effect causative
regulatory SNP (single nucleotide polymorphism) underlying armor loss is also tightly physically
linked to alleles involved in immune system function, suggesting that this haplotype may consist
of multiple beneficial mutations for adaptation to glacial lakes (Brown et al. 2015). Importantly,
this physical linkage is highly unlikely to have occurred within the past 10–20 kya during the
most recent colonization of glacial lakes, instead it likely reflects longer timescales for selection
on chromosomal structural rearrangements containing physical linkages of adaptive loci. In taxa
with labile structural evolution (e.g., fish, mammals), simulations indicate that chromosomal rearrangements are likely to produce physically linked clusters of coadapted alleles (Yeaman 2013).
Alternatively, inversions may be segregating within ancient populations, and adaptive alleles may
be more likely to fix within them later, as recently found in the Drosophila persimilis and D. pseudoobscura species pair (Fuller et al. 2017).
More broadly, there are numerous other examples of introgression or sorting of ancient adaptive alleles during adaptive radiation, such as Heliconius butterflies (Heliconius Genome Consortium 2012), Rhagoletis flies (Feder et al. 2003), Caribbean pupfishes (Richards & Martin 2017),
Cameroon crater lake cichlids (Richards et al. 2018), and tomatoes (Pease et al. 2016). Even within
hominins, ancient alleles for pigmentation and adaptation to high altitude persisted within different species and later arrived in our own species via introgression (Crawford et al. 2017, HuertaSánchez et al. 2014, Racimo et al. 2015). Interest is also growing in the hybrid swarm hypothesis
as a trigger of rapid radiation (Martin 2016a, Meier et al. 2017, Poelstra et al. 2018, Richards et al.
2018; reviewed in Marques et al. 2019, Seehausen 2004). However, hybridization is so pervasive
during the speciation process that it is difficult to argue it might play some special role in the
process of rapid radiation (reviewed in Richards et al. 2019).
This view of speciation as the recent sorting of ancient ancestral adaptive alleles can be extended
to help explain the paradox of rapid radiation. This requires the periodic colonization of more
complex environments supporting a diversity of niches, rather than two-niche environments such
as glacial lakes (from a stickleback’s perspective). For example, rare isolated environments in which
rapid radiations can occur may have formed repeatedly over time, followed by radiation collapse
and resorption of adaptive alleles back into a larger continental-scale population as environments
change (also see the species pump hypothesis, Papadopoulou & Knowles 2015). This repeating
process would create the opportunity for selection on physical linkage among adaptive alleles, not
just along a single speciation axis but for each species within the radiation, which could maintain
these adaptive alleles in linkage disequilibrium even as environments change (Figure 3a). Thus,
rapid radiations may proceed more rapidly after repeated cycles of origination and extinction
through hybrid collapse as their underlying beneficial haplotypes experience selection to resist the
decay of linkage disequilibrium due to gene flow. Theory predicts that these haplotypes should
show increased fitness effect sizes over time by gaining many small-effect mutations (Yeaman
2013, Yeaman & Whitlock 2011). Over time, new beneficial haplotypes may originate within
this metapopulation, potentially contributing to more rapid species diversification in the next
cycle.
Future work should evaluate the prevalence of structural rearrangements, such as inversions,
and estimate the age of these events and the adaptive alleles within relative to the age of the
radiation (e.g., as recently done for a single species pair, Fuller et al. 2017). Absolute divergence
time estimates are highly dependent on unknown and highly variable spontaneous mutation rates
across taxa at the recent timescales of rapid radiation (Ho et al. 2011, Lynch 2010, Martin & Höhna
2017, Martin et al. 2017b); however, relative time estimates are feasible, particularly when adaptive
alleles are often orders of magnitude older than the species in which they occur (Colosimo et al.
2005, Nelson & Cresko 2018).
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Figure 3
Five mechanistic hypotheses to explain how speciation may sustain itself through a rapid burst. (a) The transporter hypothesis: Ancient
adaptive alleles are repeatedly recycled through periods of diversification then species collapse and gain physical linkages over time,
resulting in faster sorting of coadapted complexes of alleles following periods of hybrid swarm. (b) Signal complexity hypothesis:
Sexual signals that promote speciation, such as magic traits, can be nearly infinitely subdivided due to the receiver’s extensive and
multidimensional perceptual abilities for some signaling modalities, such as sound and olfaction. (c) Fitness landscape connectivity
hypothesis: A group of highly connected fitness optima that are stable due to absolute fitness or performance constraints is more likely
to promote rapid radiation than competitive speciation resulting from negative frequency-dependent disruptive selection (adaptive
dynamics). (d) Diversity begets diversity hypothesis: Adaptation to higher trophic levels and new trophic interactions during radiation
can lead to additional opportunities for speciation. (e) Flexible stem/plasticity first hypothesis: Rapid radiations result from the sorting,
loss, and refinement of ancestral phenotypic plasticity (i.e., diverse reaction norms shown in phenotype by environment plots) through
the process of genetic assimilation.

5.2. The Signal Complexity Hypothesis
An open question arising from the literature on sexual traits promoting speciation is whether
rapid radiations eventually run out of speciation-promoting mating cues (Table 1). One potential solution is the nearly infinite complexity of signaling space within some signaling modalities
(Figure 3b). For example, despite our weak sense of smell, humans can discriminate among 1 trillion different olfactory signals (Bushdid et al. 2016). This is due to hundreds of different olfactory
receptors that outperform our other senses in differentiating among signals (Bushdid et al. 2016).
Similarly, complex courtship calls in most organisms can diverge in nearly infinite variations of
pitch and rhythm.
As opposed to ecological niche space, which cannot be infinitely subdivided because it must
sustain a viable population size, signaling space is only constrained by the perceptual abilities
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of the receiver (Hebets & Papaj 2004). For example, after a clade of mormyrid electric fishes
gained an increased ability to distinguish electrical signals used for communication, navigation,
and sexual selection (i.e., a magic trait), this clade rapidly diversified into a sympatric radiation
of ecologically similar species with diverse species-specific electric signals (Arnegard et al. 2010,
Carlson et al. 2011). In contrast, female zebra finches perceive the continuous beak color of male
finches as only two distinct color categories (Caves et al. 2018). Similarly, mechanical mechanisms
of premating isolation and species recognition may provide a clear example of limited shape diversity for premating mechanical isolation [the observed diversity may be due to sexual selection
(Eberhard et al. 1998)], which may constrain the diversity of some species assemblages, such as
damselflies (McPeek et al. 2009). Finally, Corydoras catfishes are one of the most species-rich radiations (Rabosky et al. 2013), despite minimal diversity in patterning, morphology, ecology, and
color, but these species also use olfactory and auditory signals (Alexandrou et al. 2011).
Complex signaling is not sufficient for rapid radiation to occur: For example, populations must
also maintain polymorphic mating signals despite the tendency of Fisherian runaway selection to
drive one signal to fixation (Norvaišas & Kisdi 2012) followed by strong stabilizing selection on
the dominant signal [e.g., on moth pheromones (Groot et al. 2006)]. However, consideration of
the nearly infinite diversity of some sexual signaling modalities and of their fine-scale perception
indicates that many speciation-promoting sexual signals will not be used up during a rapid burst
of radiation. For example, if any magic traits exhibit such diversity, sexual radiations may be able
to proceed rapidly—particularly if mechanisms such as reproductive character displacement can
rapidly drive the evolution of reproductive isolation among different ecotypes in sympatry (e.g.,
Arnegard et al. 2010, Groot et al. 2006, Martin & Genner 2009b). Future work identifying the
sensory modalities used for sexual selection and mate discrimination in rapid radiations is needed
to test if the availability of signaling bandwidth constrains diversification. Most likely it does not,
given the complex multivariate signaling systems of most taxa. However, in the rare taxa reliant on
a single sensory modality for species recognition (e.g., electric fishes), increased signaling bandwidth may directly correspond to rapid radiation (Arnegard et al. 2010, Carlson et al. 2011).

5.3. The Connectivity of Fitness Landscapes
The connectivity and shape of fitness landscapes are key to understanding how populations can
rapidly navigate multiple fitness peaks during a rapid burst of radiation, yet we currently have almost no understanding of the connectivity and dynamism or stability of complex empirical fitness
landscapes because most empirical work on phenotypes and genotypes has focused on quadratic
fitness curves within a single population (Svensson & Calsbeek 2012). The broader topography
of the adaptive landscape can solve the niche subdivision problem, depending on whether different adaptive zones (i.e., clusters of related niches) are connected by stable fitness ridges or by
frequency-dependent adaptive dynamics as often assumed in speciation models.
The fitness landscape is fundamentally a property of the organism interacting with the environment and the relative abundance of competitors (Simpson 1944, Svensson & Calsbeek 2012).
It is unknown what forces shape the broader structure of fitness landscapes or if a stable relationship among multiple fitness optima even exists. Numerous studies document negative frequencydependent disruptive selection due to intraspecific competition within a population (Bolnick &
Lau 2008, Bolnick & Stutz 2017, Hendry & Kinnison 1999, Pfennig & Pfennig 2012, Schluter
2000). However, it remains an open question how competition among phenotypes scales with
phenotypic distance on fitness landscapes, particularly between distinct ecological niches. Some
studies find no evidence for negative frequency-dependent competition in experiments spanning
hybrid phenotypes and multiple species (Keagy et al. 2016, Martin 2016b). Instead, performance
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of an individual phenotype appears to matter far more than competitor frequency at these broader
phenotypic scales (Higham et al. 2016, Holzman et al. 2012, Stayton 2019). Similarly, stable fitness peaks may also arise from heterogeneous resource distributions within an environment, most
notably the complex adaptive landscape inferred from the abundance of seed sizes for Galápagos
finches (Schluter & Grant 1984a) or the diversity of cone types used by crossbills (Benkman 2003).
In conclusion, the stability of multiple fitness peaks on the adaptive landscape could promote
a rapid burst of radiation if a population were able to colonize a cluster of stable fitness optima
reflecting performance or resource constraints instead of the weakened disruptive selection after
every speciation event predicted by negative frequency-dependent disruptive selection (Figures 2
and 3c). Thus, rapid radiations may be better understood by modeling their performance dynamics
and allowing the possibility of empty niches rather than by focusing on intraspecific competition,
which may only operate over small phenotypic and ecological scales.

5.4. Does Diversity Beget Diversity?
Additional niche space may be created with the evolution of each new species through new biotic
interactions potentially creating an expanding source of divergent ecological selection and rapid
radiation [Stroud & Losos 2016; described as upward adaptive radiation in a recent review by
Brodersen et al. (2018)]. This can be visualized as the evolution of the fitness landscape itself as
populations colonize new peaks (Erwin 2017), providing a continuous source of new and potentially stable fitness peaks to fuel rapid radiation (Figure 3d). An excellent example comes from
parasitoid wasps that coevolved with the rapid radiation of their prey, Rhagoletis flies, which specialized on at least five different host fruits, some recently introduced to the New World (Forbes
et al. 2009). For every new plant specialist herbivore, a new parasitoid specialist may also evolve in
a coevolutionary radiation, suggesting that diversity in many rapid radiations may have cascading
trophic effects on their predators, prey, or parasites.
New trophic levels may also evolve within a radiation. There are many examples of this in most
rapid radiations, including scale-eating, carnivory within plants, and even parasitism within Lake
Baikal amphipods (Givnish et al. 1997, Koblmüller et al. 2007, Macdonald et al. 2005, Martin &
Wainwright 2011, St. John et al. 2019). The most spectacular examples are the diverse assemblage
of 15 predatory cyprinids within the Lake Tana radiation (Sibbing & Nagelkerke 2000) and the
diverse range of specialist predators within East African cichlid radiations, including not only
typical ram-feeding and ambush piscivores but also a death feigner (Nimbochromis livingstonii), a
parasite cleaner (Pseudotropheus crabro), a diversity of scale-eaters, and three sympatric paedophage
species purportedly specialized for different attack angles on mouthbrooding females (Fryer & Iles
1972, McKaye & Marsh 1983). Nonetheless, the proportion of species and niche diversity within
nearly all rapid radiations (except Lake Tana cyprinids) due to colonization of higher trophic levels
remains in the minority. This makes sense given energetic constraints on higher trophic levels and
is consistent with the current view that the majority of species within a radiation evolve due to
competitive selective pressures, rather than transitions to higher trophic levels for predation or
parasitism (Pfennig & Pfennig 2012, Schluter 2000).
The evolution of one species during rapid radiation may also promote the evolution of another
at the genetic level through shared adaptive changes. For example, seemingly divergent specialist
trophic niches for scale-eating and molluscivory in pupfishes are still connected through shared
metabolic adaptations to a higher trophic level and exhibit substantial parallel gene expression
(McGirr & Martin 2018). Thus, the evolution of one specialist species may increase adaptive allele
frequencies within a population, promoting the evolution of another ecotype if it also benefits from
some of these same alleles. Similarly, an outstanding example of connectivity within genotype
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space comes from Lenski’s long-term evolution experiment in which neutral or nearly neutral
potentiating mutations enabled one Escherichia coli strain to colonize a new adaptive peak for citrate
metabolism, resulting in the coexistence of multiple strains in this simple environment (Blount
et al. 2012). In conclusion, more connectivity within complex fitness landscapes—either at the
level of the ecological niche or through shared adaptive or potentiating neutral mutations—may
promote rapid radiation.
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5.5. Flexible Stem: Plasticity-First Evolution
Adaptive phenotypic plasticity in an ancestral population could precede adaptation to a new
environment through the process of genetic assimilation (Levis & Pfennig 2016, Pfennig et al.
2010). This is the flexible stem hypothesis: A phenotypically plastic ancestral population can
rapidly adapt to a new environment and diverge into multiple ecomorphs, potentially followed by
selection against plasticity in each of these specialists (Figure 3e). This mechanism could rapidly
generate new niche diversity in a rapid burst of radiation; however, nearly all existing examples
of flexible stem occur between only two sister species (i.e., a single phenotypic axis), such as
omnivore/carnivore spadefoot tadpoles (Levis & Pfennig 2016), pelvic fin loss in desert pupfishes
(Martin et al. 2016), or benthic/limnetic stickleback (Wund et al. 2008). One outstanding exception are microcommunities of Pristionchus nematodes found within tropical figs (Susoy et al.
2016). Genetic switches identified for polyphenisms within this group result in predator–prey
communities of up to five discrete adult trophic morphs coexisting within a single fruit (Bento
et al. 2010, Susoy et al. 2016). Another example is the reuse of an allele for oral jaw plasticity
in radiations of Lake Malawi rock-dwelling cichlids (Parsons et al. 2016). Some classic adaptive
radiations do exhibit some degree of plasticity (Losos et al. 2000), but this is rarely measured in
multiple outgroups to obtain estimates of ancestral plasticity (Levis et al. 2018). Nonetheless,
the role of phenotypic plasticity and genetic accommodation in rapid radiation rarely appears
dominant over genetic adaptation (Wray et al. 2014). Future studies should focus on phylogenetic
inference of ancestral phenotypic plasticity from measurements of reaction norms in a sufficient
number of closely related outgroups (or resurrection studies of the ancestral population), rather
than species within the radiation, in which reduced plasticity is consistent with theory (Lande
2009, Levis & Pfennig 2016) (see the sidebar titled Predictions Arising from the Paradox of Rapid
Radiation).

PREDICTIONS ARISING FROM THE PARADOX OF RAPID RADIATION
1. Rapid radiations result from the repeated sorting and refinement of ancient adaptive haplotypes contributing to
reproductive isolation among multiple species.
2. Sexual radiations diversify on complex signaling axes or following the evolution of new signaling modalities or
signal perception abilities.
3. Stable fitness optima corresponding to performance tradeoffs, biophysical constraints, or resource abundances
enable rapid radiation as opposed to frequency-dependent dynamics in which the strength of disruptive selection
weakens after each speciation event.
4. Rapid radiations result from new food webs and trophic interactions among new species or increased frequencies
of shared adaptive alleles.
5. Rapid radiations result from genetic accommodation of adaptive plasticity in the ancestral population.
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6. CONCLUSIONS
Here we hope to call attention to the neglected scale of mesoevolution connecting microevolutionary divergence between populations (speciation) with global macroevolutionary patterns
along the three major radiation axes of species richness, phenotypic disparity, and ecological diversity (Figure 1; Table 1). The paradox is that speciation models based on negative frequencydependent disruptive selection and speciation-promoting mechanisms such as magic traits predict
decelerating speciation rates and do not explain how the speciation process sustains itself through
a rapid burst of diversification (Figure 2; see the sidebar titled Models and Mechanisms of Speciation Imply Decelerating Traits). These models should be extended to include complex fitness
landscapes influenced by performance constraints or by expanded access to new resources that
may promote accelerating speciation rates, rather than only intraspecific competitive dynamics
(Figure 3). Verbal models of the transporter process should consider how genetic architectures
promoting a rapid burst of repeated speciation can build up over time as balanced polymorphisms
in ancestral populations or ancestral plasticity. We should also explain how speciation-promoting
mechanisms, such as magic traits, are not exhausted. One solution is that some signaling modalities
can be almost infinitely subdivided given the fine-scale sensory discrimination of receivers. This
hypothesis shifts discussion of these traits from being in short supply to being an intrinsic feature
of many global clades of organisms and shifts the focus to ecological limits on diversification. Alternatively, the sexual traits, adaptive alleles, and genetic architectures promoting speciation may
be repeatedly reused during rapid radiation, even within different species adapting to divergent
ecological niches.
Challenges remain for theorists to construct predictive models that can incorporate the complexity of the radiation process in any given system, including a distribution of effect sizes for
a diverse set of polygenic traits contributing to reproductive isolation, diverse assortative mating mechanisms, complex fitness landscapes, and long-term structural evolution of the genome.
In turn, many of the parameters most relevant to rapid radiation are still unknown in most case
studies, including the ubiquity of phenotype matching (Kopp et al. 2018), the proximity of neighboring fitness peaks in phenotype and genotype space (Blount et al. 2012, Erwin 2017, Martin &
Wainwright 2013b), and the frequency and timescale of physical linkages among adaptive alleles
and DMIs (Fuller et al. 2017, Wright et al. 2013). Only with these models and data in hand will
we be able to predict the full spectrum of the process of adaptive radiation.

DISCLOSURE STATEMENT
The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS
We thank many colleagues for helpful feedback on these ideas, in particular B. Shaffer, D. Futuyma,
M. Servedio, and D. Matute for their insightful comments on this manuscript and A. Hendry for
discussion. This work was funded in part by National Science Foundation DEB CAREER Award
1749764 and National Institutes of Health grant 5R01DE027052-02 to C.H.M.
LITERATURE CITED
Abouheif E. 2008. Parallelism as the pattern and process of mesoevolution. Evol. Dev. 10(1):3–5
Alexandrou MA, Oliveira C, Maillard M, McGill RAR, Newton J, et al. 2011. Competition and phylogeny
determine community structure in Müllerian co-mimics. Nature 469(7328):84–89

Review in Advance first posted on
October 1, 2019. (Changes may still
occur before final publication.)

www.annualreviews.org

•

The Paradox of Rapid Radiation

25.17

ES50CH25_Martin

ARjats.cls

September 24, 2019

9:27

Annu. Rev. Ecol. Evol. Syst. 2019.50. Downloaded from www.annualreviews.org
Access provided by University of California - Berkeley on 10/22/19. For personal use only.

Alfaro ME, Brock CD, Banbury BL, Wainwright PC. 2009a. Does evolutionary innovation in pharyngeal jaws
lead to rapid lineage diversification in labrid fishes? BMC Evol. Biol. 9(1):1–14
Alfaro ME, Santini F, Brock C, Alamillo H, Dornburg A, et al. 2009b. Nine exceptional radiations plus high
turnover explain species diversity in jawed vertebrates. PNAS 106(32):13410–14
Arbogast BS, Drovetski SV, Curry RL, Boag PT, Seutin G, et al. 2006. The origin and diversification of
Galapagos mockingbirds. Evolution 60(2):370
Arnegard ME, McGee MD, Matthews B, Marchinko KB, Conte GL, et al. 2014. Genetics of ecological divergence during speciation. Nature 511:307–11
Arnegard ME, McIntyre PB, Harmon LJ, Zelditch ML, Crampton WGR, et al. 2010. Sexual signal evolution
outpaces ecological divergence during electric fish species radiation. Am. Nat. 176(3):335–56
Arnold SJ, Pfrender ME, Jones AG. 2001. The adaptive landscape as a conceptual bridge between micro- and
macroevolution. Genetica 112(2):9–32
Benkman CW. 2003. Divergent selection drives the adaptive radiation of crossbills. Evolution 57(5):1176–81
Bento G, Ogawa A, Sommer RJ. 2010. Co-option of the hormone-signalling module dafachronic acid-DAF-12
in nematode evolution. Nature 466(7305):494–97
Blount ZD, Barrick JE, Davidson CJ, Lenski RE. 2012. Genomic analysis of a key innovation in an experimental Escherichia coli population. Nature 489(7417):513–18
Bolnick DI. 2006. Multi-species outcomes in a common model of sympatric speciation. J. Theor. Biol.
241(4):734–44
Bolnick DI. 2011. Sympatric speciation in threespine stickleback: why not? Int. J. Ecol. 2011:1–15
Bolnick DI, Barrett RDH, Oke KB, Rennison DJ, Stuart YE. 2018. (Non)parallel evolution. Annu. Rev. Ecol.
Evol. Syst. 49:303–30
Bolnick DI, Lau OL. 2008. Predictable patterns of disruptive selection in stickleback in postglacial lakes. Am.
Nat. 172(1):1–11
Bolnick DI, Stutz WE. 2017. Frequency dependence limits divergent evolution by favouring rare immigrants
over residents. Nature 546(7657):285–88
Brodersen J, Post DM, Seehausen O. 2018. Upward adaptive radiation cascades: predator diversification induced by prey diversification. Trends Ecol. Evol. 33(1):59–70
Brown NMO, Summers BR, Jones FC, Brady SD, Kingsley DM. 2015. A recurrent regulatory change underlying altered expression and Wnt response of the stickleback armor plates gene EDA. eLife 4:1–17
Burress ED, Piálek L, Casciotta JR, Almirón A, Tan M, et al. 2018. Island- and lake-like parallel adaptive
radiations replicated in rivers. Proc. R. Soc. B 285(1870):1762
Bushdid C, Magnasco MO, Vosshall LB, Keller A. 2016. Humans can discriminate more than 1 trillion olfactory stimuli. Science 343:1370–72
Carlson BA, Hasan SM, Hollmann M, Miller DB, Harmon LJ, Arnegard ME. 2011. Brain evolution triggers
increased diversification of electric fishes. Science 332(6029):583–86
Caves EM, Green PA, Zipple MN, Peters S, Johnsen S, Nowicki S. 2018. Categorical perception of colour
signals in a songbird. Nature 560:365–67
Colosimo PF, Hosemann KE, Balabhadra S, Villarreal G, Dickson M, et al. 2005. Widespread parallel evolution in sticklebacks by repeated fixation of Ectodysplasin alleles. Science 307(5717):1928–33
Coyne JA, Orr HA. 2004. Speciation. Sunderland, MA: Sinauer Associates
Crawford NG, Kelly DE, Hansen MEB, Beltrame MH, Fan S, et al. 2017. Loci associated with skin pigmentation identified in African populations. Science 358(6365):1–14
Dieckmann U, Doebeli M. 1999. On the origin of species by sympatric speciation. Nature 400(6742):354–57
Dobzhansky T. 1954. Evolution as a creative process. Caryologica 6:435–49
Doebeli M, Dieckmann U. 2005. Adaptive dynamics as a mathematical tool for studying the ecology of speciation processes. J. Evol. Biol. 18(5):1194–200
Doebeli M, Dieckmann U, Metz JA, Tautz D. 2005. What we have also learned: adaptive speciation is theoretically plausible. Evolution 59(3):691–99
Eberhard WG, Huber BA, Rodriguez RL, Daniel Briceno R, Salas I, Rodriguez V. 1998. One size fits all?
Relationships between the size and degree of variation in genitalia and other body parts in twenty species
of insects and spiders. Evolution 52(2):415–31

25.18

Martin

•

Richards

Review in Advance first posted on
October 1, 2019. (Changes may still
occur before final publication.)

Annu. Rev. Ecol. Evol. Syst. 2019.50. Downloaded from www.annualreviews.org
Access provided by University of California - Berkeley on 10/22/19. For personal use only.

ES50CH25_Martin

ARjats.cls

September 24, 2019

9:27

Echelle A, Kornfield I. 1984. Evolution of Fish Species Flocks. Orono: Univ. Maine Press
Erwin DH. 2015. Novelty and innovation in the history of life. Curr. Biol. 25(19):R930–40
Erwin DH. 2017. The topology of evolutionary novelty and innovation in macroevolution. Philos. Trans. R.
Soc. B 372(1735):20160422
Estes S, Arnold SJ. 2007. Resolving the paradox of stasis: models with stabilizing selection explain evolutionary
divergence on all timescales. Am. Nat. 169(2):227–44
Feder JL, Berlocher SH, Roethele JB, Dambroski H, Smith JJ, et al. 2003. Allopatric genetic origins for sympatric host-plant shifts and race formation in Rhagoletis. PNAS 100(18):10314–19
Felsenstein J. 1981. Skepticism towards Santa-Rosalia, or why are there so few kinds of animals? Evolution
35(1):124–38
Fishman L, Stathos A, Beardsley PM, Williams CF, Hill JP. 2013. Chromosomal rearrangements and the
genetics of reproductive barriers in Mimulus (monkey flowers). Evolution 67(9):2547–60
Forbes AA, Powell THQ, Stelinski LL, Smith JJ, Feder JL. 2009. Sequential sympatric speciation across
trophic levels. Science 323(5915):776–79
Fryer G, Iles TD. 1972. The Cichlid Fishes of the Great Lakes of Africa: Their Biology and Evolution. Vol. 23.
Neptune, NJ: Oliver & Boyd, Croythron House
Fuller RC. 2008. Genetic incompatibilities in killifish and the role of environment. Evolution 62(12):3056–68
Fuller Z, Leonard C, Young R, Schaeffer S, Phadnis N. 2017. The role of chromosomal inversions in speciation.
bioRxiv 211771. https://doi.org/10.1101/211711
Futuyma DJ. 1998. Evolutionary Biology. Sunderland, MA: Sinauer Associates
Futuyma DJ, Moreno G. 1988. The evolution of ecological specialization. Annu. Rev. Ecol. Syst. 19:207–33
Gavrilets S. 2004. Fitness Landscapes and the Origin of Species. Princeton, NJ: Princeton Univ. Press
Gavrilets S. 2014. Models of speciation: Where are we now? J. Hered. 105(S1):743–55
Gavrilets S, Losos JB. 2009. Adaptive radiation: contrasting theory with data. Science 323(5915):732–37
Gavrilets S, Vose A. 2005. Dynamic patterns of adaptive radiation. PNAS 102(50):18040–45
Gavrilets S, Vose A, Barluenga M, Salzburger W, Meyer A. 2007. Case studies and mathematical models of
ecological speciation. 1. Cichlids in a crater lake. Mol. Ecol. 16(14):2893–909
Gittenberger E. 1991. What about non-adaptive radiation? Biol. J. Linn. Soc. 43(4):263–72
Givnish TJ. 2015. Adaptive radiation versus ‘radiation’ and ‘explosive diversification’: why conceptual distinctions are fundamental to understanding evolution. New Phytol. 207(2):297–303
Givnish TJ, Sytsma KJ. 1997. Molecular Evolution and Adaptive Radiation. Cambridge, UK: Cambridge Univ.
Press
Givnish TJ, Sytsma KJ, Smith JF, Hahn WJ, Benzing DH, Burkhardt EM. 1997. Molecular evolution and
adaptive radiation in Brocchinia (Bromeliaceae: Pitcairnioideae) atop tepuis of the Guyana Shield. In
Molecular Evolution and Adaptive Radiation, ed. TJ Givnish, KJ Sytsma, pp. 259–311. Cambridge, UK:
Cambridge Univ. Press
Glor RE. 2010. Phylogenetic insights on adaptive radiation. Annu. Rev. Ecol. Evol. Syst. 41:251–70
Grant P, Grant B. 2011. How and Why Species Multiply. Princeton, NJ: Princeton Univ. Press
Groot AT, Horovitz JL, Hamilton J, Santangelo RG, Schal C, Gould F. 2006. Experimental evidence
for interspecific directional selection on moth pheromone communication. PNAS 103(15):5858–
63
Guerrero RF, Hahn MW. 2017. Speciation as a sieve for ancestral polymorphism. Mol. Ecol. 26(5):5362–68
Haller BC, Hendry AP. 2014. Solving the paradox of stasis: squashed stabilizing selection and the limits of
detection. Evolution 68(2):483–500
Haller BC, Mazzucco R, Dieckmann U. 2013. Evolutionary branching in complex landscapes. Am. Nat.
182(4):E127–41
Hansen TF, Pienaar J, Orzack SH. 2008. A comparative method for studying adaptation to a randomly evolving
environment. Evolution 62(8):1965–77
Harmon LJ, Harrison S. 2015. Species diversity is dynamic and unbounded at local and continental scales.
Am. Nat. 185(5):584–93
Harmon LJ, Losos JB, Jonathan Davies T, Gillespie RG, Gittleman JL, et al. 2010. Early bursts of body size
and shape evolution are rare in comparative data. Evolution 64(8):2385–96

Review in Advance first posted on
October 1, 2019. (Changes may still
occur before final publication.)

www.annualreviews.org

•

The Paradox of Rapid Radiation

25.19

ES50CH25_Martin

ARjats.cls

September 24, 2019

9:27

Annu. Rev. Ecol. Evol. Syst. 2019.50. Downloaded from www.annualreviews.org
Access provided by University of California - Berkeley on 10/22/19. For personal use only.

Hebets EA, Papaj DR. 2004. Complex signal function: developing a framework of testable hypotheses. Behav.
Ecol. Sociobiol. 57(3):197–214
Heliconius Genome Consortium. 2012. Butterfly genome reveals promiscuous exchange of mimicry adaptations among species. Nature 487(7405):94–98
Hendry A. 2017. Eco-Evolutionary Dynamics. Princeton, NJ: Princeton Univ. Press
Hendry A, Kinnison M. 1999. Perspective: the pace of modern life: measuring rates of contemporary microevolution. Evolution 53(6):1637–53
Higham TE, Rogers SM, Langerhans RB, Jamniczky HA, Lauder GV, et al. 2016. Speciation through the lens
of biomechanics: locomotion, prey capture and reproductive isolation. Proc. R. Soc. B 283:20161294
Ho SYW, Lanfear R, Bromham L, Phillips MJ, Soubrier J, et al. 2011. Time-dependent rates of molecular
evolution. Mol. Ecol. 20(15):3087–101
Holt RD, Gaines MS. 1992. Analysis of adaptation in heterogeneous landscapes: implications for the evolution
of fundamental niches. Evol. Ecol. 6:433–47
Holzman R, Collar DC, Price SA, Darrin Hulsey C, Thomson RC, Wainwright PC. 2012. Biomechanical
trade-offs bias rates of evolution in the feeding apparatus of fishes. Proc. R. Soc. B 279(1732):1287–92
Huerta-Sánchez E, Jin X, Asan, Bianba Z, Peter BM, et al. 2014. Altitude adaptation in Tibetans caused by
introgression of Denisovan-like DNA. Nature 512(7513):194–97
Hunt G, Bell MA, Travis MP. 2008. Evolution toward a new adaptive optimum: phenotypic evolution in a
fossil stickleback lineage. Evolution 62(3):700–10
Hurlbert AH, Stegen JC. 2014. When should species richness be energy limited, and how would we know?
Ecol. Lett. 17(4):401–13
Ito HC, Dieckmann U. 2007. A new mechanism for recurrent adaptive radiations. Am. Nat. 170(4):E96–111
Kagawa K, Takimoto G. 2017. Hybridization can promote adaptive radiation by means of transgressive segregation. Ecol. Lett. 21(2):264–74
Kaneshiro KY, Boake CRB. 1987. Sexual selection and speciation: issues raised by Hawaiian Drosophila. Trends
Ecol. Evol. 2:207–12
Keagy J, Lettieri L, Boughman JW. 2016. Male competition fitness landscapes predict both forward and reverse speciation. Ecol. Lett. 19(1):71–80
Kirkpatrick M, Barton N. 2006. Chromosome inversions, local adaptation and speciation. Genetics 173(1):419–
34
Kisel Y, Barraclough TG. 2010. Speciation has a spatial scale that depends on levels of gene flow. Am. Nat.
175(3):316–34
Koblmüller S, Egger B, Sturmbauer C, Sefc KM. 2007. Evolutionary history of Lake Tanganyika’s scale-eating
cichlid fishes. Mol. Phylogenetics Evol. 44(3):1295–305
Kocher TD. 2004. Adaptive evolution and explosive speciation: the cichlid fish model. Nat. Rev. Genet.
5(4):288–98
Kondrashov A, Kondrashov F. 1999. Interactions among quantitative traits in the course of sympatric speciation. Nature 400(6742):351–54
Kopp M, Hermisson J. 2007. Adaptation of a quantitative trait to a moving optimum. Genetics 176(1):715–19
Kopp M, Matuszewski S. 2014. Rapid evolution of quantitative traits: theoretical perspectives. Evol. Appl.
7(1):169–91
Kopp M, Servedio MR, Mendelson TC, Safran RJ, Rodríguez RL, et al. 2018. Mechanisms of assortative
mating in speciation with gene flow: connecting theory and empirical research. Am. Nat. 191(1):1–20
Kozak KH, Larson A, Bonett RM, Harmon LJ. 2005. Phylogenetic analysis of ecomorphological divergence,
community structure, and diversification rates in dusky salamanders (Plethodontidae: Desmognathus).
Evolution 59(9):2000–16
Lande R. 2009. Adaptation to an extraordinary environment by evolution of phenotypic plasticity and genetic
assimilation. J. Evol. Biol. 22(7):1435–46
Lande R, Seehausen O, Alphen JJMV. 2001. Mechanisms of rapid sympatric speciation by sex reversal and
sexual selection in cichlid fish. Genetica 112–113:435–43
Landis MJ, Freyman WA, Baldwin BG. 2018. Retracing the Hawaiian silversword radiation despite phylogenetic, biogeographic, and paleogeographic uncertainty. Evolution 72:2343–59

25.20

Martin

•

Richards

Review in Advance first posted on
October 1, 2019. (Changes may still
occur before final publication.)

Annu. Rev. Ecol. Evol. Syst. 2019.50. Downloaded from www.annualreviews.org
Access provided by University of California - Berkeley on 10/22/19. For personal use only.

ES50CH25_Martin

ARjats.cls

September 24, 2019

9:27

Landis MJ, Schraiber JG. 2017. Pulsed evolution shaped modern vertebrate body sizes. PNAS 114(2):13224–
29
Landis MJ, Schraiber JG, Liang M. 2013. Phylogenetic analysis using Lévy processes: finding jumps in the
evolution of continuous traits. Syst. Biol. 62(2):193–204
Levis NA, Isdaner AJ, Pfennig DW. 2018. Morphological novelty emerges from pre-existing phenotypic plasticity. Nat. Ecol. Evol. 2(8):1289–97
Levis NA, Pfennig DW. 2016. Evaluating “plasticity-first” evolution in nature: key criteria and empirical approaches. Trends Ecol. Evol. 31(7):563–74
Losos JB. 2009. Lizards in an Evolutionary Tree: Ecology and Adaptive Radiation of Anoles. Berkeley: Univ. Calif.
Press
Losos JB. 2010. Adaptive radiation, ecological opportunity, and evolutionary determinism. American Society
of Naturalists E. O. Wilson Award address. Am. Nat. 175(6):623–39
Losos JB, Creer DA, Glossip D, Goellner R, Hampton A, et al. 2000. Evolutionary implications of phenotypic
plasticity in the hindlimb of the lizard Anolis sagrei. Evolution 54(1):301–5
Lovette IJ, Bermingham E, Ricklefs RE. 2002. Clade-specific morphological diversification and adaptive radiation in Hawaiian songbirds. Proc. R. Soc. B 269(1486):37–42
Lynch M. 2010. Evolution of the mutation rate. Trends Genet. 26(8):345–52
Macdonald KS, Yampolsky L, Duffy JE. 2005. Molecular and morphological evolution of the amphipod radiation of Lake Baikal. Mol. Phylogenetics Evol. 35(2):323–43
Mack KL, Nachman MW. 2017. Gene regulation and speciation. Trends Genet. 33(1):68–80
Mahler DL, Lambert SM, Geneva AJ, Ng J, Hedges SB, et al. 2016. Discovery of a giant chameleon-like
lizard (Anolis) on Hispaniola and its significance to understanding replicated adaptive radiations. Am.
Nat. 188(3):357–64
Marques DA, Meier JI, Seehausen O. 2019. A combinatorial view on speciation and adaptive radiation. Trends.
Ecol. Evol. 2508:1–14
Martin CH. 2010. Unexploited females and unreliable signals of male quality in a Malawi cichlid bower polymorphism. Behav. Ecol. 21(6):1195–202
Martin CH. 2012. Weak disruptive selection and incomplete phenotypic divergence in two classic examples
of sympatric speciation: Cameroon crater lake cichlids. Am. Nat. 180(4):E90–109
Martin CH. 2013. Strong assortative mating by diet, color, size, and morphology but limited progress toward
sympatric speciation in a classic example: Cameroon crater lake cichlids. Evolution 67(7):2114–23
Martin CH. 2016a. The cryptic origins of evolutionary novelty: 1000-fold faster trophic diversification rates
without increased ecological opportunity or hybrid swarm. Evolution 70:2504–19
Martin CH. 2016b. Context-dependence in complex adaptive landscapes: frequency and trait-dependent selection surfaces within an adaptive radiation of Caribbean pupfishes. Evolution 70:1265–82
Martin CH, Crawford JE, Turner BJ, Simons LH. 2016. Diabolical survival in Death Valley: recent pupfish
colonization, gene flow, and genetic assimilation in the smallest species range on earth. Proc. R. Soc. B
283:23–34
Martin CH, Cutler JS, Friel JP, Dening Touokong C, Coop G, Wainwright PC. 2015. Complex histories
of repeated gene flow in Cameroon crater lake cichlids cast doubt on one of the clearest examples of
sympatric speciation. Evolution 69(6):1406–22
Martin CH, Erickson PA, Miller CT. 2017a. The genetic architecture of novel trophic specialists: larger effect
sizes are associated with exceptional oral jaw diversification in a pupfish adaptive radiation. Mol. Ecol.
26(2):624–38
Martin CH, Genner MJ. 2009a. A role for male bower size as an intrasexual signal in a Lake Malawi cichlid
fish. Behaviour 146(7):963–78
Martin CH, Genner MJ. 2009b. High niche overlap between two successfully coexisting pairs of Lake Malawi
cichlid fishes. Can. J. Fish. Aquat. Sci. 588:579–88
Martin CH, Höhna S. 2017. New evidence for the recent divergence of Devil’s Hole pupfish and the plausibility of elevated mutation rates in endangered taxa. Mol. Ecol. 27:831–38
Martin CH, Höhna S, Crawford J, Turner B, Richards E, Simons L. 2017b. The complex effects of demographic history on the estimation of substitution rate: concatenated gene analysis results in no more
than twofold overestimation. Proc. R. Soc. B 284:20170537

Review in Advance first posted on
October 1, 2019. (Changes may still
occur before final publication.)

www.annualreviews.org

•

The Paradox of Rapid Radiation

25.21

ES50CH25_Martin

ARjats.cls

September 24, 2019

9:27

Annu. Rev. Ecol. Evol. Syst. 2019.50. Downloaded from www.annualreviews.org
Access provided by University of California - Berkeley on 10/22/19. For personal use only.

Martin CH, Wainwright PC. 2011. Trophic novelty is linked to exceptional rates of morphological diversification in two adaptive radiations of Cyprinodon pupfishes. Evolution 65(8):2197–212
Martin CH, Wainwright PC. 2013a. On the measurement of ecological novelty: scale-eating pupfish are separated by 168 my from other scale-eating fishes. PLOS ONE 8(8):e71164
Martin CH, Wainwright PC. 2013b. Multiple fitness peaks on the adaptive landscape drive adaptive radiation
in the wild. Science 339(6116):208–11
Masta SE, Maddison WP. 2002. Sexual selection driving diversification in jumping spiders. PNAS 99(7):4442–
47
Matuszewski S, Hermisson J, Kopp M. 2015. Catch me if you can: adaptation from standing genetic variation
to a moving phenotypic optimum. Genetics 200(4):1255–74
Matz MV. 2018. Fantastic beasts and how to sequence them: ecological genomics for obscure model organisms.
Trends Genet. 34(2):121–32
McGee MD, Borstein SR, Neches RY, Buescher HH, Seehausen O, Wainwright PC. 2015. A pharyngeal jaw
evolutionary innovation facilitated extinction in Lake Victoria cichlids. Science 350(6264):1077–79
McGirr JA, Martin CH. 2017. Novel candidate genes underlying extreme trophic specialization in Caribbean
pupfishes. Mol. Biol. Evol. 34(4):873–88
McGirr JA, Martin CH. 2018. Parallel evolution of gene expression between trophic specialists despite divergent genotypes and morphologies. Evol. Lett. 2(2):62–75
McGirr JA, Martin CH. 2019. Hybrid misexpression in multiple developing tissues within a recent adaptive
radiation of Cyprinodon pupfishes. bioRxiv 372912. https://doi.org/10.1101/372912
McKaye KR, Marsh A. 1983. Food switching by two specialized algae-scraping cichlid fishes in Lake Malawi,
Africa. Oecologia 56(2–3):245–48
McPeek MA, Shen L, Farid H. 2009. The correlated evolution of three-dimensional reproductive structures
between male and female damselflies. Evolution 63(1):73–83
Meier JI, Marques DA, Mwaiko S, Wagner CE, Excoffier L, Seehausen O. 2017. Ancient hybridization fuels
rapid cichlid fish adaptive radiations. Nat. Commun. 8(5):1–11
Meyer BS, Matschiner M, Salzburger W. 2017. Disentangling incomplete lineage sorting and introgression
to refine species-tree estimates for Lake Tanganyika cichlid fishes. Syst. Biol. 66(4):531–50
Miller CJJ, Matute DR. 2017. The effect of temperature on Drosophila hybrid fitness. G3 7(2):377–85
Miller CT, Glazer AM, Summers BR, Blackman BK, Norman AR, et al. 2014. Modular skeletal evolution in
sticklebacks is controlled by additive and clustered quantitative trait loci. Genetics 197(1):405–20
Muñoz MM, Langham GM, Brandley MC, Rosauer DF, Williams SE, Moritz C. 2016. Basking behavior
predicts the evolution of heat tolerance in Australian rainforest lizards. Evolution 70(11):2537–49
Muschick M, Russell JM, Jemmi E, Walker J, Stewart KM, et al. 2018. Arrival order and release from
competition does not explain why haplochromine cichlids radiated in lake Victoria. Proc. R. Soc. B
285(1878):20180462
Nelson TC, Cresko WA. 2018. Ancient genomic variation underlies repeated ecological adaptation in young
stickleback populations. Evol. Lett. 2(1):9–21
Norvaišas P, Kisdi E. 2012. Revisiting Santa Rosalia to unfold a degeneracy of classic models of speciation.
Am. Nat. 180(3):388–93
Nosil PP. 2012. Ecological Speciation. Oxford, UK: Oxford Univ. Press
Olson ME, Arroyo-Santos A. 2009. Thinking in continua: beyond the “adaptive radiation” metaphor. BioEssays
31(12):1337–46
O’Meara BC, Ané C, Sanderson MJ, Wainwright PC. 2006. Testing for different rates of continuous trait
evolution using likelihood. Evolution 60(5):922–33
Orr HA. 2005. The genetic theory of adaptation: a brief history. Nat. Rev. Genet. 6(2):119–27
Papadopoulou A, Knowles LL. 2015. Genomic tests of the species-pump hypothesis: Recent island connectivity cycles drive population divergence but not speciation in Caribbean crickets across the Virgin Islands.
Evolution 69(6):1501–17
Parsons KJ, Concannon M, Navon D, Wang J, Ea I, et al. 2016. Foraging environment determines the genetic
architecture and evolutionary potential of trophic morphology in cichlid fishes. Mol. Ecol. 25(24):6012–
23

25.22

Martin

•

Richards

Review in Advance first posted on
October 1, 2019. (Changes may still
occur before final publication.)

Annu. Rev. Ecol. Evol. Syst. 2019.50. Downloaded from www.annualreviews.org
Access provided by University of California - Berkeley on 10/22/19. For personal use only.

ES50CH25_Martin

ARjats.cls

September 24, 2019

9:27

Patchell FC, Shine R. 1986. Food habits and reproductive biology of the Australian legless lizards (Pygopodidae). Copeia 1986(1):30–39
Pease JB, Haak DC, Hahn MW, Moyle LC. 2016. Phylogenomics reveals three sources of adaptive variation
during a rapid radiation. PLOS Biol. 14(2):1–24
Pennell MW, Harmon LJ, Uyeda JC. 2014. Is there room for punctuated equilibrium in macroevolution?
Trends Ecol. Evol. 29(1):23–32
Pfennig DW, Pfennig KS. 2012. Evolution’s Wedge: Competition and the Origins of Diversity. Berkeley and Los
Angeles: Univ. Calif. Press
Pfennig DW, Wund MA, Snell-Rood EC, Cruickshank T, Schlichting CD, Moczek AP. 2010. Phenotypic
plasticity’s impacts on diversification and speciation. Trends Ecol. Evol. 25(8):459–67
Poelstra JW, Richards EJ, Martin CH. 2018. Speciation in sympatry with ongoing secondary gene flow and a
potential olfactory trigger in a radiation of Cameroon cichlids. Mol. Ecol. 27:4270–88
Polechová J, Barton NH. 2005. Speciation through competition: a critical review. Evolution 59(6):1194–210
Puebla O, Bermingham E, Guichard F. 2012. Pairing dynamics and the origin of species. Proc. R. Soc. B
279(1731):1085–92
Rabosky DL. 2010. Extinction rates should not be estimated from molecular phylogenies. Evolution
64(6):1816–24
Rabosky DL. 2017. Phylogenetic tests for evolutionary innovation: the problematic link between key innovations and exceptional diversification. Philos. Trans. R. Soc. B 372(1735):20160417
Rabosky DL, Chang J, Title PO, Cowman PF, Sallan L, et al. 2018. An inverse latitudinal gradient in speciation
rate for marine fishes. Nature 559(7714):392–95
Rabosky DL, Lovette IJ. 2008. Explosive evolutionary radiations: decreasing speciation or increasing extinction through time? Evolution 62(8):1866–75
Rabosky DL, Santini F, Eastman J, Smith SA, Sidlauskas B, et al. 2013. Rates of speciation and morphological
evolution are correlated across the largest vertebrate radiation. Nat. Commun. 4:1–8
Rabosky DL, Slater GJ, Alfaro ME. 2012. Clade age and species richness are decoupled across the eukaryotic
tree of life. PLOS Biol. 10(8):e1001381
Racimo F, Sankararaman S, Nielsen R, Huerta-Sánchez E. 2015. Evidence for archaic adaptive introgression
in humans. Nat. Rev. Gen. 16:359–71
Ravinet M, Faria R, Butlin RK, Galindo J, Bierne N, et al. 2017. Interpreting the genomic landscape of speciation: a road map for finding barriers to gene flow. J. Evol. Biol. 30(8):1450–77
Recknagel H, Elmer KR, Meyer A. 2014. Crater lake habitat predicts morphological diversity in adaptive
radiations of cichlid fishes. Evolution 68(7):2145–55
Reynolds RG, Fitzpatrick BM. 2007. Assortative mating in poison-dart frogs based on an ecologically important trait. Evolution 61(9):2253–59
Richards EJ, Martin CH. 2017. Adaptive introgression from distant Caribbean islands contributed to the
diversification of a microendemic adaptive radiation of trophic specialist pupfishes. PLOS Genet. 13(8):1–
35
Richards EJ, Poelstra JW, Martin CH. 2018. Don’t throw out the sympatric speciation with the crater lake
water: fine-scale investigation of introgression provides equivocal support for causal role of secondary
gene flow in one of the clearest examples of sympatric speciation. Evol. Lett. 3:217984
Richards EJ, Servedio M, Martin CH. 2019. Searching for sympatric speciation in the genomic era. bioRxiv
367623. https://doi.org/10.1101/367623
Rockman MV. 2012. The QTN program and the alleles that matter for evolution: All that’s gold does not
glitter. Evolution 66:1–17
Roderick GK, Gillespie RG. 1998. Speciation and phylogeography of Hawaiian terrestrial arthropods. Mol.
Ecol. 7(4):519–31
Rosenblum EB, Sarver BAJ, Brown JW, Des Roches S, Hardwick KM, et al. 2012. Goldilocks meets Santa
Rosalia: an ephemeral speciation model explains patterns of diversification across time scales. Evol. Biol.
39(2):255–61
Rundell RJ, Price TD. 2009. Adaptive radiation, nonadaptive radiation, ecological speciation and nonecological speciation. Trends Ecol. Evol. 24(7):394–99

Review in Advance first posted on
October 1, 2019. (Changes may still
occur before final publication.)

www.annualreviews.org

•

The Paradox of Rapid Radiation

25.23

ES50CH25_Martin

ARjats.cls

September 24, 2019

9:27

Annu. Rev. Ecol. Evol. Syst. 2019.50. Downloaded from www.annualreviews.org
Access provided by University of California - Berkeley on 10/22/19. For personal use only.

Schluter D. 2000. Ecology of Adaptive Radiation. Oxford, UK: Oxford Univ. Press
Schluter D. 2009. Evidence for ecological speciation and its alternative. Science 323(5915):737–41
Schluter D, Conte GL. 2009. Genetics and ecological speciation. PNAS 106(Suppl. 1):9955–62
Schluter D, Grant P. 1984a. Determinants of morphological patterns in communities of Darwin’s finches. Am.
Nat. 123(2):175–96
Schluter D, Grant P. 1984b. Ecological correlates of morphological evolution in a Darwin’s finch, Geospiza
difficilis. Evolution 38(4):856–69
Seehausen O. 2004. Hybridization and adaptive radiation. Trends Ecol. Evol. 19(4):198–207
Seehausen O. 2006. African cichlid fish: a model system in adaptive radiation research. Proc. R. Soc. B
273(1597):1987–98
Seehausen O. 2013. Conditions when hybridization might predispose populations for adaptive radiation.
J. Evol. Biol. 26(2):279–81
Seehausen O, Butlin RK, Keller I, Wagner CE, Boughman JW, et al. 2014. Genomics and the origin of species.
Nat. Rev. Genet. 15(3):176–92
Servedio MR, Burger R. 2014. The counterintuitive role of sexual selection in species maintenance and speciation. PNAS 111(22):8113–18
Servedio MR, Van Doorn GS, Kopp M, Frame AM, Nosil P. 2011. Magic traits in speciation: “magic” but not
rare? Trends Ecol. Evol. 26(8):389–97
Shaffer HB, McKnight ML. 1996. The polytypic species revisited: genetic differentiation and molecular phylogenetics of the tiger salamander Ambystoma tigrinum (Amphibia: Caudata) complex. Evolution 50(1):417–
33
Sibbing FA, Nagelkerke LAJ. 2000. Resource partitioning by Lake Tana barbs predicted from fish morphometrics and prey characteristics. Rev. Fish Biol. Fish. 10:393–437
Sidlauskas B. 2008. Continuous and arrested morphological diversification in sister clades of Characiform
fishes: a phylomorphospace approach. Evolution 62(12):3135–56
Simpson GG. 1944. Tempo and Mode in Evolution. New York: Columbia Univ. Press
Sobel JM, Chen GF, Watt LR, Schemske DW. 2010. The biology of speciation. Evolution 64(2):295–315
Stacy E, Johansen J, Sakishima T. 2014. Incipient radiation within the dominant Hawaiian tree Metrosideros
polymorpha. Heredity 113:334–42
Stayton C. 2019. Performance in three shell functions predicts the phenotypic distribution of hard-shelled
turtles. Evolution 73(4):720–34
St. John ME, McGirr JA, Martin CH. 2019. The behavioral origins of novelty: Did increased aggression lead
to scale-eating in pupfishes? Behav. Ecol. 30(2):557–69
Stroud JT, Losos JB. 2016. Ecological opportunity and adaptive radiation. Annu. Rev. Ecol. Evol. Syst. 47:507–32
Susoy V, Herrmann M, Kanzaki N, Kruger M, Nguyen CN, et al. 2016. Large-scale diversification without
genetic isolation in nematode symbionts of figs. Sci. Adv. 2(1):e1501031
Svensson EI, Calsbeek R. 2012. The Adaptive Landscape. Oxford, UK: Oxford Univ. Press
Uyeda JC, Hansen TF, Arnold SJ, Pienaar J. 2011. The million-year wait for macroevolutionary bursts. PNAS
108(38):15908–13
Uyeda JC, Zenil-Ferguson R, Pennell MW. 2018. Rethinking phylogenetic comparative methods. Syst. Biol.
(April):1–61
van Doorn GS, Weissing FJ. 2002. Ecological versus sexual selection models of sympatric speciation: a synthesis. Selection 2(1–2):17–40
Verzijden MN, Lachlan RF, Servedio MR. 2005. Female mate-choice behavior and sympatric speciation.
Evolution 59(10):2097–108
von Rintelen K, Glaubrecht M, Schubart CD, Wessel A, von Rintelen T. 2010. Adaptive radiation and ecological diversification of Sulawesi’s ancient lake shrimps. Evolution 64(11):3287–99
Wagner CE, Harmon LJ, Seehausen O. 2012. Ecological opportunity and sexual selection together predict
adaptive radiation. Nature 487(7407):366–69
Wagner CE, Harmon LJ, Seehausen O. 2014. Cichlid species-area relationships are shaped by adaptive radiations that scale with area. Ecol. Lett. 17(5):583–92

25.24

Martin

•

Richards

Review in Advance first posted on
October 1, 2019. (Changes may still
occur before final publication.)

Annu. Rev. Ecol. Evol. Syst. 2019.50. Downloaded from www.annualreviews.org
Access provided by University of California - Berkeley on 10/22/19. For personal use only.

ES50CH25_Martin

ARjats.cls

September 24, 2019

9:27

Weissing FJ, Edelaar P, van Doorn GS. 2011. Adaptive speciation theory: a conceptual review. Behav. Ecol.
Sociobiol. 65(3):461–80
Wellborn GA, Langerhans RB. 2015. Ecological opportunity and the adaptive diversification of lineages. Ecol.
Evol. 5(1):176–95
Wilson DS, Turelli M. 1986. Stable underdominance and the evolutionary invasion of empty niches. Am. Nat.
127(6):835
Wray G, Hoekstra H, Futuyma D, Lenski R, Mackay T, et al. 2014. Does evolutionary theory need a rethink?
Counterpoint: No, all is well. Nature 514(7521):161–64
Wright KM, Lloyd D, Lowry DB, Macnair MR, Willis JH. 2013. Indirect evolution of hybrid lethality due to
linkage with selected locus in Mimulus guttatus. PLOS Biol. 11(2):e1001497
Wund MA, Baker JA, Clancy B, Golub JL, Foster SA. 2008. A test of the “flexible stem” model of evolution:
ancestral plasticity, genetic accommodation, and morphological divergence in the threespine stickleback
radiation. Am. Nat. 172(4):449–62
Yeaman S. 2013. Genomic rearrangements and the evolution of clusters of locally adaptive loci. PNAS
110(19):E1743–51
Yeaman S, Whitlock MC. 2011. The genetic architecture of adaptation under migration-selection balance.
Evolution 65(7):1897–911
Yeh DJ, Boughman JW, Sætre GP, Servedio MR. 2018. The evolution of sexual imprinting through reinforcement. Evolution 72(7):1136–49
Yoder JB, Clancey E, Des Roches S, Eastman JM, Gentry L, et al. 2010. Ecological opportunity and the origin
of adaptive radiations. J. Evol. Biol. 23(8):1581–96
Zeh DW, Zeh JA, Ishida Y. 2009. Transposable elements and an epigenetic basis for punctuated equilibria.
BioEssays 31(7):715–26

Review in Advance first posted on
October 1, 2019. (Changes may still
occur before final publication.)

www.annualreviews.org

•

The Paradox of Rapid Radiation

25.25

