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Abstract:

Hybridization is thought to have played an important role in shaping the evolutionary history of
diverse island taxa. Here, we propose an ecological and evolutionary framework for
understanding the causes and consequences of heterospecific mating on islands — with and
without hybridization. There are a number of reasons why secondary contact is expected to be
unusually frequent on islands and why heterospecific mating may be a frequent result of such
secondary contact. An important contributor is the suite of species and community traits that are
enriched by the colonization process itself. The consequences of heterospecific mating may
depend, to a large degree, on whether one of the species is introduced. Due to generally weak
intrinsic reproductive isolation between island endemics, secondary contact will frequently lead
to hybrid establishment and interspecific gene flow. By contrast, due to relatively longer

divergence times between endemic and introduced taxa, there will typically be strong



postzygotic isolation between them, and recurrent mating within zones of secondary contact will
often lead instead to local exclusion by reproductive interference. Since recent human activity is
bringing many insular endemics into contact with introduced relatives, this latter outcome may

be an underappreciated conservation threat.

Keywords: island biogeography, colonization, invasive species, hybridization, plant mating

systems, genetic swamping, reproductive interference

1. Heterospecific mating on islands

When formerly isolated species come into secondary contact and lack premating isolation,
the heterospecific mating interactions that result can have considerable evolutionary
consequences. We will refer to such mating events as “hybridization” when interspecific
fertilization occurs, and we will refer to viable offspring produced by interspecific fertilization as
“hybrids”. With or without hybridization, heterospecific mating can substantially affect the
evolutionary trajectories of parental species, with a range of outcomes including the
reinforcement or breakdown of reproductive barriers (Abbott et al., 2013; Servedio and Noor,
2003; Todesco et al., 2016), homoploid and allopolyploid speciation (Abbott et al., 2013),
adaptive radiation (Seehausen, 2004), range expansion (Pfennig et al., 2016), and local exclusion
by reproductive interference (Kyogoku, 2020; Kyogoku and Sota, 2017). Although there are a
number of exceptional model systems for studying hybridization (Grant and Grant, 2008;
Mavarez et al., 2006; Rieseberg et al., 2007), the variety of outcomes that are possible with
different combinations of reproductive isolating mechanisms necessitates studying a diversity of
systems in order to achieve an understanding of general patterns.

In general, interspecific gene flow now appears to be much more common than historically
understood, with evidence of past or ongoing gene flow in at least 10% of animal species and 10-
25% of vascular plant species (Mallet, 2005). The recent discovery of hybrid ancestry on many
different branches within the tree of life has raised interest in the consequences of interspecific
gene flow for long-term taxon survival and functional diversification (Marques et al., 2019;

Todesco et al., 2016). Yet, it is equally important to understand what happens when



heterospecific mating fails to result in gene flow — such as when hybrids do not survive to
reproduction — and to know how often that happens, although it is inherently more difficult to
study (Kyogoku, 2020).

Our objective here is to present an ecological and evolutionary framework for understanding
the consequences of heterospecific mating on islands — with and without hybridization. It has
long been hypothesized that hybridization occurs frequently between native insular (as pertaining
to islands) plant species (Carlquist, 1974) and, with the advent of modern molecular techniques,
signatures of interspecific gene flow have been detected in a diverse range of insular taxa (Figure
1). Although differences in regional study effort make reliable comparisons of the frequency of
hybrid ancestry between continental and insular environments difficult (Whitney et al., 2010),
we propose that islands provide a uniquely attractive setting for disentangling the factors
contributing to the divergent outcomes from heterospecific mating. Our first contention is that
there are biological reasons to predict secondary contact and subsequent heterospecific mating to
be common on islands as a result of their unique eco-evolutionary contexts. Our second
contention is that hybrid establishment and interspecific gene flow will be a frequent outcome of
heterospecific mating between island endemics as a result of the weak intrinsic reproductive
isolation that separates them, whereas negative outcomes, such as local exclusion by
reproductive interference (Kyogoku and Sota, 2017), will more commonly result from
heterospecific mating between endemic and introduced species due to relatively stronger
intrinsic reproductive isolation. We argue that the former may explain the apparent frequency of
hybridization on islands, while the latter represents a cryptic and underappreciated threat to
native island biodiversity.

Since the prevalence of hybridization on islands appears to be a global trend, we discuss
representative examples from several oceanic archipelagos, with a focus predominantly on
flowering plants (Figure 1). However, we do not attempt to comprehensively survey
hybridization on islands, and so the examples we discuss are selective. Moreover, although our
focus is on oceanic islands and archipelagos, many, though not all, of the factors we discuss also
apply to other island-like habitats such as lakes, montane sky islands, post-glacial environments,

and caves, as well as to the other taxa that inhabit those habitats.



Galapagos
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iguanas — Amblyrhynchus
tortoises — Chelonoidis
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Figure 1. (Left and bottom) Examples of hybridization and introgression from several
major oceanic archipelagos discussed in the text, including a number of model systems for
studying hybridization (A-C). (A) Finches (Geospiza) of the Galapagos have contributed to
our understanding of lineage fission via character displacement (Grant and Grant, 2008),
lineage fusion via introgressive hybridization (Grant and Grant, 2016), and the first steps
of homoploid hybrid speciation (Lamichhaney et al., 2017). (B) The silversword alliance
of Hawaii (Argyroxiphium, Dubautia, and Wilkesia) has been instrumental in our
understanding of the development of intrinsic postzygotic isolation in plants (Carr and
Kyhos, 1986) and how hybridization can contribute to colonization (Caraway et al., 2001),
speciation (Friar et al., 2008), and adaptive radiation (Barrier et al., 1999; Garcia-Verdugo
et al., 2013). (C) Argyranthemum of the Canary Islands has broadened our understanding
of the role hybridization may play in both species collapse (Brochmann, 1984) and
speciation (Borgen et al., 2003; Brochmann et al., 2000), with multiple fusion and fission
events being observed between the tips of the radiation. Other references by archipelago:
Galapagos iguanas (MacLeod et al., 2015; Rassmann K. et al., 2009), tortoises (Garrick et
al., 2014; Milinkovitch et al., 2007), daisy trees (Lindhardt et al., 2009; Nielsen et al.,




2003), and cotton (Wendel and Percy, 1990); Hawaiian fruit flies (Brill et al., 2016; Carson
et al., 1989; Kaneshiro and Val, 1977), crickets (Shaw, 2002), violets (Smith et al., 1996),
and carnations (Wallace et al., 2011); Caribbean pupfish (Richards and Martin, 2017), bats
(Larsen et al., 2010), turtles (Parham et al., 2013), crocodiles (Milidn-Garcia et al., 2015),
and flying goldfish plants (Morley, 1971); New Zealand flax (Houliston et al., 2008;
Smissen and Heenan, 2007), stick insects (Buckley et al., 2008), grasshoppers (Dowle et
al., 2014), myrtle (de Lange and Norton, 2004), and coffee (Wichman et al., 2002); tree
houseleeks (Jorgensen and Olesen, 2001), mint (Puppo et al., 2016), aster (van Hengstum
et al., 2012), and wood fern (Gibby, 1985). Image sources: Argyranthemum,

conservatoire.brest at Wikimedia; silversword, Witort at Wikimedia.

2. The filtering effect of colonization

Islands have unique eco-evolutionary contexts. Many major archipelagos are composed of so
called de novo islands that have arisen via processes such as volcanic activity (as with Hawaii,
Galapagos, and the Macaronesian archipelagos) or changing sea level (as with some Caribbean
islands). The emergence times of these terrestrial environments range from millions to tens of
millions of years — young relative to continental landmasses (Ferndndez-Palacios et al., 2011;
Neall and Trewick, 2008). The biotas of these archipelagos are the result of geologically recent
colonization events followed by in situ diversification, leading to mixes of taxa that are
nonrepresentative of their continental sources and that include a high proportion of endemics

(Kreft et al., 2008; Russell and Kueffer, 2019; Weigelt et al., 2015; Whittaker et al., 2008).
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Figure 2. Dispersal and establishment filters during colonization result in unique eco-
evolutionary contexts on islands. Successful colonists experience ecological opportunity,
which promotes in situ diversification and speciation. These endemic clades are young relative
to their continental relatives, and as a result species pairs within them generally have weaker

postmating reproductive isolation relative to pairs of native and introduced species.

As illustrated in Figure 2, the process of colonization itself functions as a set of filters for
taxa possessing traits that aid in establishment and survival within insular ecosystems (Weigelt et
al., 2015). The first of these filters is dispersal, the intensity of which depends on island isolation
and size (MacArthur and Wilson, 1963; Warren et al., 2015; Weigelt et al., 2015). Successful
dispersers then undergo a further environmental filter upon reaching the island, in which species
that cannot tolerate the local environmental conditions, and those that cannot survive without
community members on which they depend, do not get established (Carvajal-Endara et al., 2017;
Weigelt et al., 2015). These filters have four important effects on the species assemblages and
ecological conditions of insular ecosystems. First, endemic insular lineages tend to be young as a
result of their relatively recent colonization history. Second, niche space on an island may remain
unfilled by colonization for an extended period of time, presenting ecological opportunity for

those lineages that do successfully establish early (Weigelt et al., 2015; Whittaker et al., 2008).



Third, insular lineages often possess traits associated with colonization such as long-distance
dispersal, wide environmental tolerance, and, in some cases, the capacity to reproduce in the
absence of conspecifics. Fourth, insular communities are often characterized by generalist

species interactions such as, for example, generalist pollination networks for plants (Traveset et

al., 2013, 2016).

3. Intrinsic barriers

Might short divergence times within endemic insular clades contribute to a propensity for
gene flow between related species on islands? In vertebrates and plants, estimates for the time to
achieve complete intrinsic postzygotic isolation — in the form of hybrid sterility or inviability —
range from millions to tens of millions of years depending on the taxon (Fitzpatrick, 2004;
Levin, 2012; Price and Bouvier, 2002). This not only exceeds the age of many endemic insular
lineages, but exceeds the age of many major archipelagos themselves (Fernandez-Palacios et al.,
2011; Neall and Trewick, 2008). Thus, it is possible that many insular clades are too young for
incompatibilities to have accumulated in sufficient number to cause complete infertility and/or
inviability. Incomplete intrinsic postzygotic isolation can result in the generation of fertile hybrid
offspring capable of backcrossing, which is indeed often posited as an explanation for the
observed frequency of hybridization on islands (Crawford and Archibald, 2017). The common
occurrence of natural hybrids and evidence for introgression appears to anecdotally support this
claim (Figure 1).

A more direct line of evidence comes from experimental crosses, which have been
performed in a range of insular plant taxa including Hawaiian Wikstroemia (Mayer, 1991),
Labordia (Motley and Carr, 1998), Bidens (Mensch and Gillett, 1972), Schiedea and
Alsinidendron (Weller et al., 2001), Argyranthemum from the Canary Islands (Brochmann,
1984), flax (Phormium) from New Zealand (Houliston et al., 2008), and daisy trees (Scalesia)
from the Galapagos (Lindhardt et al., 2009; Nielsen et al., 2003). Fertilization was possible and
weak intrinsic postzygotic isolation was found in all of the above cases, although it should be
noted that offspring fitness in natural conditions was generally not evaluated.

Perhaps the most robust demonstration of incomplete intrinsic postzygotic reproductive
isolation in insular plants has been in the Hawaiian silversword alliance. The maximum age of

the alliance is circa 5 million years, which corresponds roughly with the maximum age of the



main Hawaiian Islands (Baldwin and Sanderson, 1998). Crosses have been performed between
species that diverged as early as 1 million years ago (MYA) and as late as 5 MYA — including
intergeneric crosses with species spanning the three genera of the alliance (Argyroxiphium,
Dubautia, and Wilkesia) (Baldwin and Sanderson, 1998; Carr and Kyhos, 1986). A pronounced
drop in F1 hybrid pollen fertility is not observed until crosses represent a divergence of at least
circa 4.5 MYA, specifically 68% fertility in the cross between Dubautia sherffiana and D.
laevigata. At circa 5 MY A divergence, hybrids between several Dubautia species and Wilkesia
gvmnoxiphium had mean fertilities of 28% at the lowest, and the F1 between Argyroxiphium
sandwicense and Dubautia menziesii had mean fertility of 11% (Carr and Kyhos, 1986). Thus,
fertile hybrids can be produced even between some of the most divergent lineages of the
radiation. Moreover, vigorous bi- and tri-generic hybrids have been produced between mainland
tarweeds and silversword allies (Carr et al., 1996).

There do exist counterexamples of strong intrinsic postzygotic isolation between
apparently young insular species. There are notable examples in animals, including several pairs
of Anolis lizards in the Caribbean (Losos, 2009), the iguanas Canolophus subcristatus and
Amblyrhynchus cristatus in the Galapagos (Rassmann K. et al., 2009). In plants, certain young
species pairs within the plant genera Scrophularia (Dalgaard, 1979; Valtuena et al., 2017) and
Tolpis (Crawford et al., 2016) in Macaronesia show strong postzygotic isolation. This last
example is striking in that hybrids of Tolpis proustii and T. laciniata in the Canary Islands
display low pollen fertilities even though divergence appears to have occurred within only the

last million years (Crawford et al., 2016). Nonetheless, these cases appear to be relatively rare.

4. Extrinsic barriers

In the absence of strong intrinsic postzygotic isolation, extrinsic postzygotic barriers,
such as ecological selection against hybrids, or extrinsic prezygotic barriers, such as geographic
isolation or assortative mating, are likely drivers of speciation on islands (Crawford and
Archibald, 2017). However, even these barriers may be relatively weak on islands compared to
continental environments as a consequence of their unique ecological contexts and evolutionary
histories (Figure 3). We discuss three reasons why such barriers may be weak: (1) disturbance
and available niche space may be more prevalent on islands relative to older and more

geologically stable continental environments (Figure 3A), (2) island inhabitants are enriched for



long-distance dispersal traits due to their colonization history (Figure 3B), and (3) assortative
mating may be frequently compromised on islands, e.g. by generalist pollination networks for

plants and by low conspecific mate availability following colonization for all taxa (Figure 3C).
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Figure 3. Examples of A) disturbance contributing to secondary contact between montane
Argyranthemum broussonetii and coastal A. frutescens and the establishment of hybrid A.
sundingii (pictured) in deforested environments in the Canaries, B) long-distance dispersal of a
single Geospiza conirostris (pictured) individual facilitating secondary contact with resident
G. fortis and the establishment of an incipient hybrid taxon, and C) compromised assortative
mating due to indiscriminate pollination by Xylocopa darwini (pictured) of both native and
introduced species. Image sources: Argyranthemum, conservatoire.brest at Wikimedia;

Geospiza, Harvey Barrison at Wikimedia.

(a) Ecological opportunity due to disturbance and niche availability

Ecological opportunity, in the form of unoccupied habitats and unexploited resources, may
allow the novel genotypes produced by interspecific gene flow to become established with little
to no competition from other species (Campbell and Waser, 2001; Ellstrand and Schierenbeck,

2000; Seehausen, 2004). Similarly, habitat disturbance — whether natural or human-mediated —



can facilitate hybridization by resulting in a breakdown of extrinsic reproductive isolation (both
pre and postzygotic), and can create suitable habitats for hybrids (Anderson, 1948; Grabenstein
and Taylor, 2018; Levin et al., 1996). In general, as the level of ecological instability increases,
so too does the opportunity for hybrid establishment and the abundance and diversity of hybrids
(Anderson, 1948; Levin et al., 1996).

Islands are non-equilibrium ecosystems characterized by frequent disturbance and abundant
ecological opportunity (Whittaker, 1995; Whittaker and Ferndndez-Palacios, 2007; Whittaker et
al., 2008). The combined effects of the dispersal and environmental filters during the
colonization of an oceanic archipelago (Figure 2) results in an unusual abundance of unoccupied
habitats and unexploited resources (Figure 3A), providing ecological opportunity for the
establishment of hybrids generated during the diversification of successful colonist lineages. The
amount of ecological opportunity in the form of unoccupied habitats depends, in part, on the size
of the island and its distance from source populations, with larger and more distant islands
providing more opportunity for in situ diversification — resulting in greater endemic richness
(Whittaker and Fernandez-Palacios, 2007; Whittaker et al., 2008). Endemic species richness, in
turn, likely contributes to the overall frequency of hybridization observed on an island, given that
secondary contact among members of young endemic clades is more likely to result in
hybridization than secondary contact between species separated by greater divergence (Section 3,
Figure 4).

Given the apparent importance of ecological segregation in maintaining species barriers on
islands (Crawford and Archibald, 2017), frequent disturbance may regularly break down those
barriers and facilitate secondary contact — regardless of the outcome of heterospecific mating.
Specifically, frequent natural sources of disturbance on islands which may disrupt adaptive
landscapes and facilitate secondary contact include storms such as hurricanes, wave action such
as tsunamis, climate events, and volcanic activity. Examples of insular hybrids associated with
such disturbed habitats include lava-colonizing silverswords (Caraway et al., 2001), Coprosma
associated with climatic instability in New Zealand (Wichman et al., 2002), and Galapagos
finches (Geospiza) following a severe drought on Daphne island (Grant and Grant, 2016).
Human induced disturbance on islands such as agriculture, deforestation, and urban development
can also promote secondary contact (Caujapé-Castells et al., 2010; Vila et al., 2000; Whittaker,

1995). For example, hybrids between three endemic species of Pericallis were associated with



the construction of roads in the Canaries (van Hengstum et al., 2012), hybrids of Kunzea were
associated with disturbance by logging and fire in New Zealand (de Lange and Norton, 2004),
hybrids of Argyranthemum were found in deforested environments in the Canaries (Brochmann
et al., 2000), and hybrids of Gunnera were associated with human disturbed areas in the Juan
Fernandez islands (Pacheco et al., 1991). These examples reinforce the general argument that
ecological segregation plays an important role in maintaining species barriers on islands in the
absence of intrinsic postzygotic barriers, but they also demonstrate that those barriers are not

temporally stable, leading to occasional bouts of hybridization when disturbed.

(b) Long-distance dispersal

As a consequence of the great distances that often separate continents and islands, insular
species characteristically possess long-distance dispersal capacities (Baker, 1955; Cain et al.,
2000; Howe and Smallwood, 1982; Weigelt et al., 2015). For species that are not sympatric, a
large dispersal shadow may facilitate secondary contact and thus hybridization (Figure 3B). If
the species are interfertile, then once secondary contact is made, the size of the resultant hybrid
zone will be governed by the relative magnitudes of dispersal and selection against hybrids
(Barton and Hewitt, 1985; Endler, 1977). All other things being equal, insular species with long-
distance dispersal capacities would be expected to form relatively larger hybrid zones upon
secondary contact. Additionally, long-distance dispersal may facilitate the colonization of open
or disturbed habitats, aiding in the establishment of hybrid lineages that do not require ongoing
heterospecific mating for population maintenance.

Long-distance dispersal by wind or water can also overcome the isolation among islands in
an archipelago. Even when relatively rare, such events can have a profound impact if migrants
survive and reproduce where related species have already become established. A remarkable
recent example of this in animals is the long-distance dispersal of a single finch over 100km
between islands in the Galapagos that led to hybridization with local residents and the incipient
formation of a new hybrid lineage reproductively isolated from parental species via mate call
preference (Lamichhaney et al., 2017).

These considerations suggest that premating barriers in the form of geographic isolation may
be counterintuitively weak for islands — at least occasionally. This prediction is tempered

somewhat by the occurrence of insular taxa that have lost their long-distance dispersal capacities.



Loss of dispersal has undoubtedly occurred in many plant and animal groups (Bertrand et al.,
2014; Carlquist, 1974), but the generality of this phenomenon is a matter of some debate (Burns,
2017; Garcia-Verdugo et al., 2017). For these lineages, the predicted effect of dispersal may be
reversed, with short-distance dispersal resulting in strong geographic isolation between species,
or even populations of the same species. For example, a reduced propensity to disperse appears
to be associated with strong population structure in the passerine bird Zosterops borbonicus

endemic to Reunion Island (Bertrand et al., 2014).

(¢) Compromised assortative mating

After long-distance dispersal events, secondary contact often involves a locally rare migrant
species and a more abundant resident species. In such situations, assortative mating can break
down as a result of the encounter rate between migrants being much lower than the encounter

rate between the migrant and more abundant resident species — i.e. Hubb’s Desperation

with greater frequency in situations where species proportions are numerically skewed
(Rieseberg, 1997), or when it involves newly founded colonist populations (Kaneshiro, 1980).
Indeed, many examples of hybridization are associated with situations of colonization and range
expansion (Abbott et al., 2003; Arnold, 1997; Barton, 2001; Guo, 2014; Lamichhaney et al.,
2017; Thompson, 1991) which often involve skewed species abundances, although it should be
noted that in many cases it is unclear whether or not hybridization was a cause or consequence of
colonization (see below).

Colonization is, of course, a frequent phenomenon on islands, given the availability of
open/disturbed habitats and the long-distance dispersal capacities of many insular species. This
may include both primary colonization events by continental taxa and secondary colonization
events by already established insular lineages. An example of the former is secondary contact
between insular and continental sister species of cotton (Gossypium) in the Galapagos which led
to introgressive hybridization (Wendel and Percy, 1990), whereas the latter is exemplified by the
aforementioned secondary contact event between finch species in the Galapagos following
migration between islands (Lamichhaney et al., 2017). Compromised assortative mating during

such colonization events likely contributes to the apparent frequency of hybridization on islands.



For insular floras, the breakdown of assortative mating may be further exacerbated by the
greater dependence on generalist pollinators (Figure 3C). Being limited to successful dispersers,
insular ecosystems are characterized by low pollinator richness (Levin et al., 1996; Olesen et al.,
2002; Rodriguez-Rodriguez et al., 2013). Of the pollinators that have colonized islands, small
insects represent a disproportionately large number due to their long-distance dispersal capacities
(Barrett et al., 1996). These species — such as flies, moths, bees, and wasps — tend to be
promiscuous pollinators, visiting many plant taxa (Barrett et al., 1996). Consequently,
generalized pollination networks are common on oceanic islands, often including super-
generalist species that indiscriminately pollinate a wide range of plant species (Carlquist, 1974;
Kaiser-Bunbury et al., 2010; Olesen et al., 2002; Rodriguez-Rodriguez et al., 2013).

Super-generalists include a diverse range of taxa such as butterflies (Leptotes parrhasioides,
Galapagos (Traveset et al., 2013)), beetles (Mausoleopsis aldabrensis, Aldabra (Woodell,
1979)), geckos (Phelsuma ornate, Mauritius (Olesen et al., 2002)), and most commonly bees
(Xylocopa darwini, Galapagos (Traveset et al., 2013); Halictus sp., the Azores (Olesen et al.,
2002); Anthophora allouardii and Bombus canariensis, the Canaries (Olesen et al., 2002). For
example, the Galapagos carpenter bee Xylocopa darwini has been documented to visit an
astonishing 68% of plant species (84 of 123 plant species included in a review of Galapagos
pollination literature) (Chamorro et al., 2012; Traveset et al., 2013) including many invasive
taxa. Indiscriminate pollination directly promotes hybridization by increasing the rate of
interspecific pollen exchange. It may also facilitate the establishment of hybrid offspring, since
genotypes that express novel or intermediate floral characteristics are still likely to be visited by
generalist pollinators. Pollinator-mediated assortative mating is one of the principle premating
reproductive isolation barriers in plants (Kennedy et al., 2006; Schemske and Bradshaw, 1999;
Temeles et al., 2016), and its apparent scarcity on islands is likely a key promoter of
hybridization for insular floras.

An exception to this prediction can be seen in taxa that exclusively self-pollinate. Insular
floras are enriched for self-compatibility — a phenomenon commonly known as Baker’s Law
(Grossenbacher et al., 2017). However, self-compatibility does not preclude some outbreeding
(or outcrossing, in plants), and insular floras include a range of degrees of self-fertilization
(Grossenbacher et al., 2017). Therefore, generalist pollination networks on islands will promote

hybridization for all but exclusively self-pollinated species.



5. Consequences of heterospecific mating on islands

Much has already been written about the various outcomes of secondary contact, and
especially of hybridization. For example, see Pfennig et al. (2016) for a review of hybridization
and range expansion, Abbott et al. (2013) for hybridization and speciation, Seehausen (2004) for
hybridization and adaptive radiation, and Todesco et al. (2016) for hybridization and extinction.
The point we wish to emphasize here is that the most likely evolutionary trajectories will differ
for cases of secondary contact between island natives versus contact between native and

introduced species, and that this is relevant to contemporary conservation efforts.
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Figure 4. Generalized framework for understanding the causes and consequences of
heterospecific mating on islands.

A) Disturbance, compromised assortative mating, and long-distance dispersal capacities
promote secondary contact and heterospecific mating regardless of hybrid fitness and parental
types (Section 4). B) If the species are interfertile, F1 hybrid fitness is predicted to depend in
part on divergence between parental species, with fitness at first being approximately neutral
to slightly lower for hybrids produced between very recently diverged species. With increasing
divergence, hybrid fitness may then increase until eventually being outweighed by the
accumulation of intrinsic incompatibilities (modified from (Ellstrand and Schierenbeck, 2000);
trajectory 1), or steadily decrease due to both intrinsic and extrinsic barriers between species
of increasing divergence (trajectory 2). C) Cases of secondary contact between insular
endemics (dashed line) will be enriched for short divergence times, whereas cases of
secondary contact between endemic and introduced species (solid line) will be enriched for
relatively greater divergence times (Section 3). D) This leads to the prediction that outcomes
of secondary contact between island endemics are enriched for genetic swamping and species
collapse while outcomes of hybridization between native and introduced species are enriched

for reproductive interference and extinction.

(a) Heterospecific mating between native species

Given that weak intrinsic barriers typically separate species within endemic clades on islands
(Section 3), outcomes of mating that involve gene flow and the establishment of hybrid lineages
are more likely (Figure 4). Indeed, multiple hybrid swarms have been described in association
with disturbed habitats on islands (Morgan-Richards et al., 2009; Morley, 1971; Ruhsam et al.,
2011), and late generation hybrids may even eventually replace one or both of the parental
species through genetic swamping (Todesco et al., 2016). For example, Argyranthemum
coronopifolium of Tenerife (Canary Islands) underwent rapid genetic swamping after secondary
contact was initiated with widespread A. frutescens by the construction of roadways
(Brochmann, 1984; Levin et al., 1996). Similarly, in Galapagos finches (Geospiza), widespread
introgressive hybridization following a natural environmental disturbance contributed to the
breakdown of reproductive barriers between species on Daphne island (Grant and Grant, 2016).

These examples illustrate both the importance of extrinsic postzygotic barriers in maintaining



species boundaries on islands in the absence of other postmating barriers (Crawford and
Archibald, 2017), and how frequent disturbance on islands may disrupt such barriers, thereby
promoting hybridization. Such introgressive hybridization and species collapse is not inherently
maladaptive — in some cases it may be favored by natural selection (Grant and Grant, 2016). For
example, in Galdpagos tree finches (Camarhynchus) on Floreana island, the persistence of
hybrids and eventual species collapse may have involved hybrids being resistant to a novel
parasite (Kleindorfer et al., 2014) — demonstrating that within a novel environment, hybrids can
have a fitness advantage over parental individuals.

There are a number of ways in which interspecific gene flow can overcome mutational
limits on adaptation and thereby facilitate establishment within a novel environment, including
by producing an overall increase in standing genetic variation (Ellstrand and Schierenbeck, 2000;
Grant and Grant, 2008; Lewontin and Birch, 1966; Pfennig et al., 2016), by producing novel or
extreme phenotypes (transgressive segregation) (Reatini and Vision, 2020; Rieseberg et al.,
1999, 2007), and by the transfer of adaptive alleles between species (adaptive introgression)
(Arnold, 1997; Pfennig et al., 2016; Reatini and Vision, 2020b; Rieseberg et al., 2007;
Seehausen, 2004). The likelihood of these beneficial effects of gene flow increase with genetic
distance (Ellstrand and Schierenbeck, 2000; Stelkens and Seehausen, 2009). Generally, we
would expect the fitness of early-generation hybrid offspring to increase with increasing genetic
distance between parental species until a point where intrinsic incompatibilities begin to
outweigh the beneficial effects, as illustrated in Figure 4B. Yet intrinsic barriers between
endemic taxa are weak on islands (Section 3). Thus, hybridization among more divergent
endemic taxa may be more likely to experience the beneficial effects of interspecific gene flow
without suffering from strong intrinsic barriers (Figure 4B). The resulting hybrids may be
capable of colonizing novel environments, particularly given the abundant ecological
opportunity on islands (Section 4a)

After the successful establishment of a hybrid population, homoploid hybrid speciation
can occur if extrinsic isolation from its parental species is strong enough (Yakimowski and
Rieseberg, 2014). Alternatively, hybridization can result in the generation of allopolyploid
hybrids — polyploid offspring with a copy of both parental genomes. In such cases, novel
phenotypes and resulting range expansion can be coupled with nearly instantaneous speciation,

given that polyploid offspring are often reproductively isolated from diploid parental species



(Abbott et al., 2013; Thompson, 1991) although see (Ramsey and Schemske, 1998). Cases of
allopolyploid hybrid speciation appear to be more common in plants, while homoploid speciation
seems to be more common in animals (Abbott et al., 2013). On islands, proposed cases of
allopolyploid hybrid speciation include the entire silversword alliance in Hawaii (Barrier et al.,
1999), members of Lepidium (Dierschke et al., 2009) and Pachycladon (Mandékova et al., 2010)
in New Zealand and Tasmania, and Dryopteris in the Azores (Gibby, 1985). Proposed cases of
homoploid hybrid speciation include members of Geospiza in the Galapagos (Lamichhaney et
al., 2017), Argyranthemum in the Canaries (Brochmann et al., 2000), Scaevola in Hawaii
(Howarth and Baum, 2005), Artibeus in the Caribbean (Larsen et al., 2010), and Acanthoxyla in
New Zealand (Morgan-Richards and Trewick, 2005). The latter example offers a remarkable
display of hybrid speciation whereby eight species of parthenogenic stick insects were derived
from multiple hybridization events between two or three sexual ancestors.

When sufficient ecological opportunity is available, hybridization may also play a role in
facilitating adaptive radiation (Seehausen, 2013). Since ecological opportunity is a hallmark of
islands (Section 4.1.), it is perhaps unsurprising that many insular radiations are proposed to have
involved hybridization. Among these are Aeonium (Jorgensen and Olesen, 2001) and
Argyranthemum (Francisco-Ortega et. al., 1997) in the Canaries, Cyprinodon in the Caribbean
(Richards and Martin, 2017), Laupala (Shaw, 2002), Cyrtandra (Smith et al., 1996), and the
silversword alliance (Barrier et al., 1999) of Hawaii, and Pachycladon in New Zealand and
demonstrating that hybridization preceded an adaptive radiation is not sufficient to conclude that
hybridization was a cause of the adaptive radiation. Disentangling the factors by which
hybridization can lead to colonization, allopolyploid/homoploid hybrid speciation,
reinforcement, or adaptive radiation requires detailed knowledge of the system in question
(Seehausen, 2013). The simplified ecological contexts of islands and the diversity of systems for
which hybridization is known to occur, often within the same radiation, make insular species

attractive systems in which to study these processes (Crawford and Archibald, 2017).

(b) Heterospecific mating between native and introduced species
Islands have been subject to an alarming number of species introductions as a result of

human activities, with the Pacific islands showing the fastest increase in species numbers with



respect to their land areas of all ecosystems included in a recent study (van Kleunen et al., 2015).
A striking result of these introductions is the observed doubling of net plant species richness
across many oceanic archipelagos world-wide (Sax and Gaines, 2008). In both Hawaii and the
Galéapagos for example, roughly a third of all native vascular plant genera now also contain at
least one introduced species (33% and 30% respectively) (Jaramillo et al., 2018, USDA, NRCS,
2019). Thus, such an influx of species on islands provides substantial opportunity for secondary
contact and subsequent mating between formerly isolated native and introduced congeners.

Mating between native and introduced species can create a number of unique problems for
the conservation of island biodiversity. Hybridization with introduced species can result in a net
decrease of native biodiversity when continuous hybridization and backcrossing of hybrids with
parental species results in the replacement of a parental species with hybrids (genetic swamping),
or when the production of low fitness hybrids results in the extinction of a parental species due to
wasted reproductive effort (i.e. resulting from reproductive interference) (Todesco et al., 2016).
However, even when hybrids are not produced, interspecific mating can jeopardize coexistence.
Reproductive interference generally refers to any negative sexual interaction that leads to a
reduction of fitness for at least one parental population (Kyogoku, 2020), and can occur in a
variety of ways that don’t involve fertilization including stigma clogging or pollen competition
in plants or injury during copulation for animals (Groning and Hochkirch, 2008; Kyogoku, 2020;
Kyogoku and Sota, 2017). The term demographic swamping has been used in the literature to
describe reproductive interference when low fitness hybrids are produced (Todesco et al., 2016),
but it is important to note that all types of reproductive interference result in wasted reproductive
effort and can ultimately lead to demographic decline if prezygotic barriers don’t evolve to
prevent maladaptive mating (i.e. reinforcement) (Kyogoku, 2020) — which can indeed occur on
rapid timescales (Pfennig, 2003).

Based on our framework above, we would predict that genetic swamping is more likely
among endemic clades due to recent divergence between parental species (Section 5a, Figure 4),
while reproductive interference is more likely when mating occurs between endemic and
introduced species (Figure 4). This is in part because the upper limit on divergence imposed by
islands for endemic clades represents a lower limit on divergence times between endemic and

introduced species, given that they must have evolved in allopatry since at least the age of the



endemic lineage. Thus, postzygotic barriers are more likely to be observed when mating occurs
between endemic and introduced species than for pairs of endemic species.

The impacts of reproductive interference are expected to be more pronounced between
numerically skewed species (Kishi et al., 2009; Kyogoku and Sota, 2017), such as in the
common scenario of a widespread invasive species and a localized, endemic congener. For
example, if a native plant is surrounded by an invasive congener, there is a high probability of
pollen transfer from an invasive individual relative to native plants in populations with lower
invasive abundance. If there are fitness consequences of such interspecific pollen transfer,
extirpation of the less abundant species by reproductive interference is likely.

Reproductive inference might be common yet difficult to detect, due to hybrid
individuals being scarce or entirely absent. Indeed, the detection of reproductive interference
often requires intensive experiments to test the diversity of ways sexual interactions can lead to
reduced parental fitness (Groning and Hochkirch, 2008; Kyogoku, 2020). Moreover, observing
the contribution of reproductive interference to ongoing local exclusion is empirically difficult
due to the speed with which it is expected to be resolved (Kyogoku, 2020). As a result, the
effects of reproductive interference may be attributed to other factors such as competition or be
overlooked entirely. Although a number of studies have investigated whether there are
undesirable outcomes of hybridization between native and introduced species on islands, they
have often done so by examining the extent of gene flow (Gonzalez-Pérez and Sosa, 2009; Levin
et al., 1996; Lopez-Caamal et al., 2014; Milian-Garcia et al., 2015). Thus, they may fail to detect
one of the most likely threats of such hybridization — wasted reproductive effort due to
reproductive interference. The alarming number of species introductions on islands (Sax and
Gaines, 2008) unfortunately means that there is an abundance and diversity of systems in which
to explore the consequences of reproductive interference, and to do so within a context that is
highly relevant for conservation efforts. Thus, reproductive interference likely represents an
underappreciated conservation threat to native biodiversity on islands and is ripe for further
research effort.

In the rare cases where hybrids between native and introduced species survive to
reproduction and are capable of backcrossing with parental species, hybrid invasion poses a
different kind of conservation threat. Hybridization can facilitate the initial colonization of

introduced species by alleviating Allee effects common in founding populations, i.e. overcoming



the minimum density threshold for population viability due to mate availability (Hubbs, 1955;
Mesgaran et al., 2016; Taylor and Hastings, 2005). Subsequent gene flow may then contribute to
local adaptation in established introduced populations (Gibson et al., 2021) — which may favor
their persistence — or directly contribute to range expansion (invasion) of introduced species by
the same means described for native species pairs (Section 5a). Both hybridization and invasion
are commonly discussed independently as important threats to native island biodiversity, but
given the relationship between hybridization and colonization, it is likely that these two threats

are related.

6. Conclusions

We conclude that there are two faces of secondary contact on islands given the dramatic
differences in expected outcomes of secondary contact for native species pairs versus native and
introduced species pairs. This rests on a few assertions. First, that for all taxa secondary contact
occurs frequently on islands as a result of the long-distance dispersal capacities of insular species
and frequent disturbance within insular ecosystems, and that compromised assortative mating
frequently results in heterospecific mating within these zones of secondary contact. Second, that
when members of endemic clades come into secondary contact on islands, heterospecific mating
will frequently result in the establishment and persistence of hybrids due to weak intrinsic
postzygotic barriers and abundant ecological opportunity on islands providing suitable habitats.
By contrast, when native and introduced species come into secondary contact on islands, local
exclusion via reproductive interference will be common due to the relatively greater degree of
intrinsic postzygotic isolation between such species pairs. While the first face of secondary
contact, that between endemic species, likely explains the apparent frequency of hybridization on
islands, the second face, that between native and introduced species, represents a potentially

significant, cryptic, and thus underappreciated threat to native island biodiversity.

Data availability: All information is included within the manuscript.
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