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INTRODUCTION

The definition of the term “species” has for a long time been an object of debate and a
controversial topic, with different proposals brought out (Coyne & Orr, 2004). One common
species concept is the biological definition, according to which species are “groups of
actually or potentially interbreeding natural populations which are reproductively isolated
from other such groups” (Mayr, 1942).

During the speciation process, by which new species arise, the first barriers to evolve
are usually the premating ones. The premating barriers are followed only later by extrinsic
postmating barriers and eventually by intrinsic postmating barriers. In sticklebacks, for
example, it has been shown that habitat isolation and sexual selection are essential
reproductive barriers (Lackey & Boughman, 2017). Similarly, in the genus of freshwater fish
Etheostoma, it has been demonstrated that sexual selection evolved faster than hybrid
inviability (Mendelson, 2003). However, there are exceptions to this common pattern. One of
them is represented by fruit flies, in which the two species Drosophila suboccidentalis and D.
occidentalis have developed incomplete reproductive isolation, due to a prezygotic barrier,
namely an asymmetrical sexual selection (Arthur & Dyer, 2015). Nonetheless, other research
on hybridisation without speciation was conducted in the two closely related Adriatic pipefish
species Syngnathus typhle and S. taenionotus. Pipefish are indeed characterised by male
pregnancy: males brood and females provide them with eggs into the male’s brood pouch
(Wilson & Orr, 2011). Moser & Wilson (2020) found no clear preference of S. taenionotus
males towards what species the potential partner was belonging to, whereas S. #yphle males
exhibited a strong preference for conspecifics. The formation of prezygotic barriers in the
Adriatic pipefish was thus partial, while postzygotic barriers between the two species were
always strong, since the offspring was not viable (S. #yphle males) or no eggs were ever
detected (S. taenionotus males).

Hybridisation can be defined as reproduction between members of genetically distinct
populations, and it takes place in hybrid zones (Barton & Hewitt, 1985). This process is of
great interest, as it can hamper speciation, impeding the formation of new species. However,
the spread of genes of one species into the genome of another species due to hybridisation,
known as introgressive hybridisation, has also been shown to be a stage in the process of
species formation itself (Dobzhansky, 1941).

Natural selection plays a key role in promoting divergence between populations

(Endler, 1986; Schluter, 2000). The strength of divergent selection relative to gene flow



determines the possible success of the former in causing speciation (Hendry et al., 2002;
Rundle & Nosil, 2005). The time for speciation to become irreversible has to be long enough
so that the environmental conditions that promote speciation can persist until the end of the
process, up to more than one million years (Coyne & Orr, 2004). Before that happens,
hybridisation can be responsible for speciation in reverse (also called reverse speciation),
which is the merger of the two parental species into a hybrid species (Seehausen, 2006a;
Taylor et al., 2006).

On the other hand, it is not certain that the outcome of hybridisation is going to be
reverse speciation. A standstill, in which there is no progression towards neither ordinary nor
reverse speciation, is possible (Nosil et al., 2009). Alternatively, barriers to gene exchange
may increase and a larger proportion of the genome may acquire protection from
introgression, by accumulation of linkage disequilibrium (LD) between barrier loci (Wu,
2001; Servedio & Noor, 2003; Via, 2009).

Environmental factors can play a role in the promotion of speciation and
hybridisation. Northern latitude lakes are populated by fish species whose speciation
processes are often still ongoing (Scribner et al., 2001). In recent years, a parallel increase of
the temperature and the turbidity of northern latitude lakes has been going on. This increase is
supposedly human-induced (Whitehead et al., 2009; Dokulil, 2014), and is predicted to
continue in the future, together with the intensification of precipitations (Weyhenmeyer et al.,
2016). One of the main causes for the increase in turbidity is the increase of organic matter in
lakes (Roulet & Moore, 2006; Monteith et al., 2007; Larsen et al., 2011; Solomon et al.,
2015). It has been shown that such environmental changes can influence sexual selection in
fish communities (Seehausen et al., 1997a; van Doorn et al., 1998; Jarvenpdd & Lindstrom,
2004; Genner & Turner, 2005; Fisher et al., 2006). This can happen because the reduced
visual conditions can impair mate choice (Luyten & Liley, 1985, 1991; Seehausen et al.,
1997a; Seehausen & van Alphen, 1998; Candolin, 2004; Jarvenpdd & Lindstrom, 2004;
Heubel & Schlupp, 2006; Candolin et al., 2007, 2008; Engstrom-Ost & Candolin, 2007;
Wong et al., 2007). This, in turn, can increase the hybridisation rate, with potential risk for
reversing the speciation process (Gilman & Behm, 2011).

In the next paragraph, we will briefly discuss the main forces by which hybridisation
can enhance and speed up speciation, with particular reference to coupling and reinforcement.
In the following paragraphs, we will analyse mechanisms by which hybridisation can hamper

the speciation process. Examples will be provided.



SPECIATION BY MEANS OF HYBRIDISATION

Pivotal to understand the mechanism by which hybridisation can boost, or,
sometimes, even trigger hybridisation, is the concept of coupling. Coupling is defined as the
phenomenon by which an individual inherits two dominant alleles that are linked on the same
chromosome. Incompletely isolated populations can progress towards speciation by means of
association between different loci (Bierne ef al., 2011; Smadja & Butlin, 2011). It is possible
that LD between barrier /oci builds up and accumulates between different lineages. However,
in spite of playing an important role, the concept of LD itself is not enough to fully
understand and explain coupling (Barton, 2013). In this sense, the coincidence of the different
barrier effects, is crucial. Without that happening, there would be simple accumulation of
reproductive isolation, but not coupling (Barton & de Cara, 2009). An example of this is
provided by the lepidopteran Ostrinia nubilalis, the European corn borer, where double forms
of voltinism, pheromone signalling and host-plant association are present. However, since
different populations do not share the same form for all the characters, no strong barriers to
gene flow have developed (Dopman et al., 2010; Orsucci et al., 2016).

Strictly related to the concept of coupling is reinforcement (Dobzhansky, 1970), in
which natural selection promotes reproductive isolation between two species. It does so by
negatively selecting hybrids, with lower fitness. If the hybrid population is not viable, the
individuals of the two parental species who only mate with members of the same species will
have an evolutionary advantage. This will go in the direction of premating isolation and
consequently enhanced divergence between the two species (Servedio & Noor, 2003; Schuler
et al., 2016). To some extent, reinforcement can be thought of as a particular form of
coupling, in which a postzygotic barrier is the cause for the formation of a prezygotic barrier
later on. Nonetheless, Butlin & Smadja (2018) argued that any barrier that actually promotes
the evolution of a second barrier effect should be included, independently of their nature.
However, the barriers that occur earlier are stronger than the ones occurring later in the
reproductive sequence (Coyne & Orr, 2004).

Another way by which hybridisation can promote speciation is hybrid speciation.
Hybrid speciation may occur when a hybrid swarm originates. If that is the case, the hybrid
population might have a lower fitness compared to the parental species in their respective
ecological niches. However, not only can that same hybrid population be more adapted to
novel environments, but it might also carry enough genetic variation, so that natural selection
can give rise to a new species (Meier et al., 2017; Selz & Seehausen, 2019). Hence,

hybridisation can considerably hasten the partial or complete formation of reproductive
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isolation between species, as it has been shown in Darwin’s finches. A single immigrant of
Geospiza conirostris to Daphne Major, an island, in the Galdpagos archipelago (Ecuador),
inhabited by G. fortis, was responsible for the establishment of a hybrid genetic lineage. This
lineage, despite the high level of inbreeding, showed a high level of fitness, and became
completely reproductively isolated from the parental species in just three generations (Grant
& Grant, 2014a; Lamichhaney et al., 2018). Other examples of hybrid speciation come again
from birds. One of them is the hybrid speciation that occurred between the myrtle warbler
(Dendroica coronate) and the black-fronted warbler (D. nigrifrons), which gave origin to the
Audubon’s warbler (D. auduboni) (Brelsford et al., 2011). Another example is the Italian
sparrow (Passer italiae), which is of hybrid origin too, where the house sparrow (P.
domesticus) and the Spanish sparrow (P. hispaniolensis) are its parental species (Hermansen
et al., 2011). Other cases of hybrid speciation are also known in other vertebrate classes, such
as in the pupfishes belonging to the genus Cyprinodon, in the Bahamas islands. It has been
shown that, in these organisms, multiple sources of genetic variation gave their contribution
to shaping their current biodiversity, especially for what trophic mechanisms are concerned
(Richards & Martin, 2017).

When we consider the possible origin of a new hybrid taxon, the amount of extreme
novel trait values that are present in hybrids, but not in parental species, is known as
transgressive segregation. This is related to the genetic distance between the parental species
themselves. Transgressive segregation has been thought to be a key factor for selection to act
and to give rise to new species in novel environments (Slatkin & Lande, 1994; Rieseberg et
al., 1999, 2003). One of the most remarkable characteristics of transgressive segregation is
that phenotypic traits can exceed both parental phenotypes. Examples of this can be found in
plants (Schwarzbach et al., 2001), in Drosophila (Ranganath & Aruna, 2003), and in cichlid
fishes (Stelkens et al., 2009).

In specific circumstances, hybridisation has proven to be helpful to avoid complete
population eradication from particular areas. This happened on the Macquarie island
(Australia), which lies in the Southwestern Pacific Ocean. On this island, as a result of
hunting pressure, the local fur seal population became extinct in the 19th century. Starting
from 1948, the island was colonised by three different species of fur seal, which hybridised
together. Since then, the fur seal population on the island remained viable, with the three
species being present, together with a consistent hybrid population (17-30% of all pups) with
some degree of reproductive success. It was due to hybridisation that fur seals on Macquarie

Island did not die out again (Lancaster et al., 2006).
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REVERSE SPECIATION

Since species diversity can evolve in response to ecological opportunities, the
regression of ecological conditions can drive the extinction of a species that has previously
been formed (Vonlanthen et al., 2012). This can happen because the time it takes for two
species to develop reproductive barriers between each other is much longer than the time
required for speciation itself (Schluter, 2000; Coyne & Orr, 2004). In this case, one of the
possible outcomes of interspecific hybridisation is reverse speciation. The phenomenon of
hybridisation between species that have developed sympatrically has been documented since
long (Wiegand, 1935). It is widely known that this phenomenon itself has played an
important role in the evolution of current species, not only in plants (Stebbins, 1950), but also
in animals (Dowling & Secor, 1997). Whenever hybridisation happens, it is useful to
investigate its origin, together with the causes that have triggered or promoted it. Allendorf et
al. (2001) have proposed a set of guidelines that help to distinguish between natural and
human-induced hybridisation and to adopt the most suitable conservation measures,

according to each case (Fig.1).
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Fig. 1. Categorisation of hybridisation. Types 1-3 occur naturally, and can be object of conservation measures,

while Types 4-6 are of anthropogenic origin, and should be prevented. Type 1: Hybrid populations occur

naturally. Type 2: Different species can occasionally interbreed, leading to the exchange of neutral and
advantageous alleles between the two species. Type 3: Two species are reproductively isolated, but, nonetheless,

hybridise in a specific, limited geographical area. Type 4: F1 hybrids are sterile. Therefore, wasted reproductive
effort is the main disadvantage of this kind of hybridisation, since it does not bring to genetic mixing. Type 5: A

species has suffered from widespread hybridisation with another one. Still, pure populations remain, together

with a hybrid population. Type 6: A species has severely suffered from widespread hybridisation with another
one, to the point that almost no pure individuals remain. The hybrid population is the only one remaining, and
selection against hybrids is almost absent. Adapted from Allendorf et al. (2001).

The boundaries between speciation and speciation reversal are not always so sharp
and clear. An example of this comes from the fish banded darter (Etheostoma zonale group).
Halas & Simons (2014) studied these darters in the Central Highlands in North America. In
parallel with some degree of divergence detected between different populations, they detected
a cryptic species in the Tennessee River. This cryptic species seems to have successfully

hybridised with the species group, leading to a phenomenon of reverse speciation.

To understand to what extent current biodiversity might be prone to speciation

reversal, Seehausen (2006a) proposed to compare the fraction of species whose existence is
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dependent on the maintenance of a balance between selection and gene flow with the older
species that are not anymore dependent on that. In sticklebacks, the number of species which
evolved postglacially is six times more than the species that evolved before the last glaciation
(McKinnon & Rundle, 2002). The number of postglacial species of whitefishes (Coregonus)
is five times higher than the older ones (Bernatchez et al., 1991; Hudson et al., 2007), and

similar proportions can be found in cichlid fishes (Seehausen, 2006b).

NATURALLY OCCURRING HYBRIDISATION

Hybridisation is a natural process that is pivotal for the evolution of biodiversity as we
know it today. This process has historically received more attention in plants (Rieseberg,
1997; Arnold, 2015) than in animals. However, recent evidence in animals, as new whole-
genome data are made available, is showing how crucial hybridisation is to create the genetic
novelty which is necessary for selection to work on (Barton, 2013).

One of the fields that shed light on how important hybridisation was in shaping
current biodiversity is paleogenomics, thanks to which genetic admixture has been shown, for
instance, between the brown bear (Ursus arctos) and the polar bear (Ursus maritimus). The
two species came into contact during the last glacial minimum, when the range of the polar
bear was more expansive than today (Cahill et al., 2018). Ancient hybridisation has been
proved to have occurred between humans and Neanderthals as well (Sankararaman et al.,
2014; Harris & Nielsen, 2016).

Whole-genome studies on extant species have also been able to show signs of
previous hybridisation between different taxa. One example of this is the hybridisation
phenomenon that occurred in North America between the eastern wolf (Canis lupus lycaon)
and the red wolf (Canis lupus rufus), but it is not the only one. The grey wolf (Canis lupus)
and the coyote (Canis latrans) have been shown to hybridise as well (vonHoldt et al., 2016).
Moreover, the red wolf itself seems to have originated from the hybridisation between the
coyote and the grey wolf (Roy et al., 1996).

It i1s nowadays widely accepted that hybridisation is at the basis of many species
radiations. Among them, probably the most remarkable example are the cichlid fishes in
many African lakes (Smith et al., 2003; Seehausen et al., 2008a; Nevado et al., 2009). In
these organisms, ancient introgression is considered to be the main speciation engine (Genner
& Turner, 2012). Other examples come from sailfin silversides in the Malili Lakes in

Sulawesi (Indonesia) (Herder et al., 2006), and from Darwin’s finches on the Galdpagos

8



islands (Grant et al., 2005), where, similarly, hybrid speciation is the main process
responsible for the current biodiversity.

It is believed that abundance of ecological opportunities is one of the major
mechanisms responsible for promoting rapid radiations by means of introgressive
hybridisation (Schluter, 2000). This would explain why cichlid fishes show a huge variety of
morphologies in Lake Victoria and Lake Malawi, and why their morphology diversity is
much lower in African rivers (Joyce ef al., 2005). A similar form of sympatric radiation in
cichlids, although it resulted in not as many species as in Africa, happened in lakes Apoyo
and Xiloa in Nicaragua (Barluenga et al., 2006; Kautt et al., 2016).

In insects as well, hybridisation can be pivotal to the maintenance of biodiversity.
This occurs, for instance, in the Drosophila simulans clade, which is composed of the three
species D. simulans, D. mauritiana and D. sechellia. These species show a considerable level
of reproductive isolation, but data studies have shown that gene flow has occurred among
them as well (Garrigan et al., 2012).

Since it is usually the female which is responsible for mate choice, in most cases in
which hybridisation occurs, it is usually sexually unidirectional. For example, when there are
males of both species, females prefer conspecific males. If, instead, there are only allospecific
males, these can have some chances of mating. This results in females of a rare species to

hybridise with males of a common species, but not vice versa (Wirtz, 1999).

ANTHROPOGENIC FACTORS INFLUENCING HYBRIDISATION

Human intervention can trigger hybridisation processes, following a variety of
different pathways. Among vertebrates, fishes present the wider set of examples. For
instance, it has been shown that introductions of non-native species can play a role in
promoting hybridisation (Rhymer & Simberloff, 1996). This was the case in Lake Michigan
(USA), where the eight cisco species (Coregonus spp.) which were present there either
disappeared or collapsed into a hybrid swarm, after the introduction of allochthonous
predators (Smith, 1964; Todd & Stedman, 1989). In ciscoes, a more detailed mechanism by
which the sudden introduction of new predators might be responsible for the species collapse
process has been shown by Seehausen et al. (1997a) and by Seehausen (2006a). In their
studies, Seehausen and co-workers found that the eutrophication caused by the new predator

led to a fast increase in water turbidity, making mate choice both costlier and less effective.



The loss of sexual selection has been mentioned itself for being responsible for triggering
reverse speciation, especially when environmental change is at its basis (Lackey &
Boughman, 2017).

An important case of admixture between different species comes from the Enos Lake
and other adjacent lakes in British Columbia (Canada), where a species pair of threespine
sticklebacks has been studied (McPhail, 1994; Kraak et al., 2001; McKinnon & Rundle,
2002; Seehausen, 2006a). In this system, it has been highlighted how a significant increase in
the percentage of hybrids coincided with the introduction of the signal crayfish, Pacifastacus
leniusculus, and the subsequent destruction of aquatic vegetation and increase in water
turbidity. Before the introduction of the predator, sticklebacks of the two species exhibited
different morphologies, but, after the signal crayfish was introduced, no differences were
possibly detected (Taylor et al., 2006) (Fig. 2). Although in Enos Lake the fitness of the
hybrids was lower than the fitness of the parental species in most environmental conditions,
between the 1950s and the 1970s, the species pair went close to collapsing into a hybrid
swarm, due to the fluctuating water level caused by intensified quarry-mining (Gow et al.,
2006). Other studies, performed on Enos Lake sympatric limnetic-benthic stickleback species
pairs, showed that in modern populations there was a significant reduction in terms of
selection against intermediate phenotypes, thus compromising postmating isolation and
allowing hybrids to fully replace the parental species (Behm ef al., 2010). More recently, it
has been shown that interspecific hybridisation has caused the two stickleback species in
Enos Lake to completely collapse into a hybrid swarm (Fig. 2). This was clear when
analysing both different morphological traits and different microsatellite DNA loci (Taylor &
Piercey, 2018).
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Fig. 2. Specimens of threespine sticklebacks from Enos Lake plotted along the first two axes of morphological
variation in 1977 and in 2002, respectively before and after the introduction of the signal crayfish, Pacifastacus
leniusculus. Before the introduction of the signal crayfish, the differences between the benthic and the limnetic
species were evident, whereas after the predator was introduced, the two species collapsed into a hybrid swarm.
Key: B, benthic; L, limnetic. Adapted from Taylor et al. (2006).

In Lake Victoria, the introduction of a predator led to an increased level of
eutrophication, and to a consequent higher degree of turbidity. The deterioration of the visual
conditions coincided with the appearance of intermediate cichlid phenotypes, likely due to
the increased costs of mate choice and to random mating becoming more effective in terms of
fitness. This is understandable if we consider that sexual selection in these species is strongly
based on colouration, and reduced visual conditions make recognising conspecifics more
difficult and costlier (Seehausen et al., 1997a; Seehausen & van Alphen, 1998). As a
consequence, in just three years, between 1984 and 1987, more than 200 endemic cichlid
species were lost in Lake Victoria (Seehausen ef al., 1997b).

The strong focus on visual cues as a mate selection criterion is common in freshwater
fish species, and has been demonstrated in other contexts as well, where hybridisation is not

directly involved, as in Trinidad guppies. Female guppies, in clear headwater streams, assess

11



males on the basis of frequency of display and bright colouration, but, in lowland turbid
streams, female cooperation is not needed, as males thrust their gonopodium toward the
female’s genital pore (Luyten & Liley, 1985, 1991).

However, eutrophication and turbidity do not necessarily arise as a consequence of an
introduced predator. Increased eutrophication levels in shallow coastal waters are influencing
the breeding behaviour of the threespine stickleback, Gasterosteus aculeatus. Where the
growth of filamentous algae is higher, the variation in number of eggs between nests is lower
(Candolin, 2004; Candolin et al., 2007). This happens because of the lower variation in male
mating behaviour, which, in turn, is probably due to the relaxed sexual selection, considering
the poorer visual conditions (Candolin, 2004; Candolin et al., 2007). In turbid waters,
stickleback courtship effort is reduced as well (Wong et al., 2007). Females spend
significantly more time in assessing potential males in clear waters, although the final
decision seems to be independent of the water turbidity (Wong et al., 2007). This would
suggest that other cues, not only visual, are involved in mate choice (Engstrom-Ost &
Candolin, 2007). On the other hand, male sticklebacks exhibit less aggressive behaviour
towards other males when visual conditions are poor, making their parental care more
efficient, as they can devote more energy to it. Moreover, better oxygen conditions in the
presence of an artificially increased amounts of phytoplankton mean that the egg hatching
rate is higher (Candolin ef al., 2008).

In another fish of a bisexual-unisexual species complex, male sperm from Poecilia
latipinna 1s used by females of the species P. formosa to trigger embryogenesis (i.e. sexual
parasitism). Reproduction for P. latipinna males can either be with conspecifics or with
heterospecific females. The time males spent in assessing their potential partner is
significantly reduced in conditions of turbid water, but did not influence the rate of the costly
heterospecific matings (Heubel & Schlupp, 2006).

An experimental study by Sundin et al. (2010) on the broad-nosed pipefish
(Syngnathus typhle) brought further evidence that an increase in water turbidity was related to
a decrease in the time that males used to spend assessing females before mating. This
suggests that the disturbance factor may impair the possibility for visually based mate choice
(Sundin et al., 2010).

In the sand goby, Pomatoschistus minutus, in conditions of clear water larger males
have much higher mating chances. However, in turbid waters, sexual selection operated by

females is more relaxed, and mating success is more independent of the dimensions of males
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(Jarvenpdd & Lindstrom, 2004). This experiment, despite not being directly related to a case
of hybridisation, is interesting in showing the effects of eutrophication on a mating system.

Another key factor which is worth mentioning is the loss of environmental
heterogeneity. One of the possible outcomes of this phenomenon is that two species,
previously geographically or ecologically isolated, come into contact and potentially
hybridise (Seehausen et al., 2008b). This loss of ecological opportunities can have
eutrophication among its causes, as in the case of the European whitefish in Swiss lakes.
Environmental homogenisation is thus pivotal for reverse speciation to take place
(Vonlanthen et al., 2012).

The examples cited above showed that eutrophication and water turbidity are certainly
among the main factors responsible for increased hybridisation rates in aquatic environments.
However, two species of swordtail fish Xiphophorus birchmanni and X. malinche started
hybridising during the 1990s, as a result of human-induced hormonal disruption. The newly
formed hybrid population exhibited strong assortative mating under certain circumstances,
but, under other conditions, reproductive isolation was compromised, suggesting plasticity of
reproductive barriers of certain hybrid taxa (Rosenthal, 2013; Schumer et al., 2017). In
particular, the preference for conspecifics was lost in conditions of presence in water of high
levels of humic acid, due to the presence of sewage effluents and agricultural drainage water.
It is therefore believed that the pollutant can interfere with the chemical communication
system of swordtail fish (Fisher et al., 2006).

Examples of hybridisation are present in other classes of vertebrates as well. Among
amphibians, in northern Spain, Perez’s frog (Pelophylax perezi) commonly hybridises with
the green frog (P. esculentus complex), but in central Spain the latter does not occur
naturally. This represents a natural geographical reproductive barrier, and thus the subsequent
introduction of the green frog in central Spain is a major cause for concern for hybridisation
in an area where it does not occur naturally (Arano et al., 1995).

Among birds, the white-headed duck (Oxyura leucocephala) went through a
conspicuous reduction of its range during the 20th century. It is currently recovering,
however, still classified as “endangered” by the International Union for Conservation of
Nature (Green & Hughes, 2001). Furthermore, the North American ruddy duck (O.
Jjamaicensis) managed to escape from breeding facilities, in the United Kingdom, and reached
Spain, where the white-headed duck is present. There, the two species have been shown to

hybridise. Hence, the presence of the North American ruddy duck in Spain currently
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constitutes a threat to the genetic integrity of the white-headed duck (Mufoz-Fuentes et al.,
2007).

Habitat change in the Chatman Islands was deemed to be responsible for an expansion
of the range of the red-fronted parakeet (Cyanoramphus novaezelandiae) into the range of the
yellow-crowned parakeet (C. auriceps). This, in turn, provoked an increase of the
hybridisation rate between the two species (Cade, 1983).

In the Galdpagos Islands, the recent disappearance of the large tree finch
(Camarhynchus psittacula) and evident signs of hybridisation between the medium tree finch
(C. pauper) and the small tree finch (C. parvulus), have been associated with the
establishment of a human settlement on the island, just before Charles Darwin’s visit in 1835
(Grant & Grant, 2014b).

Among mammals, the coyote and the grey wolf have been found to hybridise in areas
which were previously forested, but were later devoted to agriculture. The grey wolf is
usually found in forests, while the coyote prefers prairies and open environments. This
probably indicates that the hybrid swarm that has originated is more adapted to the new
changing environment (Lehman et al., 1991; Wayne et al., 1998). Also, the African savannah
elephant (Loxodonta africana) and the African forest elephant (L. cyclotis) have shown signs
of introgressive hybridisation, both during the Holocene, and, more recently, as a
consequence of deforestation in the transition areas between their environments (Roca ef al.,
2005). In both cases, environmental change and homogenisation were the origin of the
hybridisation events.

Finally, an example of how climate change can increase hybridisation rates between
allopatric species comes from insects. The distribution ranges of the eastern swallowtail
(Papilio glaucus) and the Canadian tiger swallowtail (P. canadensis) only overlap to a small
extent. Lately, as a consequence of climatic change, the eastern swallowtail range expanded
northwards into the Canadian tiger swallowtail’s range. The result was the formation of a
hybrid faxon characterised by a delayed adult emergence phenotype (Scriber & Ording, 2005;
Scriber et al., 2008). The late flight of the adult hybrids happens when the flight of the
parental species has ended. This helps the hybrid populations to maintain their reproductive

isolation (Mercader ef al., 2009).
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CONCLUSION

Hybridisation is a widespread phenomenon that occurs naturally and can have
different consequences, from enhancing speciation mechanisms, to maintaining species
diversity, to promoting reverse speciation. Nonetheless, human activities are contributing,
through different mechanisms, to an artificial increase of hybridisation rates between
different species in different ecosystems, and this is particularly prevalent in freshwater
environments.

A first challenge in conservation biology is to understand the causes of hybridisation
events, and to distinguish between the ones that occur spontaneously, and the ones that are a
response to anthropogenic factors. In the first case, conservation measures should be enforced
to protect the ecosystem equilibria, whereas, in the second case, attempts to mitigate the
effects of human activities should be made (Allendorf et al., 2001).

In freshwater environments, most of the hybridisation examples reported in literature
were due to increased levels of eutrophication and turbidity. In the light of this consideration,
the recent increment of these two parameter values should be considered, and greater efforts
should be put into practice to prevent eutrophication.

Among vertebrates, the class from which more cases of naturally occurring
hybridisation have been reported, is fish. Therefore, considering that fishes might be more
prone than other organisms to mating with heterospecifics, a concern should be raised about
the introduction of non-native species of fish that has been carried out extensively worldwide,
and that might be, in many unstudied ecosystems, pivotal to forms of non-natural
hybridisation (Campton, 1987; Smith, 1992).

Environmental homogenisation is going on, together with the transition from natural
to managed systems. The loss of biodiversity is ongoing, and is challenging to stop.
Therefore, together with efforts aimed at maintaining genetic diversity, it is of fundamental
importance that conservationists put into practice concrete actions aiming at the maintenance
of the “ecological mechanisms that generate and maintain species diversity at the

evolutionary front” (Seehausen, 2006a).
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