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Does photoperiodism promote hybrid zones at higher latitudes
and biodiversity globally?
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Abstract

Hybridization is accepted as a common and important evolutionary force in plants and animals. It can occur randomly or in
spatially and temporarily dynamic hybrid zones where the geographic ranges of closely related species meet. Here, I propose that
poleward increases in the seasonality of day length promote the maintenance of circumpolar hybrid zones at higher latitudes.
Hybridization at higher latitudes should be most prevalent among species that use seasonal changes in day length to coordinate
their reproductive phenology but may apply to other species as well if their fitness is dependent on species that are adapted
to photoperiodic cues. Given that climate change is expanding species ranges across latitudes and creating opportunities for
reproductive interactions between formerly isolated and genetically distinct populations and species, a better understanding of
the evolutionary role of hybridization and its consequences for biodiversity, ecosystem functions and services is needed. At the
global scale, I predict that day length-promoted circumpolar hybrid zones and consequent hybrid speciation are play significant
roles in maintaining genetic admixture and species diversity on a geological time scale because species’ range shifts across
latitudes during the cycles of Earth’s cooler and warmer periods cause recurrent isolation of and contact among species.

Introduction

Hybrid zones, the geographic regions where genetically divergent populations, varieties, subspecies or species
meet and interbreed, have played a significant role in the evolutionary trajectories of all major groups of
higher organisms (Anderson 1948; Anderson & Stebbins 1954; Jenkin 1955; Remington 1968; Chevassus
1979; Barton & Hewitt 1989; Arnold 1997; Hewitt 2001; Scriber, Page &. Bartron 2001; Hewitt 2004; Mallet
2007; Soltis & Soltis 2009; Hewitt 2011; Gompert, Mandeville & Buerkle 2017; Marques, Meier & Seehausen
2019). Taxonomic surveys and genomic data suggest that although hybridization can arise, for example, as
a consequence of human actions, hybrid zones are commonly attributable to changes in species geographic
ranges due to paleoclimatic periods and/or physiographic features of Earth, such as chains of mountains and
islands (Anderson 1948; Anderson 1949; Weir & Schluter 2004; Kearney 2005; Hewitt 2011; Alcaide et al.
2014; Kleindorfen et al . 2014; McFarlane & Pemberton 2019). Consequently, hybrid zones can persist for
hundreds or thousands of years, allowing gene flow between interbreeding species and genetically diverging
intraspecific lineages and thus facilitating introgression, hybrid speciation, allopolyploidy and adaptive ra-
diation of new species (Barton & Hewitt 1985; Mallet 2005; The Marie Curie SPECIATION Network 2012;
Marques, Meier & Seehausen 2019). However, hybrid zones and hybrid species are dynamic in space and time
due to natural or human-assisted environmental changes or species invasions of new habitats (Anderson 1948;
Barton 1979; Hansen et al. 2000; Hewitt 2001; Hewitt 2004; Buggs 2007; Hewitt 2011). Thus, the forces
driving species’ range shifts can lead to repeated hybridization, rapid reproductive isolation from the same
ancestral population without physical isolation and reticulated evolution, explaining the detected adaptive
radiation and global biodiversity (Marcussen et al.2014; Mallet, Besansky & Hahn 2015; Lamichhane et al.
2018; Marques, Meier & Seehausen 2019).

Recently, climate change attributable to human influence has been recognized as among the most important
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contemporary forces driving species’ distribution ranges (Parmesan & Yohe 2003; Thuiller et al. 2005; Wal-
ter et al. 2009; Chen et al. 2011; Tewksbury, Sheldon & Ettinger 2011; Ammunét et al. 2012; Saikkonen
et al. 2012; Taylor, Larson & Harrison 2015; Fält-Nardmann et al. 2018) and thus facilitating reproductive
isolation during parapatric speciation and novel encounters between previously allopatric taxa (Alcala &
Vuilleumier 2014; Chunco 2014). Because anthropogenic climate warming in the Arctic and Antarctic has
been substantially faster than the global average (Cohen et al.2014; Past Interglacials Working Group of
PAGES 2016; Polvani et al. 2020), the reshuffling of species assemblages and interspecific interactions, po-
tentially leading to adaptive hybrid speciation, will presumably be unprecedently strong at higher latitudes
(Hamilton & Miller 2015). Observational evidence from the Northern Hemisphere, where hybrids and hybrid
speciation have mainly been studied, supports this hypothesis. Hybrids are commonly detected at higher
latitudes and altitudes in both aquatic and terrestrial environments (Anderson 1949; Payne, Child & Forrest
1972; Avise et al. 1990; Grant & Grant 1992; Hewitt 2000; Jonsell 2000; Palme et al. 2004; Kelly, Whiteley
& Tallmon 2010; Heide-Jørgensen et al. 2012; Miralles 2016; Árnason & Halldórsdóttir 2019; Saikkonen et
al. 2019). For example, natural hybrids of woody and herbaceous plants (Markgraf-Dannenberg 1980; Palme
et al. 2004; Hamilton & Aitken 2013; Cronk et al. 2015; Saikkonen et al. 2019), several invertebrate taxa
(Hewitt 2011), fish (Payne, Child & Forrest 1972; Avise et al. 1990) and other vertebrates, including rodents,
weasels, ungulates, bears and whales (Kelly, Whiteley & Tallmon 2010; Hewitt 2011; Colella et al. 2018),
appear to be common in arctic and subarctic regions. Furthermore, increasing evidence suggests that climate
change-driven poleward shifts in species ranges potentially result in novel hybrid zones, especially at higher
latitudes (Walteret al. 2009; Chunco 2014; Larson Tinghitella & Taylor 2019). Here, I acknowledge that
phylogeographic approaches have entirely ignored organisms’ adaptations to day length, light intensity and
spectral composition in this context.

Photoperiodism, phenology of reproduction and hybrid zones

I propose that light environment-promoted arctic hybrid zones together with species’ range shifts across
latitudes due to paleoclimatic oscillations play a significant role in maintaining global biodiversity on a
geological time scale. To date, the high prevalence of hybridization at higher latitudes has commonly been
explained by alternating series of glacial and interglacial periods during the Quaternary period that led to
substantial changes in species distributions and thus recurrent isolation and contact of species and geneti-
cally diverging intraspecific lineages (Hewitt 1996; Hewitt 2001; Hewitt 2011). However, overlapping species
distributions cannot alone explain hybridization, as several pre- or post-zygotic reproductive barriers such
as temporal, behavioural, mechanical or gametic mismatch as well as low viability and sterility of hybrids
may restrain interbreeding (Abbott 2013). Aware of the complexity of these reproductive barriers, I focus on
spatially overlapping distributions and synchronous reproduction of organisms because they are the primary
prerequisites for hybridization and hybrid zones.

Given that phenology is crucial for individual fitness, particularly in strongly seasonal environments, here, I
emphasize the role of poleward increases in the gradient of seasonal fluctuation in day length as an accurate
and consistent abiotic environmental force used by many organisms to optimally coordinate their phenological
events at higher latitudes (Levin 1978; Bradshaw & Holzapfel 2007; Bradshaw & Holzapfel 2010; Körner &
Basler 2010; Nelson, Denlinger & Somers 2010; Saikkonenet al. 2012). Compared to other, more variable
seasonal cues, seasonal fluctuation in light intensity, duration and spectral composition is a stable, abiotic
environmental factor that does not change with local or global climatic conditions, as it is governed by the tilt
of Earth’s axis and Earth’s elliptical orbit around the sun (Nelson, Denlinger & Somers 2010). Globally, this
seasonal fluctuation determines the availability of solar energy for primary producers and the ecosystems
dependent on them at both ecological and evolutionary time scales (Nelson, Denlinger & Somers 2010;
Saikkonen et al.2012). Although a changing climate may relax or strengthen temperature barriers and allow
organismal range shifts, the organisms must cope with light-driven seasonality in primary production. This
is particularly pronounced in ecosystems within the Arctic and Antarctic circles, which are characterized by
extremes ranging from the polar day in summer to the polar night in winter.

Because virtually all life forms on Earth rely directly or indirectly on primary production, the optimal timing
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of reproduction is important at higher latitudes in temperate and polar zones, where the time window for
successful reproduction is most limited due to the seasonality of solar energy (Fig. 1). In general, stabilizing
selection should narrow the variance in reproductive timing in populations and increase the synchrony of
reproductive phenology among populations, especially at higher latitudes (Fig. 2). This causes overlap in the
timing of reproduction among genetically distinct populations and species that are otherwise compatible.

Eco-evolutionary consequences

As a global and stable abiotic ecological filter, a poleward increase in the seasonality of day length may
create, promote and maintain multispecies hybrid zones at higher latitudes. Under a changing climate,
synchronous reproductive timing requires the ability of both native and invading species to respond and
adapt to new temperature and light environments. In general, life-history traits can evolve in response
to changing selection pressures if there is sufficient genetic variability or phenotypic plasticity (Stearns
1992). Although the relative importance of phenological events for different life forms depends largely on
the life-history strategies of the organisms (for example, the timing of reproduction is crucial for sexually
reproducing and short-lived organisms such as annual plants (Saikkonen et al.2012)), an increasing number of
observational and experimental studies have demonstrated that native and invading wild and domesticated
species are able to successfully synchronize their biological events with changing temperatures or new light
environments (Sakai & Larcher 1987; Fielding et al. 1999; Bradshaw & Holzapfel 2001; Simpson & Dean
2002; Bonenfant et al. 2004; Dodd et al. 2005; Bradshaw & Holzapfel 2006; Menzel et al. 2006; Niehaus &
Ydenberg 2006; Oja & Pöysä 2007; Bradshaw & Holzapfel 2010; Körner & Basler 2010; Nelson, Denlinger &
Somers 2010; Zeng, Jia & Epstein 2011; Zhaoet al. 2015;Calero et al. 2017; Taulavuori et al.2017; Black et
al. 2018; Gutaker et al. 2019; Jin et al. 2019; Maeda et al. 2019). Thus, we may assume that climate change-
driven range shifts leading to the spatial overlap of genetically divergent populations, varieties, subspecies
or species create an opportunity for gene flow between them due to light environment-driven convergence of
reproduction timing. As hybridization can occur when two or more species overlap geographically and display
hierarchical spatial metapopulation structure with local populations connected by dispersal (Hanski 1999),
hybrid zones can simultaneously develop among newly interconnected populations as well as multiple species
(Dodd & Afzal-Rafii 2004; Tsuda et al. 2017; Grant & Grant 2019; Ottenburghs 2019). Here, I propose that
such latitude-related hybridization can have great but largely ignored repercussions, even in ecological time,
that should be taken into account in further explorations of biodiversity and how it responds to a changing
climate.

Climate change-driven poleward shifts in species’ ranges are commonly associated with enrichment of or
decreases in and homogenization of indigenous biotas (Sala et al. 2000; Walter et al. 2009; Davis et al. 2011).
Invasions by exotic species can enrich biotas, but such species can also outcompete native species and lead to
species collapse when hybridized with native species (Kleindorfenet al. 2014). Consequently, native species
may become locally extinct. The question, however, is whether the loss of biological species leads to the loss
of genetic diversity.

Introgressive hybridization can facilitate speciation and adaptive radiation in several ways. For example,
introgressive hybridization (1) can facilitate gene flow across the hybrid zone, (2) increase genetic variation
and alter the genetic correlations among traits, (3) reshuffle DNA into new combinations and thus facilitate
the operation of genetic material in novel cellular and ontogenetic contexts, and (4) alter ecologically import-
ant phenotypic traits (Grant & Grant 1992; Grant & Grant 1004; Mallet, Besansky & Hahn 2015;Gompert,
Mandeville & Buerkle 2017; Gutaker et al. 2019; Marques, Meier & Seehausen 2019). Thus, I argue that
future studies should take hybrids into account as “poorly differentiated way-stations in a continuous hierar-
chy of biodiversity (Mallet 2005)” and aim to capture the breadth of relevant genetic diversity, structure and
dynamic features of mosaics of genotype frequencies in populations and supposed species rather than focu-
sing only on species diversity. To this end, hybridization challenges the biological species concept. However,
if we accept recurrent hybridization and consequent introgression as the process increasing genetic variation
during speciation, we may assume that the promotion of hybrid zones by poleward increases in the seasona-
lity of day length will result in phylogenetic nets with genotypic clusters rather than classic bifurcating trees
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comprising clearly distinct species (Fig. 3).

However, the importance of light environment-driven hybrid evolution can be assumed to vary among orga-
nismal groups. Although nearly all life forms respond to light, hybridization at higher latitudes should be
most prevalent among primary producer species because they are directly and highly dependent on the sun
as an energy source. In concordance with this hypothesis, hybrids are commonly found in many subarctic
and arctic plants (Johnsson 1949; Dugle 1966; Hultén 1971; Markgraf-Dannenberg 1980; Bassman et al.
1982; Keinänen et al. 1999; Palmeet al. 2004; Cronk et al. 2015; Saikkonen et al. 2019). Many of these plants
are trees, suggesting that introgressive hybridization provides the genetic variation necessary to adapt to
harsh environmental conditions, particularly in perennial species with a long life expectancy and high age at
maturity. For example, hybridization has played an important role in the evolution of birches (Betulaspp.),
oaks (Quercus spp.), spruces (Picea spp.) and willows (Salix spp.), most of which have economic importance
in forestry (Palme et al. 2004, Cronk et al. 2015). In addition, photoperiodic adaptation and adaptability
to new light environments require that the species’ photoperiodic life-history traits are heritable (Bradshaw
& Holzapfel 2007). Thus, predicting species’ range shifts across latitudes and their probability of hybridi-
zing with other compatible lineages and/or species requires an understanding of the relative importance of
phenotypic plasticity and the genetic regulation of traits determining their timing of reproduction, as well
as the genetic mechanisms that may promote or constrain the adaptive evolution of the species and their
hybrids. The eco-evolutionary consequences can be strikingly different depending on whether the timing
of reproduction is phenotypically plastic, genetically determined and/or epigenetically modulated, even if
the populations appear to be similarly adapted to the environment. This is because phenotypically plastic
individuals with low genetic variation may perform as well as individuals reproducing at the optimal time
in a population with sufficient genetic variability.

Hybridization may also play an equally important role at other trophic levels at higher latitudes. In addition
to plants, many invertebrates and vertebrates (Bradshaw & Holzapfel 2007; Bradshaw & Holzapfel 2010)
display photoperiodic adaptations. For example, the North American mosquito (Wyeomyia smithii ), the
European blackcap (Sylvia atricapilla ), the Yukon red squirrel (Tamiasciurus hudsonicus ), the European
great tit (Parus major ), the European barn swallow (Hirundo rustica ) and fruit flies (Drosophila spp. )
have genetically based and adaptive photoperiodic responses to climate change (Berthold et al. 1992; Hard,
Bradshaw & Holzapfel 1993; Bradshaw & Holzapfel 2001; Bradshaw, Quebodeaux & Holzapfel 2003; Réale et
al. 2003; Nussey et al. 2005; Schmidt et al. 2005; Bradshaw & Holzapfel 2006; Tauber et al. 2007; Bradshaw
& Holzapfel 2008). Furthermore, adaptive responses to novel light environments are likely to evolve in other
species if their fitness is highly dependent on species that are adapted to photoperiodic cues. Such cascading
effects can be reinforced by hybridization-driven breakdown in resistance to pests (Morrow & Fox 1989;
Whitham 1989).

The Arctic vs. Antarctica

Unequivocal evidence shows that polar glaciers are retreating, sea level is rising and habitats of arctic
species are shifting poleward due to climate change. Consequently, the distribution of many species will shift
to higher latitudes and altitudes. However, I propose that the consequences of climate change for biotas will
differ between the Northern and Southern Hemispheres for the following two reasons.

First, the geomorphologies of the polar regions are fundamentally different. Although the land areas within
the Arctic and Antarctic circles are nearly equal, the distributions of land and sea are geographically almost
the opposite (Fig. 4). The Arctic Basin is a semi-enclosed ocean surrounded by land masses. Presently, most
of the Arctic Ocean is covered in floating sea ice nearly year round. Thus, the Arctic will become an oceanic
realm and a melting pot (Kelly, Whiteley & Tallmon 2010), especially for compatible marine species, when
the polar glaciers disappear (Fig. 4). Although the predictions of global climate models vary, most of them
suggest that the Arctic Ocean will be ice free before the end of the century (Thackeray & Hall 2019). In
contrast, Antarctica is the world’s fifth-largest continent and is surrounded by an ocean, and it will provide
the last suitable habitat for terrestrial species adapted to cold.
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Second, the Arctic climate is substantially milder than the Antarctic climate because of the warming influence
of the Arctic Ocean underneath the ice sheath. As climate change is faster and the ice-free land area is greater
in the Arctic than in Antarctica, it is understandable that the majority of observational evidence of species
range shifts and hybridization comes from the Northern Hemisphere.

Furthermore, I propose that circumpolar species invasions will be common, particularly in the Northern
Hemisphere, because comparable climate zones are present at higher latitudes in Western Europe compared
with North America owing to Gulf Stream effects (Saikkonen et al.2012)(Fig. 4). Consequently, the loss
of arctic habitats probably will affect northernmost Europe first and induce many arctic species to move
to subarctic and arctic regions of Russia and North America. On a geological time scale, the resilience,
maintenance and regeneration of global biodiversity largely depend on the dispersal ability of compatible
organisms being sufficient to retain the genetic variation required to cope with changing selection pressures
and to diversify. Myriads of microbes, plants and animals have been shown to be capable of moving into
new areas worldwide (Schumann 1998; Hulme 2009; Richardson & Rejmánek 2011; van Kleunen et al. 2015;
Warren et al.2015; Saikkonen et al. 2019), but the role of circumpolar hybrid zones and consequent hybrid
speciation in maintaining the genetic admixture needed to support adaptive radiation and biological diversity
on a geological time scale has been ignored.

Future perspectives/Consequences

The jeopardy faced by Earth’s life-supporting biological processes due to rapidly accelerating climate change-
driven losses of genetic, species and habitat diversity is undeniably one of the largest present-day global
challenges. Alongside direct human actions causing species extinctions, anthropogenic climate change is
recognized to shrink habitats, particularly those of arctic species because the Arctic is warming more than
twice as fast as the global average (Cohen et al. 2014). Here, I emphasize the role of photoperiodic cues in
providing accurate and consistent signals for species to optimally coordinate their timing of reproduction
and propose that as a result, overlapping reproduction promotes the maintenance of circumpolar hybrid
zones at higher latitudes. Because hybridization can increase the genetic variation in lineages and facilitate
rapid speciation and adaptive radiation, especially if involving ancestral variation derived from hybridization
(Grant & Grant 1992; Grant & Grant 1994; Mallet 2005; Mallet 2007; Gompert, Mandeville & Buerkle
2017; Grant & Grant 2019; Marques, Meier & Seehausen 2019), circumpolar hybrid zones together with
recurrent cross-latitudinal migration of species plays an important role in maintaining global biodiversity on
a geological time scale (Fig. 5).

Hybridization has been known and discussed at least since the time of Linnaeus (Mallet 2005). After decades
of silence, the importance of hybridization resurfaced in the context of recurrent glacial periods promoting
genome reorganization when Hewitt published his paper “Some genetic consequences of ice ages, and their
role in divergence and speciation (Hewitt 1996)” in 1996. Since then, advances in molecular microbiology
have revolutionized the ability of scientists to study genetic diversity and hybridization, leading to an extreme
abundance of related literature. A Web of Science search (May 20, 2020) using “Hybrid* AND speciation” as
topic keywords yielded 7,880 published references, with 64 of the papers ranked as “highly cited”. More than
94% of the papers were published after 1996. To date, genetic variation and gene combinations resulting
from hybridization have been detected in at least 10% and 25% of animal and plant species, respectively
(Mallet 2005). However, much of the scientific and particularly public discussion of biodiversity loss has
been, and still is, species centric, and we are still just beginning to understand how hybrid speciation affects
the genetic diversity necessary to adapt to new or changing selection pressures (Wilson 1988; Rhymer &
Simberloff 1996; Cardinale et al. 2012; Perino et al. 2019; Sánchez-Bayo & Wyckhuys 2019). Here I argue
that to tackle one of the foremost global challenges of our time, climate change-driven biodiversity loss,
we urgently need a thorough understanding of the elements of biological diversity beyond the species level
and assurance that sufficient genetic potential will remain (Grant & Grant 2019; Razgour et al. 2019)
to support the associated ecosystem functions and services on Earth in the future. To test the hypothesis
that photoperiodism-promoted hybrid zones at higher latitudes play role in maintaining biodiversity globally
requires interdisciplinary research approaches. These should combine (1) molecular genetics to trace evidence
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for ancient and recent hybridization (Marcussen et al. 2014; Xiang et al. 2015; Jordan et al. 2018), and (2)
empirical ecology utilizing e.g. reciprocal transplant experiments across latitudes (Leinonen et al. 2019) and
(3) crossbreeding experiments.
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Figure. 1. The effects of latitude and the seasonality of day length on phenology and the time window for
successful reproduction.

Figure. 2. Latitude-driven (a) stabilizing selection on light-dependent traits and (b) the timing of reproduc-
tion. Different colours in Figure b indicate genetically distinct populations or species.
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Figure. 3. Bifurcating phylogenetic tree (a) and phylogenetic network with genotypic clusters (b). Hybrid
speciation and introgression between lineages are indicated in red and green, respectively.

Figure. 4. World climate map demonstrating that the distributions of land and sea of the polar regions are
geographically almost the opposite, and comparable climate zones are present at higher latitudes in Western
Europe compared with those in North America and Russia. Data taken from the WorldClim Database
(http://www.worldclim.org/).
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Figure. 5. Species’ range shifts across latitudes with different light environments during the cycles of
Earth’s cooler and warmer periods in geological time. Phylogenetic trees indicate the relative importance of
introgressive hybridization vs. bifurcating speciation (Fig. 3) in adaptive divergence.
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