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INTRODUCTION

Viewing cities as natural laboratories has great potential to improve our understanding of evolutionary processes. In the past two decades many studies revealed that urban individuals look, sound and behave differently than their non-urban counterparts (reviewed in Sol et al., 2013; Johnson and Munshi-South, 2017; Szulkin et al., 2020). These observations have led to the idea that urbanization can drive speciation and that cities can provide insight into the early stages of this process (Thompson et al., 2018).

Urbanization alters many natural and sexual selection pressures, a theoretical prerequisite for sympatric and parapatric modes of speciation (Kirkpatrick and Ravigné, 2002; van Doorn et al., 2004). Urban phenotypes may therefore represent the start of a new species, an exciting idea that allows us to study the mechanisms involved in the onset of speciation, rather than inferring any early-stage mechanisms from already existing (sub)species pairs. Urban speciation thus has the potential to advance the field of speciation research in general (Butlin et al., 2012). Unfortunately, we lack conclusive evidence of urban speciation at the moment. Many studies have revealed genetic divergence between urban and non-urban populations (reviewed in Johnson and Munshi-South, 2017), however in the face of ongoing geneflow, speciation also requires adaptive divergent selection between these populations (Servedio, 2004; Servedio et al., 2011; Verzijden et al., 2012).

Ecological speciation is the process by which new species form as a consequence of divergent natural or sexual selection pressures between contrasting environments (Nosil et al., 2016). For sexually reproducing organisms this process requires the evolution of assortative mating (= individuals from the same population mating more often than individuals from different populations). Assortative mating can operate via two separate routes: (1) any mechanism that causes individuals from the same population to be in the same location during the same time period; and (2) any mechanism that influences mate choice decisions. The first route is typically caused and influenced by natural selection pressures (e.g., adaptation to the “urban heat island” effect), the second route via sexual selection pressures (e.g., adaptation to increased competition over mates).

Here I would argue that we currently lack conclusive evidence that urban speciation is happening, despite many examples of genetic and phenotypic divergence, as well as some cases of assortative mating. For example, urban and non-urban populations may demonstrate differences in their sexual signals, but whether this divergence influences mating preferences has hardly been tested (Halfwerk et al., 2011). Furthermore, populations may adapt to urban conditions, but whether preferences for locally adapted mates will evolve depends on a genetic linkage between preferences and traits (Kirkpatrick and Ravigné, 2002; Maan and Seehausen, 2011; Butlin et al., 2012). Speciation may even be hampered by natural and sexual selection pressures associated with urbanization (Kirkpatrick and Nuismer, 2004).

As most of the enthusiasm for urban speciation so far stems from studies that did not explicitly test for any of the crucial assumptions underlying its existence, I therefore call for more direct tests of some of the key components underlying the speciation process that may or may not occur in our cities. Below I discuss what evidence would justify to view cities as natural laboratories to study speciation and provide some examples of most promising study systems to search for it. I advocate that urban speciation most likely occurs and is strongly influenced when the conditions I outline below are met.



URBAN SPECIATION LIKELY FOLLOWS MODELS OF ECOLOGICAL SPECIATION

Speciation requires populations to become reproductively isolated, which can either be caused by a physical barrier between them (allopatric speciation) or by divergent selection on traits that favor assortative mating. Urban and non-urban populations can experience some level of isolation due to an increase in dispersal barriers, e.g., caused by roads or large areas of impervious surface. Urban populations can therefore evolve from non-urban populations via non-adaptive processes such as drift or founder effects (Perrier et al., 2018; Santangelo et al., 2018; Miles et al., 2019; Rivkin et al., 2019). For example, mosquitos in the London underground tunnels are genetically diverged from their above ground counterparts and this divergence is likely maintained by physical barriers (Byrne and Nichols, 1999). Most urban and non-urban populations would however experience substantial levels of geneflow between them and thus also require a mechanism of assortative mating to set them on the path toward becoming different species.

Ecological speciation models have been widely used to study how reproductive isolation can evolve in the face of ongoing geneflow and how evolutionary processes, such as adaptation, sexual selection, and speciation can influence one and other (Kirkpatrick and Ravigné, 2002; van Doorn et al., 2004; Rundle and Nosil, 2005; Maan and Seehausen, 2011). When trying to understand whether and how urban speciation evolves we can therefore rely to a large extent on theory and predictions derived from these models.

Urban speciation will likely (and probably only) occur under the following three conditions being present (after Kirkpatrick and Ravigné, 2002; Rundle and Nosil, 2005):

(1) ecologically-based divergent selection on traits, (2) reproductive isolation, and (3) a (genetic) mechanism to link trait divergence (1) with isolation (2).

In short, for speciation to occur, urban and non-urban populations should experience divergent selection on specific traits and adaptively respond. The resulting trait divergence than either directly or indirectly initiates and drives assortative mating and thus over time increases reproductive isolation between the two populations. Divergent traits important for mate choice can e.g., directly increase assortative mating (Maan and Seehausen, 2011). Likewise, traits involved in habitat selection, or reproductive timing may directly influence when and where individuals from urban and non-urban populations meet. Adaptive changes to urbanization may also indirectly select for assortative mating. Reproductive isolation may for example evolve as a consequence of selection against non-adapted immigrants, although it is expected that such an indirect process would take more time than direct processes (Plath et al., 2010; Dominoni et al., 2013). Finally, the observed trait divergence and the direct or indirect link to assortative mating requires a mechanism to be maintained, which will most likely be genetic in nature (but see Danchin et al., 2018). As I will briefly review below, in many urban study systems, only one of these conditions has been assessed, or is currently met.



EVIDENCE FOR ECOLOGICALLY-BASED DIVERGENT SELECTION

An important step in urban speciation events involves divergent selection on traits that are directly or indirectly involved in reproductive isolation between urban and non-urban populations. Biotic and abiotic urban conditions can force populations to adapt specific ecological, phenological, physiological, morphological or behavioral traits. Many urban populations show e.g., higher tolerance to heat stress, suggesting selection has favored specific physiological traits (Campbell-Staton et al., 2020). Likewise, changes in predation risk may select for reduced or increased vigilance behavior, whereas changes in food availability may select for traits that alter competitiveness (Valcarcel and Fernández-Juricic, 2009; Halfwerk et al., 2019). Many other examples of adaptive responses to urbanization exist, see e.g., some of the research in this special issue, or some extensive reviews on urban adaptation and evolution (Johnson and Munshi-South, 2017; Szulkin et al., 2020). It is important to keep in mind that many of the observed differences between urban and non-urban individuals may however lack a genetic basis, and may therefore not be the best system (in particular the many vertebrate systems) to look for urban speciation, as not all three conditions might be met (see also below).



DOES ADAPTIVE URBAN EVOLUTION RESULT IN REPRODUCTIVE ISOLATION?

Adaptive changes in response to urbanization may directly or indirectly select for increased assortative mating between urban and non-urban populations. The direct route either involves divergent sexual selection on traits that function in sexual behavior, such as e.g., signals involved in inter- and intrasexual communication, or natural selection on traits involved in breeding decisions. Urban individuals could adapt breeding onset to increased temperatures, thereby reducing the temporal overlap with breeding individuals from non-urban populations, as has e.g., been found for blackbirds (Dominoni et al., 2013). Likewise, urban individuals may evolve specific habitat preferences thereby reducing the chance they encounter non-urban individuals.

Divergent selection on sexual traits mostly stem from studies on birdsong (Slabbekoorn, 2013). Urban acoustic conditions, in particular high levels of traffic sounds favor higher-pitched and louder songs as these suffer from less masking by the noise (Halfwerk and Slabbekoorn, 2009; Kunc and Schmidt, 2019). Many studies have reported urban birds to respond adaptively to noise by sing higher frequency songs, which can in turn directly influence mate choice (Halfwerk et al., 2011; Montague et al., 2013). Most examples involve however immediate signal flexibility, or developmental plasticity, and therefore do not provide the prerequisite of a genetic basis that links trait divergence to mate preferences. Such genetic basis may however evolve through a process of assimilation, assuming populations will maintain their phenotypic differences for long enough periods of time (Servedio, 2004; Danchin et al., 2018). Unfortunately, we lack evidence for assortative mating between urban and non-urban bird populations, as most studies only carried out playback experiments within one population, or used rival responses to song playback as indirect indicator (Ripmeester et al., 2010; Halfwerk et al., 2011). In other words, either the potential for reproductive isolation is unclear, or a genetic basis linking the song variation to this isolation is absent.

Reproductive isolation may also directly evolve via changes in temporal and spatial overlap between two divergent populations. Urban-adapted phenotypes may breed at other times or prefer to breed in specific locations, thereby increasing assortative mating through a simple chance process. Populations can e.g., adapt to the “urban heat island” effect by developing faster or starting to breed earlier (Dominoni et al., 2013). A similar process has already been reported for apple maggot flies which shifted hosts from hawthorn and consequently reduced temporal overlap between populations that inhabit the old host due to higher developmental temperatures in apples (Filchak et al., 2000).

Adaptive changes to urbanization may also indirectly select for assortative mating. Experimental evolution with lab populations suggest that selection for adaptive traits can increase reproductive isolation as a by-product (although tested in the absence of geneflow Rice and Hostert, 1993). Under field conditions, reproductive isolation may also evolve as a consequence of selection against non-adapted immigrants (Nosil et al., 2005). Urban individuals may for example not survive long enough outside the city to reproduce (and non-urban individuals vice versa), although that may seem somewhat extreme given the subtle differences that are often reported in urban studies. Alternatively, species may possess preferences for locally-adapted phenotypes, or evolve these preferences in response to urbanization. Females could for example prefer males that express condition-dependent secondary sexual traits (following a handicap-principle type of sexual selection model; Kirkpatrick and Ryan, 1991). The production of visual pigments involved in signaling is often constrained by a species' diet (e.g., red plumages of many bird species; Svensson and Wong, 2011). Locally-adapted individuals may differ in their feeding performance, influencing their visual displays, which can provide a basis for preference-based assortative mating between urban and non-urban populations. However, most studies focusing on condition-dependent signaling have so far reported that urban phenotypes are duller (Giraudeau et al., 2015).



ADAPTIVE EVOLUTION MAY HAMPER URBAN SPECIATION

Changes in urban-dependent selection pressures may not always enhance the likelihood of speciation (Candolin, 2009; Halfwerk et al., 2019; Sepp et al., 2020). For example, male tungara frogs (Physaelemus pustulosus) have increased their acoustic signal complexity in urban areas, presumably in response to increased competition over females as well as decreased risk of predation and parasitism (Halfwerk et al., 2019). Such adaptive response to changes in sexual selection can however constrain urban speciation (Kirkpatrick and Nuismer, 2004). In the tungara frog example, urban males have increased signal complexity, but when given a choice, females from both urban and forest populations preferred the urban phenotype. Sexual selection may in this case (and possibly many others) result in asymmetrical instead of decreased geneflow between populations.



DISCUSSION

In general, (more) studies on divergence in mate preference between urban and non-urban populations are highly needed. Divergent mating preferences may evolve in the absence of variation in the preferred traits, leading to a sensory-exploitation model of sexual selection and speciation (Kirkpatrick and Ryan, 1991). However, mating preferences are most likely to diverge in the presence of sexual trait divergence. In the absence of preference divergence, trait divergence may also lead to assortative mating, but probably only when mate choice is based on phenotypic similarity (e.g., in size, color or time of breeding; Maan and Seehausen, 2011). Assortative mating based on size might be a common mechanism driving speciation in cities. Studies could assess non-random mating in urban vs. non-urban populations based on size (or other traits), followed by mate choice trials in which the similarity trait can be experimentally manipulated (using e.g., video techniques, or robotics). Furthermore, clear cases of adaptive evolution in response to urbanization (e.g., heat tolerance, or adaptations to urban structures) are most prominent to test for the indirect evolution of assortative mating (either through mate choice test under common garden or divergent conditions). Finally, future studies should aim to integrate behavioral and genomic approaches to test for the prerequisite of reproductive isolation and the genetic mechanism(s) linking it to trait divergence, either through common garden breeding experiments to assess heritability, or genome-wide association studies to link genomic regions to divergent traits.

In conclusion, I argue that we currently lack any evidence of urban speciation, despite many examples of sexual behavior being influenced by a life in the city. In part this knowledge gap may be the result of the integrative approach that is required to conclusively show that urban and non-urban populations are locally adapted and on the path toward becoming separate species. Furthermore, most of our knowledge from the field comes from long-lived species, such as frogs and birds, that are difficult to track throughout their lives and often show a large extend of behavioral flexibility that can mask any underlying genetic mechanism. Bringing the lab to the field, or the field to the lab may help to unravel the mechanisms involved in urban speciation.
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