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Light is fundamental to biological systems, affectinghe daily rhythms of bacteria, plants
and animals:Artificial light at night (ALAN), a ubiquitous feature of urbanization,
interferes withsthese rhythms and has the potential to exert strong selection pressuras
organisms living in urban environments. ALAN also fragments landscapes, altergnthe
movement of animals into and out o#rtificially lit habitats. Although research has
documented.phenotypic and genetic differentiation between urban and rural organisms,
ALAN has rarely been consideredas a driver of evolution. We argue that the fundmental
importancesof light to biological systems, and the capacity for ALAN to influence multiple
processegontributing to evolution, makes thisan important driver of evolutionary change,
onewith the potential to explain broad patterns of populaton differentiation across urban-
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rural landscapes. Integrating ALAN’s evolutionary potential into urban emlogy is a
targeted and powerful approach to understanding the capacity for life to adapt to an
increasingly urbanized world.

Front Ecol Environ2018;

In a nutshell:

e Urbanenvironments can alter the evoluéipntrgectoriesof plants and animals

o Artificial light at night (ALAN) is a key element of urbanization, with increasingly
recognized biological effects on organismal fitness, behavior, and movement

e Theseseffects can alteatural selection, genetic drift, and gene flow, theitebgng to
evolutionary differentiation of urban and rural populations of plants and animals

e Knowledge of how elements of urbanizatitde® ALAN contribute to evolutionary
changesis essential fpredicting the adaptive potential of populations and improving the

management of urban biodiversity

Light is fundamental to life ond&th One constancy in the evolution of life has been the roughly
24-hour oseillation between a bright dayth a light intensity of around 1000-200,000 lux, and
a dark night of between 0.0001-0.1 lux, depending on cloud cover and theylcledGastonet
al. 2014;Tierneyet al.2017). The vast majority of living organismave daily and seasonal
biological rhythmsn key biological processes, such as reproduction (He¢lah 2013 Gastoret
al. 2014, 2017)hat are fundamentally linked to the presence, interesitgi/or spectrum of
natural light.“Fhe secretion and response of the photosensitive hormone melatonin documented
in all higher taxonomic groups (T&t al. 2010) is a key regulator of these biological rhythms,
and melatonin is powerful antioxidant with important fithess effectafiet al. 2010; Jonest
al. 2015). Fhesunprecedented global shift in the distribution, intensity, and spectré@éirti
light at night«(ALAN; Figure 1a) observed over the past cent@ggtoret al. 2014; Kybaet al.
2017) hassprofoundly disrupted the light cycles perceived by many organisms, and thus the
action of one“ef,the most ancient and ubiquitclusmicals of lifgJone<et al. 2015).

The biological impactsf ALAN, from the scale omolecules to ecosystenigve been
well documentedgg Holkeret al. 2010; Gaston and Bennie 2014; Swadllal. 2015; Bennie
et al.2016). The degree to which ALAMasks natural daily and seasonal shifts in light is
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unprecedented in the history of the Earth. Its presence creates a mismatch for traits that
inherently depend on natural variationsight patterns (Gastoet al. 2014, 2017)and it can
directly disrupt behavior, social interactgrsurvival, reproduction, and physiology (see reviews
citedabove). ALANthereforepotentially exerts selective pressure on traits of organisms living
in urban environments, where light night is most prevalentideed, urban populations of plants
and animals oftediffer genetically and phenotypically from their nearest rural copatés
(WebTable1; reviewed by Evans 20R0berti et al.2017; Johnson and Munshi-South 2017).
Elements 'of‘urbanization that are thought to result in urb@al-differentiation include noise
(eginterfering with acoustic camunication;Parriset al. 2009), chemical pollution (egelection

for pesticideresistance in urban populatiodsineset al. 2012), air pollution (eg inducing
mutations;Yaulet al. 200Q Somerset al 2003, temperature (eghompsoret al.2016), and
habitatfragmen&tion caused by roads (Holderegger and Di Giulio 2010). In contrast, the role
that ALAN might play in explaining these evolutionary patterns habeen widely discussed
(but seeSwaddleet al. 2015;Alberti et al.2017). In a recent review on urban evolution (Johnson
and Munshi=Sauth 2017), only one of the 192 studies (Altermatt and Ebert 2016) considered
examined ALAN as a putative selection pressure promoting evolutionary change in urban
populations. In addition to its potential role as a selective agent, AdladNfragments the
landscapégFigure 1b),alteringthe spatial patterns and movements of organisms (Gaston and
Bennie 2014) in such a way that may influence patterns of gene flogeaeticdrift. The
combined-effects of fragmentation with the ubiquity of ALAN in urban habitats provide
potentially strong selection pressufeslocal adaptation and suggest that ALAN has a broad
capacity towdrive evolutionary changaaurban populations as compared to rural ones.

We offer a rovel, potential explanatory perspective on the widely observed genetic
differentiationbetweenurban and rural populations of organisms across the landscape by
highlighting.the broad capacity of ALAN to act as a driver of evolutionary change. Vifeeoutl
ALAN'’s relative potential as an agentselection, fragmentation, and mutation, and recommend
thata concerted research effte undertaken taddresshis important topic in urban ecology.

Conceptual framework

Figure 2 illustrates our conceptual framework for the combined effects of AdrMen
selection, fragmentation, and mutation leading to evolutionary differentiation betveenaumnd
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rural environmentslt should be noted, howevéehat not alithe possiblenechanisms of

evolution are equally likely to pduce genetic differentiatiofior instanceALAN is less likely

to be a source of mutations, and rapid adaptive evolution is more likely to be thefresult
standing genetic variation than new mutations (Barrett and Schluter 200¥#)c\geon urban—
rural comparisons, as these areenfemployed in genetic and phenotypic studies (Evans 2010;
Alberti et al.2017; Johnson and MunsBouth 2017). It is equally plausible that these patterns
could applytolit and unlit areas within an urban or suburbatmix, however, anavhere exactly
on the urbanraral gradienALAN will have the greatest evolutionary effeistbkely be
speciesand cityspecific

A pertion of a contiguous population (a population of animals is illustrated here for
simplicity, but many of the principles could apply to plants either directly or inljirdacough
effects on pollinators and seed dispersers) occupies a large space on the |§Rrapo@p2 left
pane) that is subsequently lit by anthropogenic processes (Figeentr panel). This ght
lighting altes the behavis and physiology of the animals within this environment and
ultimately affeetstheir fithess. The presence of lighting potentially imposes a strong, novel
selection pressurél(’ in Figure2) on a suite of traits in the illuminated habitat that is not
presentinsthe dark habitat. Light at night may also increase the frequenayatibns (“2” in
Figure 2),sereating genetic variation upon which selection can act.

The change in allele frequencies of the animals in the Alafilsicted area as a result of
selectioncouldbe reinforced if animals fieto disperse across the light—dark boundary, thereby
restricting gene, flow*@” in Figure 2). Conversely, local adaptation could be weakened by the
flow of photetactic individuals into the lit population (“4i Figure 3. Such attraction to light
may be either adaptive or maladaptive (see below). If maladaptive, these indiwitlubés
selected against. Genetic drif6’{ in Figure 2) may play a strong role in the resultant population
(Figure 2, right panel) iits size has been reduced due to increased mortality, disruption of
reproduction,.and the potentially restricted movement of animals into and out of the lit
environment:Finally, ALAN may alter the reproductive phenology of the animalsingea
difference in'the optimal timing of reproduction in lit and unlit habitats that coulergen

temporal reproductive isolation of the two populations {f6Figure 2.

ALAN as a selective agent
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ALAN may play a key selective role trait differentiation in urban environmentd'(in Figure
2). Numerous lifehistory traits— ranging from body size to immune function, growth and
development, and photosynthetic rates (WebTablevhyy-between urbraand rural populations
of organismsThese traits have demonstrable links to circadian rhythms, and expefiraeats
confirmed that thee traitsare susceptible to ALAN (WebTable 1).

ALAN may act directly as an agent of natural selection, for examplesigsositive
phototactic'behavioGaston and Bennie 2014; Longceteal. 2015; Rodrigueet al. 2017) in
this case,animals attracted to light maynaamed or killedby colliding with the light source, by
asseiated anthropogenic threats (eg hatchieg turtles attracted to lights on roads), or by
predators thatsspecifically exploit phototactic preyaatied to lightsRerryet al. 2008;
Rodrigueztali2017). As a consequence, selection should favor less pronounced phototaxis in
light-polluted papulations of potential prey animals. This evolutionary process has been
documented for small ermine mothppnomeuta cagnagejl&igure 3a); individualsolleded
duringthe larval stagesom light-polluted urban areas and reared under a common-garden
environmenti(where nogenetic variance could be minimized and controlled) ywehen adults,
less attractedto lighhantheir rural counterparts (Altermatt aidbert 2016).

ALAN indirectly affects a broader suite of trattwough disruption of circadian rhythms.
Photoperiod-dependent phenological traits, such as the timing of growth and reprodugtion, ar
the most likely candidate traits. Nenous studiebave @monstratd phenologicadifferences
betweerurbanandrural populatios of plants and anima(8VebTable 1), and both laboratory
experiments‘and field studibave clearly showthe impacs$ of ALAN on plant ad animal
phenologyYWelPanel 1; WebTable)1Althoughthis variationmay be due to phenotypic
plasticity, taxawide studie®f both plants and animals have also demonstrated considerable
degrees oheritable variation in phenology in response to different lighting regifesRanel
1), suggesting.that ALAN's role as an agent of selection may lead to evolutionargrdiéigon
between populations. Regardless of whether the changes in reproductive phenology iare genet
and/or plastic\ebPanel 1), they could promote mismatcheseproductive timingGastonet
al. 2017) and.social synchrony (Kurvers and Hélker 2015) between urban and rural populations
(and/or between lit and unlit areas within an urbasuburbarabitat) and potentially drive
temporal reproductive isolation (“6” in Figurég. 2n addtion, sexual selection may drive
reproductive isolation between populations through ALAN-induced shifts in the timing and
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efficacy d visual (Bird and Parker 2014) and acougBaker and Richardson 200Ba Silvaet

al. 2014; but se®a Silvaet al. 2017 sexual signalingWebTable 1Kurvers and Hélker 2015).
Moreover urban-rural differences in traits that are less obviously affected by photoperidd, suc
as body size (WebTable 1), may nonetheless be shaped by ;AbAdkample exposure to even
dim ALAN may causechangs inlocomotor activity, eating patterns, and growthsate
mammalgWebTable 1; Boldoghkt al.2007; Fonkeret al. 2010).More generally, ALAN may
disrupt seasonal cycles, which influence growth and developmental ratedtirmately body

size (WebTable 1). Natural and/or sexual selection could then act on AidAded variation in

these traits, leading to phenotypic differentiation between urban and ruraltpomula

ALAN as aregulator of gene flow

ALAN -generatedhabitat fragmentation (Figre 18 has important implications for genetic drift
and gene flow, two importadriversof genetic differentiation at éhlandscapscale ALAN has
the capacity to affect gene flow directly in animals by selectively influencing organismal
movement/(Gaston and Bennie 2014fwild mammalsg(Figure 3b; Stonet al. 2009;Bliss-
Ketchumetal.2016, fish (Rileyet al.2013), aquatic insectPérkinet al.2014;Manfrin et al.
2017), andumoths (Degext al. 2016) — througlattracton to or repelleceby light, and indirectly
in plants.that may rely on these animals for seed and/or pollen dispersal (Besin2916;
Knopet al.2017). The negative effects of urbanization on pollinators may result in an imtrease
incidence ‘of clonaty in plants in cities (Johnsaat al. 2015), which would result in changes to
the genetiesecomposition of urban plant populations. Animals that use light levatsl awrise
and sunsetwor-dagngth as cues to initiate migratory activity may be partibukfected by
ALAN (Gaston and Bennie 2014), given thia¢se are the times when light has the strongest
impact (Partecke and Gwinner 2007). Fatance blackbirds Turdus merulgin urban habitats
have evolyed.to be less migratory than their rural counterparts (Partecke andr@0if)e
although whether this is due to ALAN, temperature, or some other factor of uti@Enizaains
unclear Panell). The mgrationpatternsof severabird (La Sorteet al.2017), bat (Voiget al.
2017), fish'(Nightingalet al. 2006), and moth (McCormick 2005pecies ardisrupted by
ALAN ; suchalteratiors in movement into and out of lit habitats may restrict gene fl@vit
Figure 2), amplifying the effects of local adaptation while simultaneouslyingnibe influx of
genetic diversity. Ultimately, genetic drift could become an important evoluyidoece in
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affectedhabitats if fragmented populations become increasingly isolated and aredredsize
through a lack of dispersal and reduced immigration (“FFigure 2). For examplét has been
suggested tha&LAN -influenced gene flow followed by genetic drift promotghetic
differentiation of the Chagas-disease vector kissing brgtbmainfestan}in urban areas

(Schofieldet.al. 1999), although this hypothesis has not yet been explicitly tested.

ALAN as a‘promoter of genetic drift

ALAN has a‘direct and webtudied influence on mortality and may influemeproductive rates
(WebTable 1; Gaston and Bennie 2014). How these demographic changes translate into
reductionssingpepulation size that could make genetic drift an important driverlofieron
urban habitatssis not well understood. ALAN has the potential to reduce populatiangize
promote geneti¢ drift by acting as an evolutionary and ecological trap (Hale aadeS®016;
Manfrin et al.2017). By attracting a subset of organisms maladapted to the presénde\b
(“4” in Figure 2;Gaston and Benei2014;Manfrin et al. 2017), this could result in either a
severe bottleneclf attraction to lights is lethalor founder effects in the illuminated population,
which could further inflate the importance of drift in this habitang-term increases in
nighttimeslight pollution have been implicated as a possible cause of populatioregéacli
Macaronesian shearwateRuffinus barol) in the Canary Islands (Rodriguetzal. 2012) due to
the weltknown (and often fatal) attraction of seabirdsAibAN (Rodriguezt al. 2017).
Althoughsuchstudies suggest a role for ALAN in reducing population size, causation is
generally muchmore difficult to determine with certainty. Field experimentsvhichlights are
added to previously dark habitatise yieldinginformative results for invertebrates and microbes;
for instance, xperimental additions of streetlights along a streaacth in the Sresulted in a
44% reductionn tetragnathid spider (Rigie 3c) population density over the course of a year
(Meyer and. 8llivan 2013), and a long-term (five generations) mesocosm study of aphid
populations.exposed to ALAN in the UK demonstrated reduced population density of two
speciesegoura viciaeandAcyrthosiphon pisujrdue to the bottom-up effects of ALAN on
their hostplants (Sanderst al. 2015). This reduction in population density under ALAN
treatments was also observed for the aphidectivearasitoid wasp#phidius megouraand
Aphidius ervi(Sanderst al. 2015). Abundance of freshwater mixotrophic antktarophic (but
not photoautotrophic) microbes in Germany also decreased @aftevnths of experimental
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illumination in the field (Holkeet al. 2015). The well-known congregation of predators around
artificial light sources (Perrgt al.2008; Rodrigueet al.2017), and the fact that this increase in
predator populations may be permanent for some taxa (ie not due simply tteghanbcturnal
phototaxis,Davieset al.2012, 2017Manfrin et al.2017), could lead to further reductianghe
populations,ef.many organisms through increased predation. Future research thia¢ links t
effects of ALAN on fitness and organismal movement to demonstrated reduntjpoysulation
size, geneticdiversityandgeneticdifferentiationare required to clarify the relae importance

of ALAN as‘a‘promoter of genetic drift in urban populations.

ALAN’s possible mutagenic effects

The possible effects of ALAM altering the genetic composition of populations by inducing
mutations are currently unknown. Exposuraltcaviolet UV) light in the laboratory (at
concentrations greater than that found in most streetlights) is mutagenib fesba@nd mice
(Grunwaldiand Streisinger 19%Rfeiferet al. 2005). AlthoughJV light is present in certain
types of cammonly used streetlights (ie mercury vapor and metal halide; Lamphar afiagl Koci
2013), thantensitiesof and degree of exposut@these lightgshatare required to induce
mutationssin, the wildhaveyet to be determined@ecausehe pdential effectsof ALAN on
mutation ratesire likely tobe highly wavelengtdependent, not all forms of ALAN would have
the same mutagen@apacity. In particular, the current worldwide trend of replacing older
lighting technologies with nob}V light-emitting diodes (LEDs) appears to further diminish this
potential, and*we therefore considteunlikely that streetlightare anmportantcauseof genetic
mutations ‘insurban environments.

One possible wavelength-independent mutagenic role for ALAN could be through its
well-characterized action of suppressing melatonin, a powerful antioxidant taie2015).
ALAN’s suppression of melatonin might lead to increased mutation rates inem@Bonments
through increased oxidative stress, as an accumulation of reactivencsgyecies is linked to the
impedimentof cellular repair mechanisms and can result in increased mutations (&tikhed
2015; but see,ltsaet al.2014). However, although the links between ALAN, melatonin, and
oxidative stress afdargelyunderstood itheory (ColinGonzalezt al.2015; Jonest al. 2015),
empirical evidence is currently lacking (but see Escriterad. 2014), especially in field
populations (Casasoét al. 2017). Differences in mutation ratestweerurban and rural
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populations of animals have been documented in the fieldguictiariation is usually attributed
to air pollution {rauket al.2000;Somerset al. 2002. It is therefore unclear whether the
differences in mutation raté®tweerurban and rural environments can be attributed to any

possible mutagenic effects of ALAN.

Challenges.and pportunities

Key challenges'remain identifyingthe role thaALAN plays in influencing urban evolution.

Several of'these challengeghichpresent opportunities for interdisciplinary researcé, a

summarize below:

(1) Investigatesthe genetic basis for phenotypic differentiation between urban dnd rura
environments, and the key genotypAI¥AN interaction for selected trait¥\(ebPanel 1);

(2) Detemine the populatiotevel effects of ALAN. Past research has focuseaharily on the
biological effects of ALAN at the individual and communligyels whereasevolutionary
effects at the population level have bésgely overlooked;

(3) Understand how thepectral qualities of different types of ALANNayimpact individuals,
populations; and species interactions in ways that could influence evolutionarysgsce
(Davieset al. 2017; Longcoret al.2015; Spoelstrat al. 2015);

(4) Explorehow spatial and temporal vatians inALAN influence evolutionary processes. In
this paper we assumed that ALAN is relatively homogenous and constant in urban habitats,
butclearly this is an oversimplification; in realitysban habitats areomplex méices of
light and“dark, with lights of different intensities and spectra rapidly switched afi and
shadedby-buildings, walls, and vegetatioght also varies spatially (and not always
linearly) along an urban—rural gradient, ahérdore tryingto predict where along this
gradient light will havehe greatest evolutionary effastdifficult and will most likely be
speciesand.cityspecific. The effects of ALAN may also vary with latitude, which causes
variancein natural lightdark cycles@a Silva and Kempenaers 2017). This variation may
have important implications for (a) gene fllntweerand within populations and
metapopulations; (b) fragmentation, effective population size, and genetiaadift)

selectionstrength;
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(5) Disentangle ALANfrom other elements of urbanization that could be responsible for
evolutiorary changeandexaminethe potential for interactiond/lcMahonet al. 2017)

among urban stressors (Pangl 1

Conclusions
The dramatic rise in artificial nighttime illuminationumban areaaround the world over the
past centuryepresents an unprecedented shift in the abiotic environment (@astioR014).
Arguably mere‘than any other factor, light underpins the physiological mechanisms, thythms
behaviors, and functionality of nearly all organisms, andaseforefundamental to life on
Earth. The.direct links between urban environmekit®yN , and theprimeimportance of light
argue for ALAN’s role in influencing taxon-wide patterns of populatidfecentiation across
urban-+ural landscape ALAN has asubstantial capacity to alter evolution through its
taxonomically broad effects on selection, reproductive isolation, gene flow, and geifietic dr
Despite the current paucity direct evidence of the evolutionamportance 6ALAN, the large
body of indirect evidencamassed to datrongly suggests that ALANas an influential role in
urban evolution.

Connecting the role of ALAN as a driver of evolutionary change with the extensive
evidence.of‘urbanural population genetidifferentiation (reviewed bkvans 2010Alberti et
al. 2017; Johnson and Munshi-South 200 successfully disentangling the effects of light
from other.elements of urbanization (Pahglremain importartasksthatwill require careful
and concertedwefforts by scientists across disciplines. Neverthelesigetuas the evolutionary
impacts of ALAN provides an opportunity to address key questions in evolutionary ecology by
integrating field measurements, experiments, and tests of both phenotypic and genetic
differentiation across the urbamral landscape (Johnson and Munshi-South 2017). Doing so
will improye targeted management of the biological impacts of urbanization and proeitiera
understanding.of how organisms adapt and survive in an increasingly urbanized and brightly lit

world.
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Figure 1. (a) The global distribution of artificial light at night (ALAN), as revealedcbynposite
satellite images.taken in 2016. (b) Examples of ALAN fragmenting the lapesdong the
Mexico-US berder (left panel, showing Ciudad Juarez, Mexico; Las Cruces, NM; and
Alamogordo, NM, along with smaller towns) and in the area surrounding Canberra, Australi
(right panel;'showing Goulburn, New South Wales, at top right, along with various smad) tow
TheseVisibleInfrared Imaging Radiometer Suidl(RS) satellite images show brightly lit areas
in white or yellow, surrounded by darker, unlit areas. (Maps courtesy of the NASA Ear
Observing,Satellite Data and Information System [EOSDIS] Observatimumpir
https://go.nasa.gov/2PbhZ3M

Figure 2. Conceptual illustration of ALAN acting as a driver of evolutionary changst (

panel) A hypothetical population composed of 60 individuals with one of three alleles
(proportions==2+gray to 1 red t0.5 blue) for a particular trait living in a naturally dark at night
environment. €entempane) A section of the environment is artificially illuminated (white

circle), impesing strong selection (1) against individuals with the retéalhd eliminating them

from the_populatioriblack “x” symbols) (2) Light might also have mutagenic effects (striped
circles), introducing new variation into the population. Individuals with the gray afledes

repelled by light, and will therefore not cross the boundary, reducing gene flow both into and out
of the populatien (3). This changes the frequency of gray alleles in the lit environoeet. S
individualstarerattracted to lights, and jdine lit population (4), which may be adaptive (blue) or
mdadaptive (red). Those maladapted individuals are quickly selected a@Right. panel)

Genetic dnft (5).then plays a stronger role in influencing evolution in the small (14 individuals)
resultant population in the lit habitat. Finally, the resultant lit populationtiseuisolated from

the outside population by being phenologically mismatched (6), as light at night causes a change
in seasonakreproductive timing (thus the different shade of gray). The finaliahaflit
population(right panel)aw has a higher frequency of blue alleles, and a lower relative
frequency of gray and red alleles than the source population (lit population proportion =d. gray t

0 red to 2 blue; unlit population = 2 grayltwedto 0.5 blue), and evolution has occurred.
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Figure 3. Examples where ALAN may play important roles in shaping urban evolution in
animals (a)Many moth specieare highly attracted to lights at night, but small ermine moths
(Yponomeuta cagnagejlanset) found in urban habitats have evolved ttebe attracted to lights
than their rural counterparts, probably due to selection againsttitigight behavior in urban
habitats (Altermatt and Ebert 2016). (b) Columbeck-tailed deer @Qdocoileus hemionus
columbianug will not cross artificially lit habitat and wikvoid dark areas immediately adjacent
to lit habitat(BlissKketchumet al 2016), potentially restricting movement and gene flow
between urban(lit) and rural (dark) populations Rgpulation dengis of tetragnathid spiders,
such as the orchard evieaver Leucauge venustaare 44% lower in artificially lit areas than in
dark habitats«{Meyer and Sullivan 2013). This large reduction in population size may make

genetic drift'an‘important factor influemgj their evolution in urban habitats.

Image credits:
(a) F Altermatt
(b) ObersethCC BY-SA 3.0
(c) A Santillana
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Panell. Disentangling the elemets of urbanization

By definition, urban areas have high concentrations of a wide variety of potentiadrsiress

including noise, impervious surfaces, temperature, heavy metals, salts, ancatipethition

(Swaddleet al. 2015; Johnson and Munshi-South 2017), which, in addition to ALAN, may

influence evelutionary outcomes.d¥ficult challenge is determining their relative importance,

as identifying the specific elements obanization that result in urbarural differentiation is

key to effective"antargeted management. A multifaceted and integrated approach is necessary

to achievethis'goakpecifically, we recommend that researchers integrate as many of the

following approaches and techniques as possible in their studies:

(1) Take a,comprehensive appah in formulating hypotheses; the element of urbanization that
might seem obvious in affecting a particular trait might not always be the prirmeaer, and
numerous factors could influence the trait directly, indirectly, and intergctegMcMahon
etal. 2017);

(2) Measure as many factors of urbanization as possible in thédggidht, noise, temperature,
percenfimpervious surfaces, chemical pollutarasd so forth, in as many cities as
possible, and incorporate these into multifactorial mixedets to disentangle significant
from nensignificant factors and test for interactions. Use a combination of measurement
technigues, including remote sensing andh@aground directional sensors (&gamet al.
2016; Thompsoet al. 2016 Casasolet al.2017). The presence of a multitude of replicate
cities around the world (Johnson and Munshi-South 2@HBe) likely varying in the relative
importanceyof specific elements of urbanizatwhere geographically widespread species
could besexaminednakethis multifactorial approach especially promising

(3) Conduct controlled, commagarden experiments to isolate causal factors (Swaddle
2015) and replicate these under field conditions to test competing factors (Holkehale
2015; Spoelstrat al. 2015 Thompsoret al. 2016); and

(4) Move beyond overall genetic diversity measyegamolecular measures of heterozygosity)
to targetsspecific candidate genes with known phenotypic linkssiemdtaneously test for
both phenetypic and genetic variation in both the wild and in controlled experiments to link

trait and allele frequencie$tjompsoret al. 2016; Johnson and Munshi-South 217
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