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Abstract

Urbanization is modifying previously pristine natural habitats and creating “new” ecosystems for
wildlife. As a result, some animals now use habitat fragments or have colonized urban areas.
Such animals are exposed to novel stimuli that they have not been exposed to in their
evolutionary history. Some species have adapted to the challenges they face — a phenomenon
known as synurbanization — while others have not. Here we present a review of the sublethal
consequences of life in the city for wild vertebrates, and demonstrate that urban animals face an
almost completely different set of physiological and behavioural challenges compared to their
rural counterparts. We focus on the negative fitness-related impacts of urbanization, but also
identify instances where there are benefits to wildlife. The effects of urbanization appear to be
both species- and context-dependent, suggesting that although the field of urban ecology is far
from nascent, we are still just beginning to understand how the intricacies of biodiversity on our

planet are affected by our presence.
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1. Introduction

The growth of cities is seen as the cornerstone achievement of human civilization (Childe
1950). In order to make a suitable living place, humans have modified natural landscapes by
clearing land, moving watercourses, and building infrastructure; in essence, dominating the
landscape (Vitousek et al. 1997). Today, more than half of the world’s population lives in cities.
By 2030, more than 60% of the population will live in urban areas (United Nations Population
Fund 2007), necessitating continuing landscape modification, especially in developing countries
(Cohen 2006). Humans have now spread into new landscapes and colonized natural areas or
rural lands that were previously pristine (Marzluff et al. 2001). The contemporary city is home to
many animal populations (Savard et al. 2000; Ditchkoff et al. 2006) that are exposed to novel
stimuli and challenges that did not exist in their evolutionary past (Kowarik 2011). The extent to
which animals can cope with these urban environments will affect all aspects of their fitness and
survival.

Scholars have studied the ecology of urban environments for decades (McDonnell 2011)
and this discipline, now known as “urban ecology” (Alberti 2008; Breuste et al. 2013), has
spawned books, publications, dedicated journals (e.g., Urban Ecosystems, Journal of Urban
Ecology), professional societies, and conferences. The discipline has advanced from simply
documenting urban species to developing theoretical approaches (Niemela 1999) and unifying
frameworks (Pickett et al. 2008). There have been nearly 500 studies investigating this topic in
animals since 1971 with more than 50% of them occurring between 2000 and 2010 (Magle et al.
2012). We have detected species and behaviors in places we thought they would never exist, and
we now understand that while some species suffer from urban living, others actually benefit and

thrive (McKinney 2006; Bonier et al. 2007b; Lowry et al. 2013). This case is best exemplified by
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the grey squirrel (Sciurus carolinensis), which was almost eradicated following the industrial
revolution in New York, only to be later reintroduced to entertain people and remind them of
“nature” (Stein 2014). Today squirrels are so successful they are entrenched in our lives and
people do not notice them. However, there is an increasing realization that wildlife residing in
urban environments differ from rural counterparts as a result of adaptation to anthropogenic
stressors — a process termed “synurbanization” (Luniak 2004).

While there have been a number of reviews on aspects of urban living in animals, they
tend to focus on either a specific taxonomic group (e.g., birds [Chace and Walsh 2006]) or
environmental issue or threat (e.g., road collisions [Coffin 2007], stormwater management
[Walsh et al. 2005]), often with an emphasis on lethal aspects (e.g., bird strikes [Klem 1989]) or
the presence or absence of species. To our knowledge, there have yet to be any reviews or
syntheses that focus on the sublethal consequences (in terms of metabolism, reproduction,
nutrition, etc.) of life in the city on vertebrates. This is surprising, since sublethal impacts on
animals can have far-ranging effects on the viability of populations and ecosystems (Calow and
Forbes 1998). Research focused on sublethal aspects of life in the city has only become popular
in the last few decades and is regarded as a priority research area (Magle et al. 2012). A review
of the sublethal effects of urban life on wild vertebrates would enable us to gain a deeper
understanding of the effects of urbanization on biological systems across a range of taxa, which
in turn may allow us to better understand how species will respond in the future to ongoing
development and urbanization. Ideally, such information could enable urban planners to buffer
these negative effects on wildlife. In this paper we first provide an overview of the general
challenges that define life in the city for vertebrates. Next we consider how urban living

negatively impacts seven biologically-relevant components of organismal function central to
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animal ecology and fitness: metabolism and respiration, glucocorticoids, nutrition, locomotion
and activity, communication, reproduction, and disease and immune function. For all sections we
attempt to integrate elements of behavior and physiology given the inherent difficulty of
decoupling these concepts when dealing with wild animals (Cooke et al. 2014). We also address
some of the key benefits for species that thrive in cities (i.e., synurbanization; see Figure 1).
Lastly, we consider how the knowledge of these sublethal effects can help urban planners make
cities more livable for wildlife. Our synthesis focuses on vertebrates that reside in urban areas
including birds, mammals, fish and herpetofauna.
2. Challenges that define city life

In cities, humans purchase food at stores, select clothing geared to weather conditions,
seek shelter to sleep, and use a variety of transportation methods, most notably vehicles on roads,
to move ourselves and the goods that we need. Wild vertebrates need to functionally do the
same things — obtain resources (goods), live safely and within their environmental tolerances
(shelter), and move among areas to maximize fitness (transportation). However, an urban
environment looks much different to a wild animal than it does to a human (Alberti and Marzluff
2004). We recognize that the generalities discussed here vary with climate (some areas do not
receive snow, some are arid, etc.), development standards (e.g., type of infrastructure), and
wealth, though in other cases patterns are evident both on a global scale (e.g., between cities in
developing vs developed countries) and also within cities (e.g., between shanty-towns and
suburban areas with large single-family dwellings; Alberti 1999). There can be dramatic
variation in the physical footprint of an urban area as well as the density of human dwellers.
What is clear is that the complexity of urban environments and anthropogenic activities make it

difficult to evaluate and understand the specific mechanisms by which urbanization changes the
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structure of communities and function of ecosystems (Booth et al. 2004; Alberti 2005), given
that these challenges posed to urban wildlife do not occur in isolation from each other. A brief
overview of the complex changes urbanization creates throughout the landscape is illustrated in
Figure 2.

The first step in urbanization is often land clearing followed by the installation of services
such as sewer, water and electricity and associated roads. The clearing of land tends to remove
shade and riparian vegetation from streambanks which decreases habitat complexity and
increases erosion and water temperature (Walsh et al. 2005). Residential dwellings and other
buildings (e.g., for manufacturing and service) follow. Pavement, concrete, shingles and other
building materials are generally impervious to water such that precipitation rapidly moves from
the built landscape into stormwater management systems. Many urban streams have been
channelized and encased to be entirely subsurface (i.e., in pipes) which changes runoff patterns, a
process termed the “urban stream syndrome” (Walsh et al. 2005). The hydrograph following
precipitation events is often altered such that water levels rise and fall quickly with little
opportunity for infiltration (Paul and Meyer 2001; Meyer et al. 2005). Runoff from roads carries
a variety of substances including salt (used in winter to improve road safety), nutrients, fecal
material (from wildlife and humans), and hydrocarbons and heavy metals (from combustion
engines) into the stormwater system and downstream watercourses (Ball et al. 1998). Because of
the historical importance of water for transportation and our continued dependence on it as a
resource, most urban centers occur adjacent to estuaries, lakes, rivers or oceans such that
shoreline development and water pollution are common (Grimm et al. 2008).

Urban centres are sources of heat and light pollution (Oke 1995; Longcore and Rich

2004). Furthermore, natural habitats tend to be scarce in the city, with the presence of large
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structures acting as barriers to the movement of animals (Cheisura 2004). The collective body of
infrastructure in urban areas both stores and generates heat — a phenomenon known as the urban
heat island effect where temperatures are generally several degrees warmer than in outlying areas
(Oke 1995). The urban heat effect is positively correlated with city size and population density
(Oke 1973; Brazel et al. 2000). At night or in low light conditions, artificial lighting is used to
aid human vision which casts very directed light in some areas (e.g., head lights, street lights)
and creates a more general “light haze” that surrounds urban areas — a phenomenon known as
“ecological light pollution” (Longcore and Rich 2004). Although modern cities contain parks
and many dwellings have yards, these are typically grass monocultures (Robbins and Sharp
20006) that lack the diversity of the native grasslands they have replaced. Extensive pesticide use
is often needed to maintain lawns and other ornamental vegetation within urban areas (Robbins
et al. 2001). True naturalized habitats are rare (Cheisura 2004) and where they do exist they tend
to be encroached upon by non-native vegetation (e.g., ornamentals planted by humans, invasive
species; Alvey 2006). The physical infrastructure also creates physical hazards or barriers to
movement for fish (dams [Larinier 2001], road crossings with perched culverts [Warren and
Pardew 1998]), birds (buildings; Klem 1989), and terrestrial vertebrates (buildings, roads; Coffin
2007). Human activities and infrastructure (especially from transportation) can also generate
extensive noise (e.g., sirens, engines; Cunniff 1977; Zannin et al. 2006).

Pollution is a growing problem in urban areas. Emissions from combustion engines,
industrial processes and burning of materials (e.g., garbage, wood, propane, natural gas or coal
for cooking) generates air pollution and contributes to smog (Mage et al. 1996). The mere
omnipresence of humans in urban areas also provides the opportunity for animals to be disturbed

— a phenomenon that is comparatively less common in rural or natural areas. Waste generated by
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humans can take several forms; where sewers exist, human excrement and other inputs (e.g.,
pharmaceuticals, food waste, chemicals) are directed to sewage treatment plants but they are
imperfect in their ability to remove all unwanted substances (Sharma and Sangi 2012). Solid
waste from household and industrial sources is often collected at regular intervals and taken to
central processing facilities although in some areas it is burned at source (Sakai et al. 1996). In
order to maintain our function in cities, all of these processes work simultaneously, throughout
the day, 365 days a year.
3. Sublethal consequences of city life on biological systems

Collectively, the various elements of urban environments have the potential to influence
the biology, ecology and health of wildlife. Here we briefly summarize with representative
examples the ways in which aspects of urban life influence the different components of organism
function (e.g., metabolism, locomotion, etc.) related to fitness.
3.1 Respiration and metabolism

In wild organisms, energy resources are often limited, and must therefore be allocated
efficiently to maximize fitness. Increases in respiration and metabolism lead to accelerated use of
energy stores, and could potentially lower fitness. Since the physiology of free-ranging animals
is directly influenced by their environment, the urban environment can drive changes in
metabolic rate and respiration, which could in turn affect life-histories (Ricklefs and Wikelski
2002). There is some evidence that community respiration (total ecosystem oxygen consumption
and primary production) increases as a result of increased urbanization in catchments. More
specifically, it is predicted that respiration will increase for both thermoregulator and

thermoconformer fish species, as well as for the platypus, Ornithorhynchus anatinus (Serena and
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Pettigrove 2005; Walsh et al. 2005), a trend thought to be predominantly driven by urban
stormwater runoff (Walsh et al. 2005).

The increased temperature from the urban heat island effect can add substantial strain on
the thermoregulatory mechanisms (Kleerekoper et al. 2012) and metabolism of individuals.
Metabolic rates, notably oxygen consumption and nitrogen excretion, increase as a result of
elevated temperature in a variety of taxa (Morgan et al. 2001), suggesting that individuals in an
urban environment would have increased metabolic rates, most prominently affecting
ectothermic species. In addition, elevated temperatures can lead to an increased rate of protein
degradation in the lab (e.g., Houlihan et al. 1995). Though few studies have investigated the
direct impacts of heat islands on wild vertebrates, some studies have linked global climate
change to impairments in energy metabolism (e.g., Sokolova and Lannig 2008), suggesting that
the heat island effect will have negative consequences on the metabolism of urban wildlife.

Pollution is a growing concern in cities around the world. While many pollutants have
made their way into the atmosphere and water, ammonia is the most manufactured molecule in
the world and has rapidly polluted the environment (Atkins 1987). Organisms subjected to
ammonia suffer metabolic costs (Calow 1991), including greater rates of protein synthesis (Reid
et al. 1998), a finding generally associated with increased oxygen consumption and overall
elevated metabolic rate. Maintaining an elevated metabolic rate quickly becomes costly and
leads to decreased growth (Steyermark 2002). In the long-term, pollution will likely have
significant negative effects on the metabolism and respiration of urban wildlife. Moreover,
evidence suggests that warming temperatures and metal pollution have interactive effects on the

metabolism of aquatic ectotherms, which in the long-term could have repercussions on growth,
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reproduction and locomotion of animals living in urban waters (reviewed in Sokolova and
Lannig 2008).
3.2 Glucocorticoids

Allostasis is the process of maintaining homeostasis in the face of changing
environmental and physiological conditions (McEwen and Wingfield 2003). Measures of
glucocorticoids such as cortisol and corticosterone (the primary stress hormones for
fish/mammals and rodents/birds/reptiles respectively) have been widely used to estimate
allostatic load, defined as the current and predicted energetic demands that an organism faces
(Dantzer et al. 2014). Several studies have used this approach to investigate the effects of
urbanization on animals. Baseline corticosterone of non-breeding male white-crowned sparrows
(Zonotrichia leucophrys) was higher among urban than rural individuals (Bonier et al. 2007a).
However, urban European blackbirds (Turdus merula) (Partecke et al. 2006) and dark-eyed
juncos (Junco hyemalis) (Atwell et al. 2012) had lower corticosterone levels after being exposed
to an artificial stressor than those in rural environments, providing evidence that species may
respond differently to urban stressors. For example, Nestling white-crowned sparrows
(Zonotrichia leucophrys oriantha) near roads with traffic had increased baseline and stress-
induced corticosterone levels compared to nestlings that lived further away from roads (Crino et
al. 2011). However, baseline and stress-induced corticosterone levels in nestling American
kestrels (Falco sparverius) did not vary with measures of human disturbance such as traffic
speed and volume (Strasser and Heath 2011), findings which support the hypothesis that species
differences in the response to urban stressors exist. Furthermore, Atwell et al. (2012) suggested

that boldness and stress responsiveness through the hypothalamic-pituitary-adrenal axis were

: 1
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220  highly influenced by the urban environment, which suggests that personality and behavior may
221  play an important role in the stress response.

222 While there is extensive literature on the endocrine ecology of urban avian species

223 (review by Bonier 2012), few studies have addressed how glucocorticoid homeostasis is

224  disturbed as a result of urbanization in non-avian animals. In squirrel gliders (Petaurus

225  norfolcensis), hair-based cortisol concentrations were higher in individuals living adjacent to
226  major roads than those residing within interior habitats (Brearley et al. 2012). In contrast,

227  urbanized tree lizards (Urosaurus ornatus) in the southwestern United States exhibited lower
228  baseline and stress-induced corticosterone concentrations than rural ones (French et al. 2008).
229  Belanger et al. (2016) found that variation in baseline and acute cortisol concentrations in central
230 mudminnows (Umbra limi) was independent of the level of urban stream degradation. This small
231  sample of studies show a large amount of variation in stress responses among taxa, suggesting
232 that impacts of urbanization on glucocorticoids (both baseline and stress-responsiveness) are
233 either species or context-dependent.

234 3.3 Nutrition

235 Nutritional ecology links field ecology with animal phenotypes, as the acquisition of
236  nutrients affects how organisms interact amongst themselves and with the environment

237  (Raubenheimer et al. 2009; Simpson et al. 2010), especially as individuals deal with a changing
238  world (Raubenheimer et al. 2012). Both the quality and quantity of food items have direct and
239  indirect effects on fitness. Pollutants can often make their way into food items and may alter
240 fitness. For example, tadpoles had reduced mass when exposed to organophosphate pesticides
241  commonly used in urban areas, and smaller tadpole mass can lead to reduced fecundity and

242 survival in adults (Widder and Bidwell 2008). Pollutants can also travel through the food chain.

https://mc06.manuscriptcentral.com/er-pubs 11
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In urban sites, both common blackbirds (7urdus merula) and their earthworm prey had higher
lead concentrations than in rural areas (Scheifler et al. 2006). Six of seven species of passerine
birds exhibited higher lead in their blood in urban compared to rural environments; nestlings of
two of the species also had higher lead in urban than rural environments, and for one species this
was correlated with reduced body condition (Roux and Marra 2007). Interestingly, ground
feeders had higher levels of lead than canopy feeders, possibly due to leaded gasoline leaching
into the soil and concentrating in the ground-based food chain (Roux and Marra 2007).
Poisoning is an unintended consequence of urban prey selection, such as when anticoagulant
rodenticides are ingested by mountain lions (Puma concolor) and bobcats (Lynx rufus) making
them more susceptible to mange (Riley et al. 2007). In general, the presence of pollutants in food
items negatively impacts wild vertebrates, through both direct and indirect consumption.
Predictable anthropogenic food sources (dumps, middens, fishing discards, etc.) affect
many individual and population level parameters (reviewed in Oro et al. 2013). This food
provisioning can lead to problems such as increased aggression at feeding sites and malnutrition
(e.g., Newsome and Rodger 2008). Provisioned feeding can also have long-lasting consequences
by negatively affecting the following year’s reproduction (Grieco et al. 2002; Plummer et al.
2013). Food pulses can also increase competition if more individuals of ecologically similar
species stay to breed (Jansson et al. 1981) and predation if more predatory individuals are
attracted to the food source (Marzluff and Neatherlin 2006; Morris 2005). The indirect effects of
supplementation are less studied. For instance, Saggese et al. (2011) found that supplemented
male great tits delayed their dawn chorus, which negatively affects mate acquisition. Other
indirect effects include shifts in peak insect abundance due to altered vegetative phenologies

driven by the urban heat island effect, which may result in a mismatch between chick rearing and

https://mc06.manuscriptcentral.com/er-pubs 12
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266  food supply for birds (Penuelas and Filella 2001). Thus, both the quantity and quality of food is
267  affected by human activities, and their negative effects may vary by sex, age and personality
268  (reviewed in Oro et al. 2013).

269 Increases in nocturnal illumination from urban areas has also led to changes in foraging
270  behavior and predator-prey interactions. For instance, artificial light was shown to create

271  shadows in the night which hinder the visibility of surrounding predators, making prey more
272 vulnerable to predation (reviewed in Rich and Longcore 2013). These findings suggest that light
273  can affect the nutrition of wildlife through impacts on behavior.

274 3.4 Locomotion and activity

275 Spatially, urbanized habitats are complex mosaics with an altered availability and

276  structure of pathways and corridors that affects an organism’s ability to access resources and
277  mates (Alberti 2005). Many studies have investigated how the locomotor activity and movement
278  patterns of vertebrates differ between urban and rural habitats. Both bat (Chiroptera) (Gehrt and
279  Chelsvig 2003) and coyote (Canis latrans) (McClennen et al. 2001; Grinder and Krausman

280  2001) activity levels were higher in urbanized landscapes than in rural areas. These findings

281  suggest that due to the presence of artificial lighting in urban areas, these animals can prey into
282  the night (McClennen et al. 2001). In the marine realm, bull sharks (Carcharhinus leucas)

283  throughout a developed coastal ecosystem off Australia avoided areas of high modification

284  (Werry et al. 2012), providing evidence that the effects of urbanization go beyond the boundaries
285  of the city. Animals can adapt their activity levels to urbanization in different ways. Fragmented
286  urban habitats can cause arboreal species to modify their movement. For example, Siberian

287  flying squirrels (Pteromys volans) avoided urbanized habitats by moving through them more

288  quickly (Mékeldinen et al. 2016). Alternatively, some animals shift the timing of their activity.

https://mc06.manuscriptcentral.com/er-pubs 13
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For example, coyotes and bobcats decrease their activity levels during daylight hours (Tigas et
al. 2002). In general, linear features associated with urbanization such as transportation corridors
inhibit the mobility of many species of birds (Crooks 2002, Tremblay and St. Clair 2009),
freshwater fish (Coutant and Whitney 2000), and large mammals (bobcats, Poessel et al. 2014).

Artificial light is altering natural light cycles extensively (reviewed in Gaston et al.
2014). Light now continues into the night, affecting the normal locomotion activities of many
animals such as foraging (Lebbin et al. 2007) and migration (reviewed in Navara and Nelson
2007). For example, many migratory animals (e.g., birds, turtles) can become attracted to or
disoriented by artificial illumination (reviewed in Longcore and Rich 2004), demonstrating that
important aspects of the life cycle of animals can be altered as a consequence of urbanization.

It appears that the locomotor activities of generalist species are not drastically affected by
urbanization, probably due to the fact that the availability of human-provisioned resources
offsets fitness-related costs associated with prey-searching (Oro et al. 2013). However,
fragmentation can be lethal or create significant costs to movement if urbanization occurs within
the entire home range of certain species (i.e., specialists). In these cases, there are likely to be
more dramatic changes such as restricted movement which could lead to decreased condition and
fitness. This is especially relevant for developing countries in the tropics that contain a greater
proportion of specialists, as maintaining natural areas around urbanized fragments will provide
greater conservation benefits.

3.5 Communication

Anthropogenic noise is ubiquitous in its effects across the globe and in the taxonomic

diversity of animals affected, and has been the subject of numerous reviews (Shannon et al

2015). It can be a source of stress for urban animals, as erratic sounds are perceived as threats

: 14
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312  and chronic sounds can lead to acoustic interference (i.e., acoustic masking, Francis and Barber
313 2013). To reduce the masking effects of anthropogenic noise, acoustically plastic individuals can
314  change the frequency, amplitude, or timing of their calls (Slabberkoorn 2013; Laiolo 2010;

315  Patricelli and Blickley 2006).Traffic noise is also associated with a reduction in the abundance
316  and diversity of avian migrants (McClure et al. 2013) and with decreased body condition of those
317  that stay (Ware et al. 2015), indicating that even among plastic species that remain in the

318 presence of noise there may be sublethal effects. Noise pollution can affect an individual’s

319 ability to identify predators, defend against rivals, find mates, and identify offspring. For

320 instance, female house sparrows showed increased vigilance when exposed to chronic noise

321  (Meillere et al. 2015); anthropogenic noise led to ineffective parent-offspring communication
322 and lower body mass in house sparrow chicks (Schroeder et al. 2012); and noise impaired the
323  ability of larval fishes to locate suitable habitat (Simpson et al 2008). Noise pollution

324  additionally impairs the ability of animals to locate food, either directly in sonar-producing

325 animals or indirectly through reduced ability to communicate with group members. For example,
326  greater mouse-eared bats (Myotis myotis) reduced their foraging time and effort due to traffic
327  noise (Jones 2008).

328 There are numerous examples of species modifying their vocalizations in noisy

329  environments (Sol et al 2013 and refs therein). These modifications may be energetically costly
330 (Oberweger and Goller 2001) and can have unanticipated effects on communities (Naguib 2013),
331  such as when traffic noise indirectly increased the calling rate of the frog Rana nigrovittata due
332 to heterospecifics reducing their calling rate under noisy conditions (Sun and Narins 2005).

333  Whether other forms of communication, such as visual and chemical cues, are also affected by

334  anthropogenic changes have rarely been investigated (Candolin and Wong 2012). Nonetheless, it
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is clear that urbanization has extensive consequences on the communication of urban wildlife,
effects which can have negative repercussions on reproduction (mating calls), foraging (food
location) and population dynamics (acoustic interference).
3.6 Reproduction

Reproduction is often incompatible with a stressed state and successful reproductive
investment can only occur when there are sufficient resources available to devote to it.
Landscape alterations likely contribute to the higher breeding densities and longer breeding
seasons observed in a variety of urban wildlife (e.g., Walcott 1974; Cramp 1972). However,
urbanization does not have reproductive benefits for all wildlife. For example, female English
sole (Parophrys vetulus) from areas with high levels of water contaminants adjacent to urban
areas in Puget Sound, Washington, had more reproductive impairments and produced a lower
proportion of normal larvae compared to fish from non-polluted areas (Casillas et al. 1991).
Similarly, a study by Partecke et al. (2005) revealed that urban European blackbirds showed

earlier gonadal growth, secretion of luteinizing hormone (LH) and testicular development than

their rural counterparts. Pollutants are not the only source of alterations in reproductive activity

for urban wildlife. Artificial night light, which birds from urban centres are exposed to, appears

to cause early reproductive development (Dominoni et al. 2013). Furthermore, the same study

showed that city birds responded differently to light than their rural counterparts, exemplifying

once again that urbanization can change the physiological phenotype of organisms (Dominoni et

al. 2013).

Rubbo and Kiesecker (2005) investigated the effects of urbanization on the breeding

distribution of amphibians across wetlands along an urban gradient in Pennsylvania, USA. Urban

wetlands had lower larval amphibian species richness than rural areas. This was due to fewer
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wood frogs (Rana sylvatica) and salamanders (Ambystoma maculatum and A. jeffersonianum)
breeding and/or offspring survival in urban areas, suggesting that these species are highly
sensitive to urban development, while other species (4dnura spp. [toads], Rana catesbeiana
[American bullfrog], Hyla versicolor [grey tree frog] and Notophthalmus viridescens [Eastern
newt]) appeared to be more resilient to the altered landscape. Big brown bats (Eptesicus fuscus)
and red bats (Lasirus borealis) from rural areas in Detroit, Michigan USA had fewer offspring
and lower population size in urban parks (Kurta and Teramino 1992). Taken together, these
findings suggest that life in the city affects the reproductive capabilities of some species but not
others, highlighting variation in the sensitivity of wildlife to urban development.
3.7 Disease and immune function

There is increasing interest in studying the relationship between urban life and the
emergence of wildlife diseases as urbanization may create shifts in host geographical ranges and
densities, interspecific interactions and contamination via pathogens (Daszak et al. 2000). In
coastal Florida, a pathogenic nematode in wading birds was only present in sites disturbed by
stream engineering and nutrient fluxes (Coyner et al. 2002). Similarly, in a study by Saldiva et al.
(1992), rats that were exposed to the urban air pollution of Sdo Paulo, Brazil, for six months
developed inflammatory complications in their breathing airways, resulting in increased
respiratory failure, when compared to control rats kept in a clean city. These negative
repercussions on the health of wildlife as a result of urbanization have also been observed in
aquatic ecosystems. Helms et al. (2005) revealed that fish health (measured by the proportion of
fish with eroded fins, lesions and tumors) declined with increasing urbanization. In all of these

cases, pathogens and illnesses appear to be a direct result of developing urban areas.
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In the context of epidemiology, cities function as first points of entry for novel pathogens,
and provide opportunities for rapid amplification and cross-species contamination (ecology of
wildlife diseases review by Bradley and Altizer 2006). For example, grey squirrels were
introduced to the United Kingdom where they competed with native red squirrels (Sciurus
vulgaris). The gray squirrels also carried paramyxovirus and through these interspecific
interactions infected red squirrels, leading to a decline of the latter (Wauters and Grunell 1999;
Tompkins et al. 2002). In another example, the poultry bacterium Mycoplasma gallisepticum
infected wild songbirds in 1994, and may be spread when birds interact at feeders (Dhondt et al.
2014). Human interactions can also affect the immunity of wildlife. In the Southern sea otter
(Enhydra lutris nereis), infection with meningoencephalitic disease was greater in regions
associated with high human density (Miller et al. 2002). Thus, cities provide both the ideal
conditions for the spread of pathogens and diseases, and make animals more susceptible to those
diseases by lowering their immune function.

3.8 Synthesis

It is obvious that no two species are affected in the same manner by the process of
urbanization, and in fact, these effects likely differ even across sexes, life-stages, or ecomorphs.
Nevertheless, there do appear to be overall patterns in how key biological systems are affected,
although we did not rank the vulnerability of these systems. Some differences may also shift with
time-scale focus (i.e., physiology is acutely affected, fitness is chronically affected).
Furthermore, it is important to note that landscapes can vary, each bringing their own set of
challenges and affecting wildlife in different ways. For example, aquatic organisms are more

likely to be affected by stormwater runoff than birds, while skyscrapers are more likely to
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402  influence birds than solely ground-dwelling or aquatic organisms. This suggests that the

403  consequences of urban life on animals are both species- and context-dependent.

404 While the urban life poses various challenges to core biological systems, the effects of
405  such challenges are not independent of each other, and their additive or synergistic effects are
406  rarely studied. For example, the city may cause an animal to spend more time foraging due to
407  habitat fragmentation, with success mediated by light pollution and the urban heat island effect,
408  which in turn lowers investment in offspring. There can also be inter-generational nature and
409  nurture effects which have yet to be explored in detail. Parents in poor condition may have

410 offspring with lower body condition, leading to increased susceptibility to pathogens and

411  decreased future reproductive success. Additionally, selection on foraging time may lead to food
412  specialization and a loss of ability to respond to future environmental changes if those changes
413  were to cause a decrease in food availability. Quite simply, life in the city for vertebrates means
414  exposure to a wide range of conditions and stressors that differ dramatically from what

415  organisms living in more pristine settings (e.g., rural environments, wilderness).

416 4. Making cities more liveable

417 Habitat loss, fragmentation, and degradation are the major threats to organisms living in
418  urban environments (McKinney 2002), and attenuating these threats are obvious first choices for
419  making cities more liveable for all vertebrates. Margules and Pressey (2000) suggested the

420  “node, buffer, corridor” principle for landscape-scale conservation. Nodes are high quality

421  habitats with little to no anthropogenic disturbances. Nodes are surrounded by buffer zones in
422  which human activity decreases with proximity to nodes. Corridors connect the nodes to create a

423  more accessible habitat network. This approach has been successful for many ungulates and

: 19
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large predators in suburban areas, especially in the context of highway crossings, but there are
few examples where this technique has been integrated directly into urban centres.

It is important to note that land use planning can be approached at local, regional, and
global scales. The addition of a green space (e.g., parks, nature reserves) within an urban
environment can have substantial benefits for many regional organisms such as squirrels and
birds (e.g., Flores et al. 1998; Chiesura 2004). The implementation of wild gardens in a yard
(Goddard et al. 2010) or living roof or living wall components (Francis and Lorimer 2011) can
enhance the fitness of local animals and increase biodiversity. However, the needs of animals can
vary extensively and must be accounted for when making land use planning or urban design
decisions. For example, some birds need mature forests to breed, while larger predators tend to
need large undisturbed habitats, and so planning should ideally also include natural areas of
various size and with various levels of disturbance.

Important actions to consider for restoration and the mitigation of urbanization effects on
wildlife include maintaining native vegetation and nesting structures, increasing foliage height
diversity, integrating urban parks in the native habitat system, reducing urban effects on remote
natural areas, and developing monitoring programs (Marzluff and Ewing 2001). Collaborative
planning and the spread of knowledge to appropriate stakeholders can provide significant
advantages for making cities more liveable. Addressing issues with water conveyance to promote
infiltration rather than stormwater runoff are sorely needed. In addition, there is a need to reduce
sources of pollution including light and noise. Furthermore, outreach programs about urban
wildlife and biodiversity may go a long way to educate city dwellers and instill a sense of

environmental stewardship in light of people’s daily choices and the future threats facing urban

https://mc06.manuscriptcentral.com/er-pubs 20

Page 20 of 51



Page 21 of 51 Environmental Reviews

446  animals (Andersson et al. 2014). We present successful approaches to making cities more livable
447  in Figure 3.

448 5. Conclusion and research needs

449 As the knowledge base expands, it is apparent that, given the many challenges that urban
450 animal face, they can be severe consequences on their fitness. Certainly some aspects of urban
451  life are lethal (e.g., vehicle collisions and bird strikes) but the sublethal effects are even more
452  pervasive. The sublethal consequences are not independent of one another reflecting the

453  diversity of stressors and diversity of organismal responses. The core biological systems

454  described in this paper can be altered in complex, sometimes unexpected ways, making it

455  difficult to precisely predict how wildlife will respond to urban life and emerging stressors.

456  Based on our review, it became apparent that future research needs to consider the spatial,

457  temporal and biological (e.g., individual, population, community, ecosystem) scale of their study
458  to ensure that findings are relevant to planners and managers. In addition, many studies face
459  challenges with identifying appropriate “controls”. The use of urban gradients (rather than true
460  controls) can be problematic because often the most sensitive species are already extirpated,

461  forcing studies to rely on the more available species, which are often generalists (e.g., Sorace and
462  Gustin 2009). There is little documentation on the evolutionary consequences of this ecological
463  sorting. Even for species that can tolerate life in the city, the majority of studies have taken an
464  ecological approach, with only a few investigating whether acclimatization to urbanization

465  occurs via phenotypic plasticity or whether it is a function of evolutionary dynamics (Lowry et
466  al. 2013). Urban environments tend to be more homogeneous in biotic and abiotic variables than
467  the natural environments they replace (plant composition, temperature, humidity etc.; Hall et al.

468  2016). This homogeneity may lead to a loss in genetic diversity and individual variation, which
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is the basis for natural selection. Synurbanization is an increasingly recognized phenomenon
(Figure 1) yet it is unclear what the long-term consequences of it are on organismal fitness and
the evolutionary trajectory of populations. In many cases, human population growth and
development is happening at such a rapid rate that the research community will lag in their
understanding of how species are affected by new stressors such as emergency exposures (oil
spills, nuclear power plant meltdowns, etc.), or other developing, synergistic changes.

Birds and small mammals continue to be the best-studied taxonomic groups with respect
to sublethal consequences on urban vertebrates. Other taxonomic groups continue to be less
studied, despite the recognition of this imbalance (Luniak and Pisarski 1994). Fish have received
relatively little attention (Magle et al. 2012); future work on aquatic organisms is sorely needed
as over half of the world’s population lives near a coastline. Electronic tagging tools that enable
researchers to track the spatial movements and survival of wildlife combined with sensors (e.g.,
acceleration, heart rate, body temperature; see Wilson et al. 2015) and cameras/video will
provide researchers with important information on how urban wildlife interact with their
environment and other organisms (including humans; see O’Connell et al. 2010). Similarly, the
use of non-lethal sampling techniques and biomarkers (e.g., blood samples, fur and feathers for
glucocorticoids, scats for disease screening) provide us with new tools for connecting individual-
level condition and state with behaviour and other metrics of relevance to population-level
processes (Sheriff et al. 2011). Indeed, this integration of behavior and physiology (see Cooke et
al. 2014) is at the very core of urban ecology and will help us truly understand the long-term

fitness-related impacts on animals, making it an exciting, timely, and extremely collaborative

field of study.
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491 We have clearly shown that life in the city is not without sublethal consequences.

492  Despite the potential for synurbanization, the reality is that most urban wildlife experiences

493  negative effects compared to conspecifics in more rural/pristine locations, and that presumably
494  sensitive species have been replaced by generalists that are more robust to sublethal disturbances.
495  There are many ways in which urban life can alter the biology and ecology of vertebrates and we
496  encourage urban planners to create developments that support biodiversity and minimize

497  disturbance (Savard et al. 2000). Humans value urban wildlife (Alberti et al. 2003), particularly
498  vertebrates (Soule 1991), and urban wildlife generates numerous ecosystem services (Gomez-
499  Baggethun and Barton 2013). Therefore, there is a pressing need for understanding and

500 mitigating the sublethal consequences of urban life on wild vertebrates.
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Figure Captions

Figure 2. Overview of the potential challenges that urbanization poses on wild vertebrates. City
lights can greatly affect migratory species and circadian rhythms. Large factories can participate
in generating heat islands and pollution. Vehicles and boats pollute the surrounding environment
through exhaust. Stream water runoff can severely impact the water quality of streams, having

effects on fish populations. Noise can impair intraspecific communication.
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Figure 1 — Synurbanization

Synurbanization refers to the adaptation of wildlife to urban environments (reviewed by Luniak 2004). The study of
synurbanization has grown recently, as we try to tease apart the degree to which phenotypic plasticity and
microevolutionary processes leading to divergent selection contribute to changes in animals under human-altered
conditions. The creation of a new urban ecosystem has benefitted some animals, namely small mammals and birds.
These species have adjusted to urban pressures through higher population densities, reduced migratory behavior,
prolonged breeding seasons, greater longevity, prolonged circadian rhythms, and changesin feeding behavior (as
listed in Luniak 1996). For example, many birds benefit from supplementary feeding in urban areas, leading to
earlier lay dates, larger clutches and chicks, and higher hatching and fledging success (reviewed in Robb et al.
2008). Top-down processes may also affect these species, as predation pressure may be reduced when predators
shift their diet to anthropogenic sources (Rodewald et al. 2011; Stracey 2011). More omnivorous species can
mitigate the costs of searching for and killing live prey by modifying their behavior to depend on anthropogenic
food, a trend that is becoming increasingly apparent for coyotes, raccoons, and black bears (Prange et al. 2003;
Gehrt 2007). Urban populations also tend to be more aggressive, take more risks, are less neophobic, are more
exploratory/bold and have reduced escape behaviors compared to rural populations (Miranda et al 2013; Sih et al
2012). These personality traits can be linked to fitness: bolder and more aggressive individuals have greater
reproductive success, and exploratory individuals have higher survival (Smith and Blumstein 2008), suggesting
these personality traits are beneficial when inhabiting a novel and risky urban environment. The home ranges of
both bats (Gehrt and Chelving 2003) and coyotes (Canis latrans) (McClennen et al. 2001, Grubbs and Krausman
2009) did not differ between fragmented and unfragmented habitats, and both species used human-generated
corridors during travel, suggesting that species which can persist in urban environments (i.e., synanthropes, Gerht et
al. 2011) are able to adjust their behavior to habitat fragmentation and human activities. Studies integrating bottom-
up and top-down ecological interactions with behaviour and physiology and linking these traits with fitness are
sorely needed, as the sublethal consequences of urban modifications are both acute and chronic. 1a) A fox (Vulpes
vulpes) is walking in a residential area at night, and 1b) a grey heron (4rdea cinerea) has acquired food from a local
street vendor in Amsterdam. Images by Sam Hobson
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Figure 3 — Making cities more liveable: success stories

3a) Every year, billions of birds migrate north in the spring and
south in the fall. Many species will do so at night, when the
presence of lights from buildings and other structures can cause
severe disturbances to bird’s navigation as they fly over. Lights Out
is a national effortin the USA that aims to reduce this issue by
simply convincing building owners and managersto turn off excess
lighting at night during the months that birds are migrating. /mage
by NASA

3b) Discouraging open lawns on public and private property was
successful in restoring some wildlife habitat in King County,
Washington. The many layers of undisturbed habitat provide a
complex and favorable environment for small mammals and birds.
Image by Wave Hill

3¢) In Melbourne, Australia, stormwater infrastructure was altered
over the course of almost two decades to improve the city’s
waterways. They used community members, environmental
scientists and policy-makers to establish a plan to make a smoother
transition to a more sustainable infrastructure (Brown et al. 2013).
Image by Storm Water Systems
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