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Despite widespread evidence of urban evolution, the adaptive
nature of these changes is often unclear. We review different
phenotypic and molecular lines of evidence used for assessing
urban adaptation, discussing the benefits and limitations of
each approach, and rare examples of their integration. We then
provide a synthesis of local adaptation to urban and rural
environments. These data were drawn from phenotypic
reciprocal transplant studies, the majority of which focus on
insects and other arthropods. Broadly, we found support for
local adaptation to urban and rural environments. However,
there was asymmetry in the evidence for local adaptation
depending on population of origin, with urban adaptation being
less prevalent than rural adaptation, suggesting many urban
populations are still adapting to urban environments. Further,
the general patterns were underlain by considerable variation
among study systems; we discuss how environmental
heterogeneity and costs of adaptation might explain system-
specific variation in urban-rural local adaptation. We then look
to the future of urban adaptation research, considering the
magnitude and direction of adaptation in context of different
agents of selection including urban heat islands, chemical
pollutants, and biotic interactions.
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An introduction to urban adaptation: what do
we know and how do we know it?

T'he extent to which natural populations are well adapted
to their environment remains a contentious topic in
evolutionary biology, and in part reflects the ubiquity
of spatio-temporal fluctuations in selection pressures that
might keep populations from reaching or staying at a

fitness peak [1]. Synthetic studies generally conclude that
there is a higher incidence of adaptation than maladapta-
tion in natural populations, suggesting populations are at
least reasonably adapted to their environment [2]. Cities,
as novel and dynamic environments, likely contribute to
the displacement of previously adapted populations from
their ancestral fitness optima [3]. Although there is much
evidence now that populations can rapidly evolve within
cities, the extent to which these changes are adaptive is
less well characterized [4°,5°%,6°].

T'o do so requires demonstrating an evolutionary response
to urbanization and demonstrating that these responses
increase fitness within the urban environment. Reciprocal
transplant experiments showing a fitness advantage to the
urban population, either relative to the rural population
within the urban environment, or within its home urban
environment relative to the rural environment (Figure 1)
provide the most direct evidence of urban adaptation [7].
Though, inferences can also be drawn from other pheno-
typic [8°°] and molecular methods [9]. Here we review
the current literature on urban adaptation to address two
questions: (1) what are the benefits and limitations asso-
ciated with different phenotypic and molecular
approaches to understand urban adaptation? And (2) what
is the evidence to date, gathered from reciprocal trans-
plant experiments, that urban populations are adapting to
urban environments, and how does this compare to the
evidence for adaptation of ancestral populations in non-
urbanized environments? Throughout, we highlight the
many studies on these topics that come from insect
systems [4°]. The relatively high proportion of urban
(local) adaptation studies from insects is perhaps unsur-
prising given their ubiquity across rural-to-urban clines,
their amenability to manipulation and transplantation,
and their critical roles in ecosystem function [10].

Phenotypic and molecular approaches

There are two main starting points for assessing adaptive
evolution, whether in an urban context or otherwise.
Inferences can first be made at higher-order levels of
biological organization that involve whole-organism phe-
notypes and their genetic underpinnings (e.g. heritabil-
ity). Likewise, investigation can begin with lower-order
levels of biological organization that involve molecular
responses. Both have been used to examine urban adap-
tation, and each approach has its own benefits and
limitations.

The main advantage of phenotypic approaches is that
the linkage between phenotypes and fitness is much
more direct. They allow for reciprocal transplantation
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Testing local adaptation using reciprocal transplants. In this design, rural and urban populations are placed within ‘away’ environments and back
into their ‘home’ environments (dashed curved lines with arrows, panel (a), x-axis annotation). (a) Home-away and local-foreign comparisons can
be used to test for local adaptation. Dashed straight lines with arrows indicate these comparisons from the perspective of urban population,
though the same comparisons are possible from the perspective of the rural population (not shown, for simplicity). Fitness tradeoffs across
environments are evident for urban and rural populations where each has maximal fitness in its own environment. (b) In degraded urban
environments, maximal fithess might be reduced overall. In this example, urban populations have a local-foreign advantage, but not a home-away

advantage, reinforcing the importance of local-foreign comparisons.

across urban and rural habitats and for the targets and
causes of selection to be directly identified [4°]. How-
ever, it should be noted that approaches integrating
phenotypic and molecular methods such as QTL map-
ping can be used within reciprocal transplant designs
[11,12]. Assessing fitness responses of urban and rural
populations in each others’ environments relative to
their own and relative to one another within an envi-
ronment provides a direct assessment of whether the
populations are locally adapted (i.e. both local-foreign
and home-away comparisons, Figure 1). Minor draw-
backs of this approach involve measuring and interpret-
ing fitness outcomes in the relevant environmental con-
text. For example, in acorn ants, evidence of local
adaptation to urbanization was first detected via fecun-
dity in the lab [13]. However, in a subsequent field
reciprocal transplant experiment, local adaptation was
detected via survival whereas the results for fecundity
were more complex. Surprisingly, rural ants had rela-
tively high fecundity in urban environments, potentially
owing to altered warm-season cues for reproduction in
the field [14°], an element that was not present in the lab
experiment. Yet, the main drawback with this approach
is that there are constraints on the range of organisms for
which reciprocal transplantation is an option. Large-
bodied, high-dispersal ability organisms, or those for
which containment is generally difficult, are unlikely
or unethical candidates for reciprocal transplant studies

[5°].

Despite this limitation, the breadth of organisms
assessed via phenotypic approaches can be increased
by taking other approaches beyond reciprocal trans-
plants. Specifically, these include: (1) measuring the
strength, shape and targets of natural selection [15,16];
(2) establishing links between morphology, performance
and fitness [17]; (3) phenotypic manipulations that can
directly assess function and its putative adaptive nature
[18]; and (4) testing well-defined hypotheses from theory
and combining these with replication among species and
cities. As a recent example of this last approach, the
repeated, predicted urban evolution of seasonal plastic-
ity in development in response to urban heat islands
across different Lepidopteran species and cities can be
used to make a case for urban adaptation [8°°] (Figure 2;
interestingly, evolved shifts in developmental timing
and growth were also seen in an urban damselfly, likely
in response to extension of the growing season within
urban heat islands [19]; finally, see also Ref. [20] for a
multi-species, multi-city synthesis of studies showing
the repeated evolution of higher heat tolerance in
response to urban heat islands). With these approaches,
common garden experiments are critical for showing
whether the phenotypic divergence is due to evolved
differences or phenotypic plasticity [21]. If phenotypic
differences persist between urban and rural populations
after being brought into a common (garden) environ-
ment, then this provides evidence of genetic, evolved
differentiation. Including additional environmental
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Figure 2
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Building the case for urban adaptation with multiple lines of evidence, that is, using the hypothetico-deductive method. In cases where direct
estimation of fithess across urban and rural environments is not measured, evidence for adaptive urban evolution can be developed through a
combination of theory-based predictions and cross-taxa and cross-city comparisons. A recent study has taken this approach in urban
Lepidoptera and their developmental responses to urban heat islands (UHI) and artificial light at night (ALAN) [8°°]. Repeated evolution of a lower
daylength threshold for direct development across multiple species and cities, which was predicted based on theory for UHI effects on
development, provides evidence that these changes are adaptive responses to urban heat islands. Drawing of the butterfly Pieris napi (public

domain) from Jacob Hibner’s Das kleine Schmetterlingsbuch.

treatments within the common garden design can be
used to partition plasticity and evolutionary divergence
[4°,22]. It is important to bear in mind that either
plasticity or evolution (including the evolution of plas-
ticity) could be adaptive, though in different ways
[22,23].

Molecular approaches have the main advantage of being
an increasingly available tool for assessing urban adapta-
tion across a broad range of organisms. For example,
genomic analyses that detect loci under selection have
been used to assess the evidence for urban adaptation
from insects to large mammals [24-28]. However, there
are also several limitations with this type of approach. For
example, outlier-based analyses are susceptible to both
false positives and negatives, and loci can be misclassified
as being selected upon due to linkage disequilibrium or
genetic drift [29]. Without separate or integrated pheno-
typic approaches, directly attributing allelic changes at
the molecular level with adaptation to particular environ-
mental selection pressures is necessarily indirect [30].
Further, while some study systems, such as the evolution
of melanin in peppered moths in response to industrial
pollution [31,32], yield evidence of changes in single loci
of major effect (in this case, a large insertion within the
cortex gene, resulting in increased melanization [33,34];
Figure 3), many traits that would be important in respond-
ing to urbanization are likely to be or known to be

polygenic. The polygenic nature of many traits, such as
heat tolerance, drought tolerance, and even pollution
tolerance in other study systems, can make it difficult
to detect evidence of selection at the genomic level when
there are many genes each contributing a moderate
amount to a given phenotype [35].

Study systems that integrate molecular data, phenotypic
data, and fitness are still quite rare among those focused on
urban adaptation [4°]. The peppered moth system (Fig-
ure 3) or the Atlantic Kkillifish system are exceptions. In
Atlantic Killifish, survival of the populations that have
evolved in response to urban pollution is much greater
than unexposed killifish populations when challenged with
increasing concentrations of the pollutant. These fitness
differences have been linked with the repeated evolution
of components of the aryl hydrocarbon receptor-based
signaling pathway among different urban and non-urban
paired populations [36]. There are both biological and
methodological reasons for increasing the number of study
systems that integrate these approaches. Biologically, the
combination of the two approaches can be used to evaluate
the hypothesis that parallel evolution will be greater at
higher-order levels of biological organization (phenotypes)
as compared with lower-order levels (genotypes) [37].
Methodologically, assessment of both approaches allows
for ground-truthing of inferences from molecular analyses
to directly link evolved changes of phenotypes with fitness.
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Figure 3
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Integration of phenotypic and molecular genetic approaches to understand the evolution of melanin in the peppered moth, Biston betularia, in
response to industrial pollution. Image/data sources: map showing general patterns of phenotypic variation in melanism across spatial gradients in
pollution (based on patterns from Ref. [32]); mark-recapture phenotypic selection data (redrawn using data from Ref. [31]); genotypic data
(redrawn using data from Ref. [33]); structure of the cortex gene for the two morphs (solid horizontal bars) and candidate polymorphisms (short
vertical lines) (redrawn using data from Ref. [33]); photo of Parus major, a common predator of peppered moths (Holger Uwe Schmitt via
Wikimedia Commons); moth drawings (Encyclopedia Britannica 1911, public domain, via Wikimedia Commons); and steel mill drawing (Dillinger

Hutte, public domain, via Wikimedia Commons).

In the next section, we focus on assessing the evidence for
urban local adaptation from phenotypic reciprocal trans-
plant studies. We do this for two reasons: first, there are
standard methods to make quantitative comparisons of
local adaptation based on phenotypic data, and second,
reciprocal transplantation studies that largely rely on
phenotypic measurements of fitness are the most direct
method to assess urban local adaptation [7].

Reciprocal transplants

To summarize the general patterns of urban local adap-
tation from reciprocal transplants, we consider traditional
field reciprocal transplant studies as well as studies for
which direct, ecologically relevant total fitness or compo-
nents of fitness (either via survival or fecundity) of urban
and rural populations was measured in urban-mimicking
and rural-mimicking environments (e.g. laboratory com-
mon garden experiments). Because we were not only
interested in assessing the evidence for urban and rural
local adaptation, but also the potential costs of adaptation
in the form of loss of adaptation to the ancestral envi-
ronment, we excluded a small number of studies that
performed one-way transplants, for example [38]. We also
excluded a small number of studies that had multiple

simultaneous manipulations, some of which were explic-
itly capturing urban-rural variation, and other manipula-
tions that were not, for example [39]. There were 27 esti-
mates of local adaptation, 13 in rural environments, and
14 in urban environments. These came from 7 studies,
4 of which involve insect systems (5, when considering
arthropods), across 3 unique species (4, again, if consid-
ering arthropods) [13,14°,19,31,40-42] (Figure 4). Insects
therefore make up a large fraction of the taxonomic
diversity among urban-rural reciprocal transplant studies:
half of the studies include insects, whereas the other half
is split among plant, bird, and non-insect arthropod
species.

We used local-foreign comparisons to quantify local adap-
tation [2], taking the relative fitness of the local popula-
tion in their home environment (or home-mimicking
treatment in the lab) minus the relative fitness of the
foreign population in this same environment. This metric
is an estimate of selection against migrants into a popula-
tion with positive values indicating selection against
migrants (i.e. local adaptation), and negative values indi-
cating that migrants would have greater fitness than the
local population (i.e. maladaptation of the local

Current Opinion in Insect Science 2022, 51:100893

www.sciencedirect.com



Figure 4
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Estimates of local adaptation + 1 SE from field and lab experiments measuring the fitness of urban and rural populations in urban and rural

habitats and manipulated laboratory conditions. Local adaptation was quantified as

W, W popuat )
—popuatien 1" popuiation 2 \yhere W/ represents the mean fitness of

environment 1

each population in environment 1 and W represents the mean fitness of all populations in €nvirénment 1. Results are grouped by species and
ordered such that the three insect studies are at the top, followed by the one non-insect arthropod study, and the remaining two non-insect
studies at the bottom. Positive values indicate greater relative fitness of the native population in comparison to the foreign population (i.e.
adaptation) and negative values indicate greater fitness of the foreign population in comparison to the native population (i.e. maladaptation).
Studies include: Ambrosia artemisiifolia [42], Biston betularia [31], Cyanistes caeruleus [40], Coenagrion puella [19], Daphnia magna [41],
Temnothorax curvispinosus [13,147]. Broadly representative taxonomic icons for each species were obtained from Phylopic (all public domain
versions). Detailed study information and data available in Table S1 in Supplementary material.

population). We used a simple vote-counting approach to
quantify the fraction of studies consistent with or diver-
gent from expectations of local adaptation. There was a
general signal of contemporary local adaptation: 64% of
the estimates were consistent with urban local adaptation,
and 77% were consistent with rural local adaptation (i.e.
positive values). Each of the three insect systems showed
evidence of local adaptation to urban environments.
Except for the peppered moths that exclusively showed
evidence of both urban and rural local adaptation, the
remaining two insect study systems also showed some
evidence of maladaptation, including in rural populations
of the azure damselfly, and both urban and rural popula-
tions of the acorn ants (Figure 4).

The overall frequency of urban and rural local adaptation
was comparable to broad-scale syntheses in other taxa and
environmental contexts [2,43-48]. Yet the systematically
weaker support for urban local adaptation compared with
rural local adaptation suggests that urban populations are
actually getting worse in the ancestral environment faster

than they are improving in their own environment. As a
specific example, acorn ants appear to be losing their cold
tolerance to a greater degree than they are gaining heat
tolerance in their evolutionary responses to urban heat
island effects [13].

While it is evident that the rural populations have had
more generations to evolve to their environment, it is an
insufficient explanation for the considerable loss of adap-
tation of the urban populations to the ancestral rural
environment. Rather, theory predicts that adaptation to
a new environment can cause increasing fitness trade-offs
to the ancestral environment [49-52]. This could explain
the greater magnitude of fitness trade-offs for urban
populations transplanted to their ancestral rural environ-
ment (Figure 4).

Importantly, fitness trade-offs across environments were
not a uniform response among study systems, a finding
consistent with other studies of local adaptation [2,53].
For example, some urban populations exhibited high
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fitness across both urban and rural environments (Fig-
ure 4). The presence of fitness trade-offs might therefore
be modulated by features of the urban and rural environ-
ments. Costs of adaptation (i.e. trade-offs) are less likely
to be exposed to selection in homogeneous environments
[51,53], and thus divergence is more likely to result in
fitness trade-offs across heterogencous environments.
Moving forward, exploring the features of the adaptive
landscape within and across cities might help explain
variation in how urban adaptation progresses in response
to differing agents of selection.

Future prospectus

Understanding whether and how urban adaptation occurs
has important implications for the long-term stability of
insect populations in urban environments and under
global climate change, especially as cities can be used
as a proxy for future climate change [19]. Although cities
often reduce biodiversity [54], they can sometimes main-
tain or even enhance biodiversity [55,56], a pattern that is
especially common among insects [57]. Urban biodiver-
sity can be maintained by unidirectional dispersal into
cities, transient or migrating individuals, or repeated
introductions to cities. Potentially for these urban dis-
persers, and especially for resident populations exposed
to modified urban environments, evolution that confers a
fitness advantage can be an important part of maintaining
urban biodiversity.

The evidence so far suggests adaptive evolution is in
progress in cities, but that broadly, many urban popula-
tions are likely still experiencing strong selection. In
effect, there is asymmetry of local adaptation based on
the population of origin, with urban local adaptation being
less frequent than rural local adaptation. Although these
are the general patterns, there is considerable variation in
the magnitude and sometimes the direction of local
adaptation (Figure 4). Future considerations targeted
specifically at the role of environmental heterogeneity
and the costs of adaptation might help to explain some of
this variation.

There were a number of studies which did not meet our
specific criteria for the synthetic analysis of local adapta-
tion, but nonetheless provide important insights into
urban adaptation, and point to fruitful areas of future
research. For example, previous work suggested biotic
interactions were some of the strongest drivers of pheno-
typic change in human-modified environments [58]. New
research showing cryptic eco-evolutionary dynamics
between water fleas and an insect predator provide the
first explicit demonstration of these types of responses
[59°°]. Similarly, some of the strongest adaptive evolution
in any environmental context is in response to applied
selective pressures, such as pesticides [60], rather than the
unintended consequences of urbanization such as urban
heat islands. Recent work focused on the effects of

pesticides on survival in cities [61] or in urban-adjacent
agricultural contexts [62] support this pattern. In the
future, it will be interesting to examine whether these
types of selection pressures yield even greater magni-
tudes of local adaptation from what is already known from
cities.
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