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Urbanization is an important component of global change. Urbanization affects species interactions, but the evolutionary implica-

tions are rarely studied. We investigate the evolutionary consequences of a common pattern: the loss of high trophic-level species

in urban areas. Using a gall-forming fly, Eurosta solidaginis, and its natural enemies that select for opposite gall sizes, we test

for patterns of enemy loss, selection, and local adaptation along five urbanization gradients. Eurosta declined in urban areas, as

did predation by birds, which preferentially consume gallmakers that induce large galls. These declines were linked to changes

in habitat availability, namely reduced forest cover in urban areas. Conversely, a parasitoid that attacks gallmakers that induce

small galls was unaffected by urbanization. Changes in patterns of attack by birds and parasitoids resulted in stronger directional

selection, but loss of stabilizing selection in urban areas, a pattern which we suggest may be general. Despite divergent selective

regimes, gall size did not very systematically with urbanization, suggesting but not conclusively demonstrating that environmen-

tal differences, gene flow, or drift, may have prevented the adaptive divergence of phenotypes. We argue that the evolutionary

effects of urbanization will have predictable consequences for patterns of species interactions and natural selection.

KEY WORDS: Cities, eco-evo, Eurytoma gigantea, parasitoid, predator-prey, phenotypic selection.

Urban environments are an increasingly dominant component of
our landscapes. More than half of all humans now live in urban
areas, and urbanization is increasingly being seen as an important
driver of global environmental change (Seto et al. 2010). Urban
and nonurban areas differ in critical ways. Urban environments
tend to be warmer, environmentally homogeneous, and support
less diverse ecological communities, with some species being
more sensitive to urbanization than others (Seto et al. 2010; Alberti
2015). All of these changes should alter the selective pressures
species encounter in urban environments (Johnson et al. 2015;
Johnson and Munshi-South 2018). However, while the ecological
consequences of urbanization are being well studied, the evolu-
tionary impacts of cities remain largely unexplored (Donihue and
Lambert 2014; Johnson and Munshi-South 2018).

Urbanization has been shown to mediate selection in re-

sponse to various environmental changes. For example, Crep-

tis sancta evolved to produce nondispersing seeds in response
to small and fragmented habitats in urban areas (Cheptou et al.
2008). Other studies have implicated the materials used to build
cities (Winchell et al. 2016), light pollution (Altermatt and Eibert
2016), and temperature (Thompson et al. 2016) as drivers of se-
lection and ultimately local adaptation (for a review see Johnson
and Munshi-South 2018). These studies have one commonality:
they implicate changes in abiotic conditions as causes of selec-
tion and adaptation. However, urban, suburban, and rural areas
often differ widely in the species and communities they support
(McPhearson et al. 2016). Given that changes in communities
can create strong selective pressures, biotic differences along a
gradient from rural to downtown core areas are likely to create
divergent selective regimes (Johnson et al. 2015; Johnson and
Munshi-South 2018). Despite these clear links, surprisingly few
studies have probed the evolutionary effects of community change
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in urban landscapes (Johnson and Munshi-South 2018), and all
have focused on plant-pollinator interactions (Irwin et al. 2014).

One of the most pervasive effects of urbanization is chang-
ing trophic structure (Faeth et al. 2005) through the loss of high
trophic-level species (Christie et al. 2010; Raupp et al. 2010).
Indeed, changes in the abundance of high trophic level species
across urban-rural gradients have been implicated as determi-
nants of herbivore abundance, and ultimately herbivory (Christie
et al. 2010). In short, urbanization can affect species through
both direct environmental changes and indirect effects mediated
by changes in community composition and species interactions
(Johnson et al. 2015; Johnson and Munshi-South 2018). Given
that species interactions and particularly consumer-resource in-
teractions are thought to be strong selective forces (Benkman
2013), such changes may result in divergent selective regimes in
more and less urbanized areas.

The effects of urbanization on consumer-resource evolution
can depend on how high-trophic level species respond to the urban
environment. In the simplest case, urbanization may reduce the
abundance of a consumer (Christie et al. 2010), lessening their
selective effect. If consumer defenses have a cost (Peckarsky
and Mclntosh 1998; Sih et al. 1998), then selection should fa-
vor consumer-resistant phenotypes in rural areas, and poorly de-
fended but more competitive phenotypes in urban areas. How-
ever, a species is often attacked by several enemy species, each
of which may respond differently to urbanization (Christie et al.
2010; Raupp et al. 2010) and select for different, even opposing
phenotypes (W and Abrahamson 1985). In this case, urbanization
should favor phenotypes that are well defended against the con-
sumer least sensitive to urbanization (the most common enemy in
urban areas), causing directional selection for those phenotypes.
Similarly, the loss of one or both consumers selecting for opposite
phenotypes can cause a breakdown of stabilizing selection (Weis
and Abrahamson 1985). This effect can occur if only one enemy
declines in response to urbanization, or if both enemies decline but
one does so to a greater extent than the other, leading to an imbal-
ance of opposing selection pressures. Selection across urban-rural
gradients should track the density and phenotypic preferences of
a species’ natural enemies.

Enemies may also cause phenotypic differentiation among
populations (Debinski and Holt 2000; Start and Gilbert 2016).
Phenotypic shifts can occur when selection is able to overcome
gene flow, drift, and correlated environmental differences among
populations (Slatkin 1987). While these conditions appear to be
commonly met in urban environments (Johnson et al. 2015), they
are by no means universal and should be subject to the dispersal
ability and population sizes of the evolving species (Slatkin 1987,
Debinski and Holt 2000). Ultimately, local adaptation depends on
the balance of selection, gene flow, and drift, all of which may
be altered by urbanization (Johnson and Munshi-South 2018) but
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whose effects are likely to depend on the idiosyncrasies of the
evolving species.

This article tests how urbanization affects the ecology and
evolution of consumer-resource interactions. We use patches of
goldenrod (Solidago altissima) that support gall-forming parasites
(Eurosta soladiginis) that in turn are attacked by a community of
bird predators and insect parasitoids (Weis and Kapelinski 1994).
Previous work has shown that gall size of Eurosta solidaginis is
under stabilizing selection when a parasitoid and bird predators
are present, with the parasitoid and birds selecting for large and
small galls, respectively (Weis and Abrahamson 1985; Weis and
Abrahamson 1986). We quantified survival, frequency of attack,
gall size (trait distributions), and estimates for phenotypic selec-
tion on gall size for > 8900 galls in 107 populations across five
cities. Our study tested the above ideas by hypothesizing that (i)
Eurosta will be less abundant in downtown cores, (ii) Eurosta
attack by parasitoids and birds will decline in urban areas where
appropriate habitat has been largely destroyed, but the rate of de-
cline will depend on changes in the habitat availability of each
species, (iii) the changes in bird and parasitoid attack will in-
crease directional selection on gall size, but reduce stabilizing
selection in urban environments, and (iv) changes in selection on
gall-size will cause morphological shifts toward poorly defended
phenotypes in urban areas.

Methods

STUDY SYSTEM

Goldenrod is a common old-field plant found throughout much
of eastern North America (Root 1996). Goldenrod is attacked
by Eurosta, fly whose larvae form a spherical stem gall (Uhler
1951). Adults emerge from galls, mate, and oviposit in late May
in southern Ontario. The size of the gall is partly determined by
Eurosta genotype, but is also affected by the genotype and quality
of the plant, as well as the timing of gallmaker attack (Weis and
Abrahamson 1985; Horner et al. 1999). Nevertheless, gall size
is partly heritable, meaning that differences in selection detected
in observational surveys may have implications for the course of
phenotypic evolution. We may equally expect that selection may
drive local adaptation, creating the possibility that observational
approaches coupling measurements of selection and phenotype
could provide evidence for adaptive evolution (Craig et al. 2007;
Start and Gilbert 2016).

Galls are attacked by two species of parasitoid wasp (Eury-
toma sp.) and Mordellistena beetles (Weis and Kapelinski 1994)
in early summer, and are attacked by two species of bird (downy
woodpeckers and chickadees) starting in late autumn, and through
the early spring (Uhler 1951). Of these enemies, birds and E.
gigantea preferentially attack galls of specific sizes (Mordellis-
tena and E. obtusiventris do not favor galls of different sizes).
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Figure 1. Frequency of attack of Eurosta and its enemies across five urban gradients. Eurosta parasitism declined further into cities
(A). Bird attack similarly declined towards city centers (B). E. gigantea (C), E. obtusiventris (D), and Mordellistena (E) were all unaffected
by urbanization. Best fit lines represent predicted values from GLMMs. Analyses used a binomial measure of attack (except for Eurosta

parasitism) but we transformed the predicted values to better show our data. As a result each point represents a patch rather than a

single gall.

In particular, birds and E. gigantea attack large and small galls,
respectively, thus inducing opposing selective forces on galls size
(Weis and Abrahamson 1985). Note that while both bird species
have similar preferences for larger galls (Weis and Abrahamson
1986), allowing for these species interactions to be grouped for
the purposes of statistical analyses, E. gigantea is the only para-
sitoid that prefers galls of a particular size (Uhler 1951; Weis and
Abrahamson 1985). When both enemies are present, their com-
bined effect is to cause stabilizing selection, with the optimum
gall size depending on the frequency of attack by each enemy
(Weis and Kapelinski 1994).

Previous research on gall size has concluded that the effect
of gall size on fitness manifests through differential mortality but
not fecundity (Weis and Abrahamson 1986). Mortality of Eurosta
in the gall stage is very high (frequently > 70%) and strongly bi-
ased toward particular phenotypes, meaning that fitness should be
quite reduced and selection should be strong. Although many or-
ganisms show size-fecundity relationships, a study that included
33 female Eurosta found a negative but nonsignificant relation-
ship between size and fecundity (Weis and Abrahamson 1986). In
practice, survival-selection has been shown to drive local adap-
tation in this system (Craig et al. 2007; Start and Gilbert 2016),
strongly suggesting that survival-selection is a dominant source
of overall differences in fitness and total selection. Previous work
has shown that the parasitoid E. gigantea is sensitive to fragmen-
tation (Start and Gilbert 2016) when fragments were separated

by forest. Conversely, downy woodpeckers and chickadees have
been studied across urban gradients but the effects of urbanization
on abundances are not consistent (Beissinger and Osborne 1982;
Rottenborn 1999; Zuckerberg et al. 2011).

FIELD METHODS

In Early May 2016, we collected 8890 Eurosta galls from 107
populations across five urban-rural gradients. We surveyed galls
in Newmarket, Guelph, Kitchener-Waterloo, London, and Toronto
(all Ontario, Canada). These cities differ in population size from
80,000 to > 5 million, but are all surrounded by a matrix of
farmland and temperate forest. Surveying several cities allows us
to be more confident that any observed patterns are not driven by
some correlated underlying environmental variable (Thompson
et al. 2016).

We selected patches randomly from satellite images, aim-
ing to begin collecting in outlying farmland and moving at rel-
atively regular intervals into the center of each city (Thompson
et al. 2016). Our aim was to sample randomly within cities, while
still achieving regular coverage from urban to rural areas. As
such, we sampled populations regularly, but without using formal
transects, by spreading sites haphazardly across cities, except
when geographical barriers prevent goldenrod from occurring
(e.g., water lies directly south of Toronto; all sites are marked in
Fig. S1-S5). Because goldenrod and Eurosta gall-makers are
patchily distributed we were unable to sample at perfect
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Figure 2. Relationships between ecological variables and the fre-
quency of attack. Eurosta parasitism was higher in areas with large
amounts of unmowed field (A). Bird attack increased with forest
cover (B). Best fit lines represent predicted values from GLMMs.
Data points in both figures represent proportion attacked per
patch.

intervals (Root 1996), and patches were further apart in larger
cities (see nearest neighbor distance between patches for each
city in Table S1).

In all, we collected galls from ~20 patches per city (Table
S1), with all locations being near paved roads and in human-
occupied areas. Within patches, we collected up to 100 galls by
haphazardly selecting galls around a central point. In addition to
collecting galls, we counted the number of galls on the first one
hundred goldenrod stems encountered as a measure of the rate of
Eurosta attack.

Following collection, we measured gall diameter then dis-
sected each gall to determine its content as per Abrahamson et al.
(1989). We scored galls containing Eurosta larvae as survivors,
those with a large hole as having been killed by birds, and those
containing other larvae as having been attacked by the corre-
sponding parasitoid. Empty galls were scored as early larval death
(ELD).

MEASURING URBANIZATION

We aimed to measure urbanization in two ways. First, we were
simply interested in quantifying distance into a given city, a com-
mon measure of urbanization (Thompson et al. 2004, 2016). Dis-
tance into a given city clearly has no biological significance, but
can be viewed as a simple way to quantify a cline, analogous to
known and well-characterized altitudinal and latitudinal patterns.
We used Google Maps Pro and our marked GPS points to measure
several variables associated with urbanization. Most simply we
drew a polygon along the edge of the heavily urbanized area then
calculated the minimum distance from that line to each patch. In
all cases, cities were predominantly surrounded by farmland, and
we used the stark and rapid transition between dense housing and
farmland as our measure of urbanization (Fig. S1-S5). We use
this as our base measure of urbanization, representing the dis-
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tance of a patch to the edge of the city (Thompson et al. 2004).
Thus, patches in outlying farmland had negative urbanization
values.

Our second quantification of urbanization aimed to link dis-
tances into a city to biologically meaningful change in habitat
availability. While we treated distance into a city as analogous to
latitude, we next aimed to develop metrics of urbanization that
were likely to be important in our study system. We view this
as equivalent to discerning the mechanisms underlying latitudi-
nal gradients (e.g., speciation rates may be higher in the tropics).
Because species are likely to respond to different components of
urbanization we measured a suite of environmental variables that
are thought to be relevant to our focal species. We traced an area
with a 272 m radius around each patch, the size being chosen to
correspond to the diameter of a predatory downy woodpecker’s
home range (Kellam et al. 2006). Note that galls were typically
collected from patches with radii > 20 m, meaning that each patch
contributed negligibly to the area within the area sampled for for-
est cover. Within that area, we calculated the surface cover of trees
and unmowed field, the habitats associated with bird predators,
and Eurosta gall-makers and their parasitoids, respectively (Craig
et al. 2007). We also calculated the distance of our patch from
the nearest trees, since changes in bird attack rate have been doc-
umented over very small spatial scales (e.g., > 5 m; Craig et al.
2007).

STATISTICAL ANALYSES

We used a series of linear models (LMs) to test for the effects of
urbanization on frequency of attack of Eurosta gall-makers and
its natural enemies, selection on gall size caused by differences
in attack, and any associated phenotypic shifts. All linear models
were run using the “Ime4” packages in R (Bates et al. 2015).

PATTERNS OF ENEMY ATTACK

We first calculated the frequency of attack for each species. We
used a generalized linear mixed model (GLMM) with a binomial
error distribution to test for differences in the attack of Eurosta
gall-makers on goldenrod, including distance into the city as a
main effect and city as a random intercept. We included patch
nested in city as a random effect. We repeated this analysis for
each enemy species, but while pooling attack by woodpeckers and
chickadees into a single category (Weis and Abrahamson 1985;
Craig et al. 2007; Start 2017). We then used GLMMs with bino-
mial error distributions to test for the effect of gall size on the
frequency of attack by birds and parasitoids, repeating tests for
each species independently and including patch nested in city as
a random intercept. Due to our reasonably large sample sizes,
we tested for significance of all models using log likelihood ra-
tios, with likelihoods determined from the maximum-likelihood
solution (Bolker et al. 2009).
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codes: *<0.05, ** <0.01, *** <0.001.

We then attempted to relate any differences in patterns of
attack across urbanization gradients to underlying environmental
conditions. We began by log-transforming all independent vari-
ables to linearize observed relationship and to meet statistical as-
sumptions (of a later analysis using structural equation modeling),
and then standardizing each independent variable by subtracting
the mean and dividing by the standard deviation. By using stan-
dardized predictors, we aimed to calculate standardized selection
coefficients, allowing a comparison of the relative importance of
different variables (Lande and Arnold 1983). We first used LMs
in univariate analyses to test for relationships between forest sur-
face area, unmowed surface area, and distance to trees to distance
into the city. We then used GLMMs with binomial error distri-
butions to test for relationships between the frequency of attack
by each enemy and all environmental variables in a fully interac-
tive model, including patch nested in city as a random intercept.
We removed non-significant (always P > 0.15) terms to arrive at
a final model, and estimated the effects of cities by comparing
equivalent final models with and without city as a random effect.

PHENOTYPIC SELECTION ANALYSES
We next aimed to relate ecological differences in patterns of at-
tack to resultant selective differences on the gall size of Eurosta.

Before analyzing selection coefficients, we calculated relative fit-
ness by dividing an individual gall maker’s survival by the mean
survival measured in each patch (Lande and Arnold 1983). Rel-
ativizing within patches assumes that gall-makers are interacting
with other individuals in their patch (Start and Gilbert 2016),
and thus assumes low levels of dispersal (De Lisle and Svensson
2017).

We used separate models to estimate significance values and
regression coefficients because coefficients from GLMMs can-
not be directly related to selection, and LMs of transformed
binary data cannot be assessed for significance because statis-
tical assumptions are violated (e.g., normality, homoscedasticity,
etc.; Start and Gilbert 2016; Start 2017). We tested for signif-
icant selection coefficients for gall size by regressing survival
against standardized gall size using a GLMM with a binomial
error distribution for all data together (global selection), and for
each patch separately (local selection). We included patch as a
random effect in the global selection analysis (for which fit-
ness was relativized across all gall makers rather than at the
patch level). We repeated this analysis using an LM with rela-
tive fitness as the response variable to estimate selection coeffi-
cients for gall size and their standard errors (Lande and Arnold
1983).

EVOLUTION 2018 5
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We considered linear selection coefficients to represent esti-
mates of directional selection (Start and Gilbert 2016; Start 2017),
but then estimated nonlinear selection coefficients as a measure of
nonlinear (stabilizing or disruptive) selection (Lande and Arnold
1983). Both types of selection often occur simultaneously for
the same trait in the same system (e.g., Weis and Abrahamson
1985; Start and Gilbert 2016), but are only estimable using differ-
ent models (Lande and Arnold 1983). Specifically, we estimated
nonlinear selection coefficients by including the squared standard-
ized gall size in the above models, then doubled the coefficients
from LMs to calculate the actual magnitude of nonlinear selection
(Stinchcombe et al. 2008).

We used the above calculated coefficients to test for sys-
tematic differences in selection on Eurosta gall size. Specifically,
we fit a linear mixed model (LMM), regressing distance into the
city against our calculated selection coefficients, including city
as a random intercept and weighting each coefficient by the in-
verse of its standard error. Because not all patch-level selection
coefficients were significant, this weighting reduces the impor-
tance of selection coefficients with only weak statistical support
(Start and Gilbert 2016). Thus, weighting should prevent a few
nonsignificant selection coefficients from driving patterns of se-
lection across urban gradients. We repeated the analysis for linear
and nonlinear selection coefficients separately, with each measure
testing for changes in directional and nonlinear (stabilizing or dis-
ruptive) selection, respectively (Lande and Arnold 1983; Start and
Gilbert 2016).

Structural equation modelling

As an additional step, we aimed to tie together all above analy-
ses using structural equation modeling (SEM; “lavaan”; Rosseel
2012). As above, all variables were log-transformed and standard-
ized to meet assumptions, and to be able to compare standardized
selection coefficients. We began with a base model linking dis-
tance from city edge to pertinent environmental variables (forest
cover and the attack rates (abundance) of Eurosta gall-makers)
that were in turn linked to the frequency of bird predator and Eu-
rytoma parasitoid attack, respectively. These estimates of attack
frequency were then used to predict linear selection coefficients
for gall size. After creating this base model, we sequentially added
or removed potential links (all tested links are summarized in
Fig. S6). We always fit links as regressions, ensuring that distance
from the city edge was the most ultimate predictor, and that se-
lection coefficients were the most proximate variable. Ultimately,
we chose the model with the lowest AIC, but that still retained all
links and variables included in the base model.

Phenotypic differences

We investigated phenotypic differences among patches, aiming
to link traits to selection on gall size. We tested for changes in

6 EVOLUTION 2018

gall size across urban gradients, which may have resulted from
differences in selection. We used an LMM to regress distance
into the city against gall size, including patch nested in city as a
random intercept. As a more direct test, we reran the same model,
separately using linear and nonlinear selection coefficients for
gall size as predictor variables.

Testing for spatial autocorrelation

Finally, since spatial data are not fully independent, the regression
approaches used here are only justified when spatial autocorre-
lation in residuals is insignificant (Diniz Filho et al. 2003). We
formally tested for spatial autocorrelation in each factor. Specifi-
cally, we saved residuals from each model, then examined spatial
autocorrelation using Moran’s I correlograms (“ape”; Paradis et al.
2004).

Results

A large proportion of goldenrod stems were attacked by Eurosta
gall-makers, which were in turn attacked by predatory birds and
the parasitoid E. gigantea. Eurosta formed galls on goldenrod
more frequently in rural than urban areas (Fig. 1A; P < 0.001),
but this pattern did not vary among cities (P > 0.3). Attack by
bird predators declined in city centers relative to rural areas (1B;
P = 0.005), but did so consistently in all cities (P = 0.27). Con-
versely, attack by the parasitoids E. gigantea, E. obtusiventris, and
Mordellistena was unaffected by a patch’s distance into the city
(Fig. 1C-E; all P > 0.25; see Table S2 for outputs from models).
All estimates of attack frequency were within the typical range
observed in previous studies (Uhler 1951; Weis and Abrahamson
1985; Abrahamson et al. 1989; Craig et al. 2007; Start and Gilbert
2016; Start 2018).

Ecologically relevant measures of enemy habitat availabil-
ity drove patterns of attack across urban-rural gradients. Eurosta
formed fewer galls when unmowed field was rare (Fig. 2A; P
= 0.04), as occurred in urban areas (P < 0.001). Attack by par-
asitoids was unaffected by any environmental variable or gall-
maker abundance (all P < 0.3) but attack by bird predators was
positively correlated with forest surface area (Fig. 2B; P = 0.04),
and forest surface area declined in urban areas (P = 0.02). We
note that these ecological measures all varied along the urban-rural
gradient, such that they are not independent. The rural-urban gra-
dient was a better predictor of Eurosta abundance and bird attack,
suggesting that the multivariate nature of the urban-rural gradient
better captures ecological dynamics than any single ecological
variable.

The parasitoid E. gigantea and bird predators preferentially
attacked small and large galls respectively (Fig. 3A; both
P < 0.001). Globally, selection favored larger galls (f =
0.14, P <0.001) and had a stabilizing component (y = —1.43,
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Figure 4. Gall size is unchanging across five urbanization gradi-
ents. Analyses used a GLMM to predict gall size (the best fit line)
but here we used mean gall to make our data more easily in-
terpretable. Each point therefore represents a single patch rather
than a single gall.

P < 0.001). At the patch level, directional selection for larger
galls increased further into the city (Fig. 3B; P = 0.002). Non-
linear selection was stabilizing near city edges, but coefficient
values increased to become neutral further into cities (Fig. 3C;
P < 0.001). SEM analyses (AAIC = 21.3) corroborated all
above tests; forest cover and gall-maker abundance both declined
further into the city (both P < 0.01), reducing the frequency
with which galls were attacked by birds (P = 0.02). Conversely,
reduced gall abundance had no effect on the frequency of attack
by the parasitoid E. gigantea (P > 0.45). Ultimately, differences
in the frequency of attack by predators and parasitoids mediated
patterns of linear selection on gall size (Fig. 3D; both P < 0.001).

However, these differences in selection on gall size did not
result in changes in mean gall size among patches (both P > 0.45),
nor did gall size change systematically across urban gradients
(Fig. 4; P = 0.66). We found no evidence of residual spatial
autocorrelation in any test (all P > 0.2).

DISCUSSION

Our study demonstrates how urbanization can shape patterns of
species interactions and selection. Although it is well known that
community composition and species interactions change from ru-
ral to downtown areas (Faeth et al. 2005; Raupp et al. 2010; McP-
hearson et al. 2016), the evolutionary consequences of chang-
ing species interactions in urban environments remain largely
unexplored (Donihue and Lambert 2015; Johnson et al. 2015;
Johnson and Munshi-South 2018). We show that species respond
differently to urbanization (Fig. 1), sometimes but not always in
response to underlying changes in habitat availability (Fig. 2).
Urbanization altered the relative frequency of attack on galls and

created selection on gall size for phenotypes resistant to the par-

asitoid E. gigantea (Fig. 3B and D). Reduced attack from bird
predators in cities removed selection for smaller galls, causing
the breakdown of stabilizing selection (Fig. 3C). Although large
selective differences existed between urban and rural sites, selec-
tion on gall size did not drive changes in gall size (Fig. 4). Our
study suggests that changing species interactions can underlie the
evolutionary consequences of urbanization.

Plant parasitism by the gall-maker declined toward the center
of cities. Eurosta formed fewer galls per goldenrod stem in cities,
a pattern that was correlated with a concurrent decline in available
habitat (unmowed fields; Figs. 1A and 2A). The decline in attack
may have been due to reduction in available habitat, thus caus-
ing stochastic extinctions and low mean population sizes (Lande
1993). Alternatively, some other correlated effect of intense ur-
banization may degrade habitat quality (Sumoski et al. 2009),
although it is more plausible that habitat availability had a di-
rect effect on gall-maker abundances. In contrast to our work,
other studies have found an increase in gall-maker abundance in
cities, seemingly in response to changes in plant quality (Sumoski
et al. 2009). These contrasting patterns suggest that the effects of
urbanization on gall-makers are likely to depend on the factors
limiting their abundance.

Trophic dynamics were altered by urbanization, but enemies
responded differently and only sometimes predictably. Bird attack
on gall-makers declined in cities, a pattern possibly driven by re-
duced forest habitat in urban areas (Figs. 1B and 2B). Conversely,
parasitoid abundance was unaffected by urbanization and was un-
correlated to any measured environmental variable (Fig. 1C-E),
despite the inclusion of biologically plausible quantifications of
parasitoid habitat (unmowed field) and host (Eurosta) abundance.
Curiously, this pattern is opposite to another study (Faeth et al.
2005) that suggests that parasitoids but not birds decline in urban
areas. That study occurred in desert conditions, meaning that the
irrigated cityscape with abundant food subsidies may have repre-
sented a higher quality habitat for many bird species (Faeth et al.
2005). Contrasting these studies raises an important point: shifts
in ecology and evolution will depend on which resources become
more limiting over the rural urban gradient’s direction. As a con-
sequence, it will be difficult to make generalizations about the
effects of urbanization (Raupp et al. 2010). Furthermore, habitat
availability in urban environments is not necessarily a strong in-
dicator of species abundances (e.g., for parasitoids; Fig. 1C-E).
The breakdown of the habitat availability-species abundance re-
lationship may occur either if habitat is always abundant enough
to support large and self-sustaining populations (Lande 1993),
or if some other variable relating to habitat quality is primarily
responsible for driving species abundances. In sum, species re-
spond differently to urbanization, and these responses are only
sometimes predictable using coarse-scale environmental corre-
lates such as habitat or host availability.
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The differential sensitivity of bird and parasitoid enemies to
city-associated habitat differences created changes in their rela-
tive frequencies of attack, ultimately altering patterns of selection
on gall size in urban environments. In many cases, defensive
traits impose a cost, creating selection against resistance when
consumers are absent (Peckarsky and Mclntosh 1998; Sih et al.
1998; Start and Gilbert 2016). For example, Mikolajewski et al.
(2006) showed that defensive spines on dragonfly larvae improved
survival in the presence of fish, but were detrimental when faced
with predation by invertebrates. In our study, bird predators and
the parasitoid E. gigantea selected for opposite defensive phe-
notypes (Fig. 3A), meaning that traits that confer an advantage
against E. gigantea (large gall size) will be costly when defend-
ing against birds. As a result, when bird attack declined but attack
by the parasitoid remained constant in urban areas, directional
selection favored larger galls, which are impervious to attack by
E. gigantea but sensitive to predatory bird attack (Fig. 3B and
D). Interestingly, the SEM analysis demonstrated that the impact
of urbanization on selection on gall size was entirely driven by
changes in habitat availability, and thus differences in frequency
of attack by bird predators (Fig. 3D). We may then surmise that
the afforestation of cities would eliminate the detrimental effect of
urbanization for birds, and therefore cancel selective differences
between populations in urban versus rural habitats.

The second selective effect of predatory bird loss is the weak-
ening of stabilizing selection on gall size (Fig. 3C). When both
enemies that impose selection are present in approximately equal
abundances, their preferences for opposite defensive traits favor
intermediate phenotypes (Weis and Abrahamson 1985). Corre-
spondingly, when one enemy, in this case bird predators, is ab-
sent or reduced in abundance, stabilizing selection on gall size
breaks down because only one of two selective pressures remain
(Fig. 3C; Start and Gilbert 2016; Start 2017). While changes in
the direction of directional selection are likely to be idiosyncratic,
depending on the particular order of species loss, a breakdown
of stabilizing selection may be a general phenomenon resulting
from the loss of one or both enemies. While the maintenance of
both enemies in urban systems is possible, three of four possi-
bilities (the loss of one or the other or both species) will result
in weakened stabilizing selection. In short, stabilizing selection
should break down in urban environments whenever the sensitiv-
ities of enemies to urbanization and associated habitat differences
diverge (Faeth et al. 2005; Christie et al. 2010; Raupp et al. 2010),
or when both enemies are particularly sensitive to urbanization
and therefore absent from urban areas. However, many biological
systems have higher levels of complexity, with many biotic and
abiotic factors shaping selection. In more complex systems, the
loss of one selective pressure may be compensated for by gains in
another, maintaining stabilizing selection in urban environments.
Ultimately, many communities are far more complex than the fo-
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cus of our study, potentially making a priori predictions about
changes to species interactions and selection difficult.

An important question arising from our results is why there
were no detectable differences in gall size in response to the
differences in selection. Put simply, why has urbanization not
caused gall sizes to diverge? First, observational approaches are
often insufficient to detect local adaptation (Kawecki and Ebert
2004; Blanquart et al. 2013), meaning that local adaptation may
well have occurred, but is undetectable using phenotypic surveys.
For example, genetic differentiation could have occurred among
populations with respect to gall size, but the environmental con-
tribution to phenotype may be large enough to swamp any signal
of local adaptation (Kawecki and Ebert 2004). If we had grown
Eurosta gall-makers in acommon environment, we may well have
been able to detect among-patch variation in gall size consistent
with patterns of selection on the same trait (Craig et al. 2007,
Start and Gilbert 2016). However, even if we had conducted a
common-garden experiment to test for local adaptation, it may be
unlikely for adaptation to occur in this system. The potential dif-
ficulties associated with adaptive evolution arise because gall size
is determined by the genotype of Eurosta, but also the genotype
and quality of its goldenrod host (i.e., an insect genotype x plant
host genotype x environment interaction; Craig et al. 2007). This
complex interaction underlying phenotype raises intriguing pos-
sibilities about the likelihood of adaptation and the response of
populations to urbanization. First, we may expect that such com-
plex interactions will minimize the likelihood of local adaptation
by reducing the heritability of gall size (Craig et al. 2007). More
interestingly, plant genotype or environmental quality may itself
change along an urbanization gradient, requiring changes in Eu-
rosta genotype simply to maintain the same gall size (i.e., counter
gradient or canalizing selection; Kawecki and Ebert 2004). We
may then hypothesize that selection should be driven by urban-
ization not just because abiotic or ecological conditions change,
but also because the genotypes or phenotypes of other, closely
interacting species, are altered by urbanization (i.e., urban coevo-
lution; Johnson et al. 2015; Johnson and Munshi-South 2018).
In sum, local adaptation could have occurred in this system, but
is masked by environmental and host-genotype differences. This
creates the interesting possibility that abiotic, ecological, and evo-
lutionary factors ultimately and interactively determine selection
in urban environments.

Beyond the complexity of selection and potentially over-
whelming environmental differences, there are reasons to suspect
that local adaptation is fundamentally less likely in urban envi-
ronments, preventing selection from driving distributions of gall
sizes in our study (Johnson et al. 2015; Johnson and Munshi-South
2018). First, rapid evolution is not a ubiquitous process, and the
relative novelty and shifting mosaics of urban systems may mean
that populations simply did not have time to adaptively respond
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to selection. Similarly, while the direction of selection appears to
be remarkably consistent in this system (Weis and Abrahamson
1985; Abrahamson 1989; Craig et al. 2007), temporally variable
selection may nevertheless prevent strong directional responses in
phenotype (Hairston et al. 2005). Finally, selection acting through
other components of fitness may counter-balance selection caused
by differential survival. For instance, while unlikely in this system
(Weis and Abrahamson 1986), there is often a trade-off between
survival and fecundity, causing the measurement of selection on
just one component of fitness to provide a biased view of total
selection. In sum, the complexities of selection acting on many
components of fitness and varying through time may lead to a lack
of phenotypic differentiation among populations that experience
strongly divergent selection regimes.

Beyond the speed of evolution and the consistency of selec-
tion, other evolutionary processes may act to speed or retard the
rate of evolutionary change in urban environments (Johnson and
Munshi-South 2018). For instance, gene flow may have swamped
any selection on gall size occurring in individual patches (Slatkin
1987). Relatively small amounts of gene flow, as little as one in-
dividual per generation, can prevent local adaptation (Lenormand
2002). However, local adaptation has been observed in a number
of other studies of urban evolution in dispersive species (Johnson
et al. 2015), and dispersal and thus gene flow is likely reduced
in cities and in some cases may even be selected against, fur-
ther reducing gene flow over time (Cheptou et al. 2008). Second,
genetic drift may prevent selection from removing maladapted
genotypes from a population, thus hampering local adaptation
(Kawecki and Ebert 2004). This possibility is intriguing because
genetic drift may be particularly strong in urban environments,
owing to the small and fragmented nature of populations in cities
(Donihue and Lambert 2014; Johnson and Munshi-South 2018).
For example, in our system, unmowed areas are less prevalent and
goldenrod is attacked by Eurosta gall-makers less frequently in
cities, suggesting that Eurosta populations are smaller and hence
more susceptible to drift in urban areas. It is also possible that
the above three hypotheses are jointly contributing to the lack of
local adaptation (Johnson et al. 2015; Johnson and Munshi-South
2018). We suggest that while reduced dispersal in urban environ-
ments may facilitate local adaptation, this pattern can be negated
by drift in small populations.

By incorporating trophic dynamics with phenotypic selec-
tion, our study has begun to investigate the intimate links between
ecology and evolution in cities. We have shown that species re-
spond differently to urbanization and that those differences are
sometimes but not always predicted by changes in habitat avail-
ability (Figs. 1 and 2). These differences strengthened upward
directional selection on gall size by relaxing the opposing down-
ward selective force (Fig. 3), which thereby weakened stabilizing
selection. The loss of stabilizing selection may be common in

cities if opposing selective agents often respond differently to
urbanization (Johnson et al. 2015). However, these selective dif-
ferences did not obviously cause phenotypic differences among
populations (Fig. 4), perhaps because of overwhelming environ-
mental differences, the slow speed of adaptive evolution, incon-
sistent selection, gene flow, or drift, the latter of which is likely
to be particularly important in urban environments. Overall, the
repeatability of species interactions and selection across cities
suggests that these links may be widespread, and that selection
may act similarly in geographically distant but environmentally
similar urban areas (Thompson et al. 2016). Nevertheless, the lack
of aresponse to selection suggests that eco-evolutionary dynamics
in urban areas may be more complex then previously appreciated
(Johnson and Munshi-South 2018). We suggest that ecology can
underlie evolutionary dynamics in urban systems, and that eco-
evolutionary dynamics are common in cities.

AUTHOR CONTRIBUTIONS

All authors devised the study. D.S. and C.B. conducted field work. D.S.
analyzed the data and wrote the manuscript. All authors edited and ap-
proved of the final version of the manuscript.

ACKNOWLEDGMENTS

We thank Kaitlyn Brown for accommodation. We also thank Isabela
Borges for help in dissecting galls. We partly sampled at the Koffler
Scientific Reserve. Research funding was provided by NSERC (B.G.)
and personal funding was awarded by OGS (D.S.).

DATA ARCHIVING
Data are available through Dryad (https://doi.org/10.5061/dryad.
4d12¢92).

LITERATURE CITED

Alberti, M. 2015. Eco-evolutionary dynamics in an urbanizing planet. TREE
30:114-126.

Altermatt, F., and D. Ebert. 2016. Reduced flight-to-light behaviour of moth
populations exposed to long-term urban light pollution. Biol. Lett.
12:20160111.

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2015. Fitting linear mixed-
effects models using Ime4. J. Stat. Software 67:1-48.

Beissinger, S. R., and D. R. Osborne 1982. Effects of urbanization on avian
community organization. Condor 84:75-83.

Benkman, C. W.2013. Biotic interaction strength and the intensity of selection.
Ecol. Lett. 16:1054-1060.

Blanquart, F., O. Kaltz, S. L. Nuismer, and S. Gandon. 2013. A practical guide
to measuring local adaptation. Ecol. Lett. 16:1195-1205.

Bolker, B. M., M. E. Brooks, C. J. Clark, S. W. Geange, J. R. Poulsen, M. H.
H. Stevens, and J. S. S. White. 2009. Generalized linear mixed models:
a practical guide for ecology and evolution. TREE 24: 127-135.

Cheptou, P. O., O. Carrue, S. Rouifed, and A. Cantarel. 2008. Rapid evolution
of seed dispersal in an urban environmental in the weed Crepis sancta.
PNAS 105:3796-3799.

Christie, F. J., G. Cassis, and D. F. Hochuli. 2010. Urbanization affects the
trophic structure of arboreal communities. Urban Ecosyst. 13:169-180.

EVOLUTION 2018 9


https://doi.org/10.5061/dryad.4d12c92
https://doi.org/10.5061/dryad.4d12c92

D. START ET AL.

Craig, T. P, J. K. Itami, and J. V. Craig. 2007. Host plant genotype influences
survival of hybrids between Eurosta solidaginis host races. Evolution
61:2607-2613.

Debinski, D. M., and R. D. Holt. 2000. A survey and overview of habitat
fragmentation experiments. Conserv. Biol. 14:342-355.

DelLisle, S. P, and E. 1. Svensson. 2017. On the standardization of fitness
and traits in comparative studies of phenotypic selection. Evolution. In
press. https://doi.org/10.1111/evo.13325.

Diniz-Filho, J. A. F, L. M. Bini, and B. A. Hawkins. 2003. Spatial autocorre-
lation and red herrings in geographical ecology. Global Ecol. Biogeogr.
12:53-64.

Donihue, C. M., and M. R. Lambert. 2015. Adaptive evolution in urban
ecosystems. Ambio 44:194-203.

Faeth, S. H., P. S. Warren, E. Shochat, and W. A. Marussich. 2005. Trophic
dynamics in urban communities. AIBS Bull. 55:399-407.

Horner, J. D., T. P. Craig, and J. K. Itami. 1999. The influence of oviposition
phenology on survival in host races of Eurosta solidaginis. Entomol.
Exp. Appl. 93:121-129.

Irwin, R. E., P. S. Warren, A. L. Carper, and L. S. Adler. 2014. Plant-animal
interactions in suburban environments: implications for floral evolution.
Oecologia 174:803-815.

Johnson, M. T. J., K. A. Thomson, and H. S. Saini. 2015. Plant evolution in
the urban jungle. AJB 102:1951-53.

Johnson, M. T. J., and J. Munshi-South. 2018. Evolution of life in urban
environments. Science 358: eaam8327.

Kawecki, T. J., and D. Ebert. 2004. Conceptual issues in local adaptation.
Ecol. Lett. 7:1225-1241.

Kellam, J. S.,J. R. Lucas, and J. C. Wingfield. 2006. The role of testosterone in
male downy woodpeckers in winter home range use, mate interactions,
and female foraging behaviour. Anim. Behav. 71:695-707.

Lande, R. 1993. Risks of population extinction from demographic and environ-
mental stochasticity and random catastrophes. Am. Nat. 142:911-927.

Lenormand, T. 2002. Gene flow and the limits to natural selection. TREE
17:183-189.

McPhearson, T., S. T. Pickett, N. B. Grimm, J. Niemela, M. Alberti, T.
Elmgqvist, C. Weber, D. Haase, J. Breuste, and S. Qureshi. 2016. Advanc-
ing urban ecology toward a science of cities. BioScience 66:198-212.

Paradis, E., J. Claude, and K. Strimmer. 2004. APE: analyses of phylogenetics
and evolution in R language. Bioinformatics 20:289-290.

Peckarsky, B. L., and A. R. McIntosh. 1998. Fitness and community conse-
quences of avoiding multiple predators. Oecologia 113:565-576.
Raupp, M. J., P. M. Shrewsbury, and D. A. Herms. 2010. Ecology of herbivo-

rous arthropods in urban landscapes. Ann. Rev. Entomol. 55:19-38.

Root, R. B. 1996. Herbivore pressure on goldenrods (Solidago altissima): its

variation and cumulative effects. Ecology 77:1074-1087.

10 EVOLUTION 2018

Rosseel, Y. 2012. Lavaan: an R package for structural equation modeling. J.
Stat. Software 48:1-36.

Rottenborn, S. C. 1999. Predicting the impacts of urbanization on riparian
bird communities. Biol. Conserv. 88:289-299.

Seto, K. C., R. Sanchez-Rodriguez, and M. Fragkias. 2010. The new geog-
raphy of contemporary urbanization and the environment. Ann. Rev.
Environ. Resour. 35:167-194.

Sih, A., G. Englund, and D. Wooster. 1998. Emergent impacts of multiple
predators on prey. TREE 13: 350-355.

Slatkin, M. 1987. Gene flow and the geographic structure of natural popula-
tions. Science 236: 787-792.

Start, D., and B. Gilbert. 2016. Host-parasitoid evolution in a metacommunity.
Proc. R Soc. B 283: 20160477.

Stinchcombe, J. R., A. F. Agrawal, P. A. Hohenlohe, S. J. Arnold, and
M. W. Blows. 2008. Estimating nonlinear selection gradients us-
ing quadratic selection coefficients: double or nothing? Evolution 62:
2435-2440.

Sumoski, S. E., A. J. Johncox, D. M. Althoff, and K. A. Segraves. 2009.
Impact of urbanization on tri-trophic interactions in an endemic scrub
community. Floride Entomol. 92:582-587.

Thompson, K., J. G. Hodgson, R. M. Smith, P. H. Warren, and K. J. Gaston.
2004. Urban domestic gardens: composition and diversity of lawn floras.
J. Veg. Sci. 15:373-378.

Thompson, K. A., M. Renaudin, and M. T. Johnson. 2016. Urbanization
drives the evolution of parallel clines in plant populations. Proc. R Soc.
B 283:20162180.

Weis, A. E., and W. G. Abrahamson. 1985. Potential selective pres-
sures by parasitoids on a plant- herbivore interaction. Ecology 66:
1261-1269.

Weis, A. E., and W. G. Abrahamson 1986. Evolution of host-plant manipu-
lation by gall makers: ecological and genetic factors in the Solidago-
Eurosta system. Am. Nat. 127:681-695.

Weis, A. E., and A. Kapelinski. 1994. Variable selection on Eurosta’s gall size.
II. A path analysis of the ecological factors behind selection. Evolution
48:734-745.

Winchell, K. M., R. G. Reynolds, S. R. Prado-Irwin, A. R. Puente-Rolon, and
L. J. Revell. 2016. Phenotypic shifts in urban areas in the tropical lizard
Anolis cristatellus. Evolution 70:1009-1022.

Zuckerberg, B., D. N. Bonter, W. M. Hochachka, W. D. Koenig, A. T. DeGae-
tano, and J. L. Dickinson. 2011. Climatic constraints on wintering bird
distributions are modified by urbanization and weather. J. Anim. Ecol.
80:403-413.

Associate Editor: N. Emery
Handling Editor: P. Tiffin


https://doi.org/10.1111/evo.13325

URBAN INTERACTIONS SHAPE SELECTION

Supporting Information

Additional supporting information may be found online in the Supporting Information section at the end of the article.

Figure S1: A map of Guelph. Red points mark sampling sites. The orange line denotes our demarcation of the shift from urban to rural habitat. Distance
into the city was measure from the nearest edge

Figure S2: A map of Kitchener-Waterloo. Red points mark sampling sites. The orange line denotes our demarcation of the shift from urban to rural habitat.
Distance into the city was measure from the nearest edge

Figure S3: A map of London. Red points mark sampling sites. The orange line denotes our demarcation of the shift from urban to rural habitat. Distance
into the city was measure from the nearest edge

Figure S4: A map of Newmarket. Red points mark sampling sites. The orange line denotes our demarcation of the shift from urban to rural habitat.
Distance into the city was measure from the nearest edg

Figure S5: A map of Toronto. Red points mark sampling sites. The orange line denotes our demarcation of the shift from urban to rural habitat. Distance
into the city was measure from the nearest edge

Figure S6: A figure showing all possible combinations of paths in our path model. Paths retained in the final model are colored in green (positive) or red
(negative) and their size is scaled to the magnitude of the effect. Black dashed lines represent paths that were tested but not retained in the final model
Table S1: Summary of sampling effort for five cities

Table S2: Outputs from GLMM:s of attack rates
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