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Abstract

1. The increase in species diversity from temperate to tropical regions is one of the

most widespread patterns in biogeography. As humans continue to drastically mod-
ify natural habitats, land-use changes such as the development of cities could
potentially alter typical latitudinal diversity gradients. Cities could depress or
enhance biodiversity through filtering, localised extirpations, or increasing niche

availability, respectively.

. To address these possibilities and the consequences for the latitudinal diversity gra-

dient, we constructed a global dataset of urban species diversity (richness) and
community composition across ~60° of absolute latitude and from 63 cities. We
focused our study on ants, for which comparable urban and non-urban diversity

data are broadly available.

. We found that urbanisation significantly dampened the latitude-diversity cline. The

effects of urbanisation varied with latitude: at lower latitudes, cities were relatively
species poor and harboured distinct ant communities relative to nearby non-urban
communities. In higher latitude cities, both species richness and community compo-

Editor: Yves Basset and Associate Editor:
Jerome Orivel

KEYWORDS

INTRODUCTION

One of the most frequently documented patterns in macroecology is
the latitudinal diversity gradient, where species diversity decreases
with increasing latitude (Gaston, 2000; Hillebrand, 2004; Willig
et al., 2003). With the emergence of global datasets, multiple studies
have investigated why this relationship exists and have developed
multiple hypotheses explaining this pattern, including species-energy
relationships, and systematic differences in speciation and extinction
rates (Gaston, 2000; Hillebrand, 2004; Willig et al., 2003). These
advances have improved our understanding of the patterns and

drivers of global biodiversity. However, few studies have considered

sition were more similar to the surrounding non-urban ant communities.
4. Our analyses suggest that the strongest impacts of urbanisation on ant diversity
may be in the tropics, where biological diversity is already expected to experience

the greatest risk of extinction in the face of climate change.

community composition, latitude-diversity, macroecology, species richness, urbanisation

how human alterations to natural environments, such as urbanisation,
might modify or disrupt these well-established relationships. This is
despite the recognition of the potential impact of urbanisation on
local-scale patterns of biodiversity (Baldock et al., 2015; Nilon, 2011,
Sadler et al., 2010).

With over half of the world’s population now living in cities
(United Nations Department of Economic and Social Affairs, 2015)
and approximately 3% of the global terrestrial surface consisting of
heavily altered urban land cover (Liu et al., 2014), urbanisation repre-
sents a pervasive anthropogenic challenge for biodiversity. At a
global scale, the processes associated with urbanisation typically

reduce species richness relative to the surrounding natural areas
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(Aronson et al., 2014; Grimm, Faeth, et al., 2008; Grimm, Foster,
et al., 2008; Luck & Smallbone, 2010; Niemelad & Kotze, 2009; Saari
et al, 2016; Wenzel et al., 2020). These losses are exacerbated by
human-mediated introductions of exotic species, which often gener-
ate novel, but species-poor communities through the replacement and
suppression of native species (Gippet et al., 2017; McGlynn, 1999;
Sanders et al., 2003; Winter et al., 2009). Moreover, the addition of
exotic species is often insufficient to recoup the loss of native species
diversity in cities (Faeth et al., 2011). Coupled together, biological
communities in cities often have fewer species, and/or different spe-

cies, from those of the surrounding natural communities. Such urban-
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specific loss of native species might therefore decrease the typical
latitude-diversity relationship in cities if few exotic species replace
many native species (Figure 1a). Alternatively, cities might cause the
typical latitude-diversity relationship to become noisier rather than
systematically dampened (Figure 1b). Recent studies have challenged
the universality of urban biodiversity loss by demonstrating that diver-
sity in some cities is maintained or even increases relative to sur-
rounding non-urban areas (Hill et al., 2017; Menke et al., 2011,
Perez & Diamond, 2019; Saari et al., 2016). If cities harbour idiosyn-
cratic gains and losses of biodiversity, the latitude-diversity relation-
ship might therefore simply become noisier, depending on the
magnitude of the urban-non-urban diversity change relative to the
latitudinal signal.

Another important consideration for the impact of urbanisation
on the latitude-diversity relationship is whether the effects of urbani-
sation on biodiversity themselves systematically vary with latitude
(Figure 1c). For example, a latitudinal cline in the effects of cities on
biodiversity could be driven by shifts in the costs and benefits of
urban warming across latitude. Urban heat island effects are a consis-
tent feature of cities across latitude (Oke, 1982); however, urban heat
islands could be expected to have benign consequences on biodiver-
sity at higher latitudes, but detrimental consequences at lower lati-
tudes. As ectothermic species tend to be thermally limited by cold
temperatures at high latitudes, cities could relax this constraint where
background temperatures are cooler. In contrast, ectothermic species
tend to be near their limits of thermal performance at low latitude, in
which case, cities could induce thermal stress in these warmer back-
ground temperature environments (Deutsch et al., 2008; Ghalambor
et al., 2006; Tewksbury et al., 2008). Thus, rates of species loss in cit-
ies could be disproportionately high in the tropics. Although data are
currently sparse, some studies are suggestive of urban diversity pres-
ervation at higher latitudes and loss at lower latitudes (Youngsteadt

et al.,, 2017). Such a pattern could create a dampening effect on the

FIGURE 1 Three alternative hypotheses for the impacts of
urbanisation on the latitude-diversity cline, including (a) urban-specific
loss of species diversity, (b) idiosyncratic gains and losses, and

(c) differential urban impacts across latitude. (a) Consistent losses in
urban species richness (red points), resulting in biological communities
that are species poor relative to non-urban species richness (blue
points). (b) Cities may harbour idiosyncratic gains and losses of
biodiversity. Under this scenario, the broader latitude-diversity cline is
maintained across cities, although noisier relative to non-urban
species richness change. (c) The impact of urbanisation on the
latitude-diversity cline may vary with latitude. In this example, species
richness loss may be disproportionately high at lower latitude cities
(within dark grey box) and less so at higher latitude cities (within light
grey box). Several additional alternative hypotheses are not shown:
one in which cities uniformly increase diversity; one in which urban
diversity is enhanced only at low latitudes; and one in which urban
diversity is enhanced only at high latitudes. This is because our main
hypotheses are derived from theory and empirical support, and these
other alternative hypotheses are currently unsupported (though
nonetheless possible), including specifically in ant systems (Gibb

etal., 2015).
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latitude-diversity cline, with the effects of urbanisation varying with
latitude (Figure 1c).

We compiled a dataset of species richness and community composi-
tion of ants in cities and adjacent non-urban areas to examine the
impacts of urbanisation on the latitude-diversity gradient. We focused on
ants, as they are ubiquitous in nearly every terrestrial ecosystem, includ-
ing cities, and patterns of global ant diversity closely follow patterns of
other taxa (Dunn et al., 2010; Economo et al., 2018; Kaspari et al., 2003;
Kusnezov, 1957; Lach et al., 2010; Moreau & Bell, 2013; Santos, 2016).
Furthermore, ants already exhibit a strong latitude-diversity relationship,
making them an excellent candidate system to explore the impacts of
urbanisation on latitudinal clines in diversity (Kusnezov, 1957). Finally,
ant diversity is highly responsive to biogeographic variation in climate
including temperature and precipitation, as well as to variation in habitat
disturbance (Gibb et al., 2015). Using a paired study design wherein we
calculated the species richness of individual cities and nearby non-urban
communities, we tested whether cities dampened the latitude-diversity
gradient, that is, whether ant species richness in cities was reduced rela-
tive to that in surrounding areas. We then explored the basis for our
observed patterns, specifically by asking: (1) whether urbanisation tends
to reduce diversity, (2) whether urban community composition differs
from the nearby non-urban community, and (3) whether impacts of

urbanisation on diversity and composition vary across latitude.

MATERIALS AND METHODS

Developing the ant species richness and community
composition database

We developed a global ant species richness dataset derived from

studies conducted in both urban and non-urban areas (hereafter

- NI

referred to as habitat). To develop the urban data subset, we consoli-
dated georeferenced data of species richness and community compo-
sition by searching Google Scholar and Web of Science using the
following keywords: urban, ants, community, richness, and diversity
(last accessed date: 6 November 2019). From this search, we found
35 studies (63 cities) that reported species richness in urbanised envi-
ronments (Figure 2; Table S1). We defined urban environments as
sites located within city boundaries, outdoors and embedded within
urban development; no samples from within buildings were included.
These studies followed standard ant survey protocols such as pitfall
trapping, timed hand sampling, baiting, and litter extractions
(Bestelmeyer, 2000). Due to the limited number of studies investigat-
ing ant species richness in cities, our analyses used raw values of spe-
cies richness as opposed to rarified values. Sampling method and
effort varied among studies, and few studies reported a measure of
species abundance. As a result, we were unable to effectively subset
the data by sampling method or reported metrics; however, this
potential confounding effect was controlled for in our analyses by
including study ID as a model term (Pautasso et al., 2011).

Next, we gathered non-urban ant species richness data, using the
Global Ants Database (GLAD, Gibb et al., 2017). We selected non-
urban studies by identifying georeferenced GLAD records within the
region of each city (250 km radius buffer around each city with urban
species richness data). Owing to the large amount of interspecific vari-
ation in flight dispersal distances (four orders of magnitude
Helms, 2017), we selected this radius as it would reasonably separate
regional scale species pools, that is, the radius is over 30 times the
mean of known ant flight distances (Helms, 2017). We found 50 stud-
ies (57 sites) that met this criterion (Figure 2; Table S1).

Lastly, we used a combined dataset across the 35 urban and
50 non-urban studies to explore differences in community composi-

tion. To develop the urban data subset, we identified urban studies

FIGURE 2 Geographic location of study sites used in analyses. Red points represent urban sites and blue points represent non-urban sites.
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that minimally identified morphospecies within genera, sampled
within a focal city. To develop the non-urban data subset, we identi-
fied regional non-urban studies (within a 250 km radius around each
city) that similarly reported at least morphospecies within genera. This
resulted in 30 pairs of urban and non-urban (morpho-)species lists,
each pair matched by city.

Controlling for intercity variation in the degree of
urbanisation

As the degree of urbanisation could potentially influence absolute dif-
ferences in ant species richness among cities and relative differences in
community composition between urban and non-urban paired sites,
we quantified the degree of urbanisation for the region of each city in
our study. We estimated the mean percent-developed impervious sur-
face area (ISA) of a 250 km buffer, using data derived from the global
density of constructed ISA data set (Elvidge et al., 2007). ISA is the per-
centage of surface area covered by artificial surfaces such as concrete,
with larger percentages indicating increased urban development. Mean

ISA was calculated using the zonal statistics tool in ArcGIS v10.4.

Statistical analyses
The effect of urbanisation on the latitude-diversity cline

To examine the impacts of urbanisation on the latitude-diversity cline
in ants, we constructed a series of linear mixed-effects models with
the main effects and interaction effects of habitat (urban and non-
urban) and latitude (absolute latitude). In some cases, multiple reports
of species richness originated from the same study (54/120 observa-
tions, 15/81 studies); therefore, we modelled ‘study ID’ as a random
effect to account for the non-independence of values from the same
study. This model allowed us to evaluate several hypotheses and pre-
dictions: (1) urban dampening of the latitude-diversity cline would be
indicated by a significant habitat x absolute latitude interaction term
with the slope for the urban habitat being smaller than the non-urban
habitat; this outcome agrees with our a priori prediction; (2) con-
versely, a significant habitat x absolute latitude interaction term with
the slope for the urban habitat being greater than the non-urban habi-
tat would indicate urban enhancement of the latitude-diversity cline;
this outcome is against our a priori prediction, but plausible if cities
have marginal reductions in biodiversity at low latitudes and more
substantial species losses at high latitudes; (3) a non-significant
habitat x absolute latitude interaction term would indicate similar
latitude-diversity clines across urban and non-urban habitats, assum-
ing the latitude main effect is still significant to demonstrate the pres-
ence of the already well-established latitude-diversity cline in ants
from unaltered habitats; although this outcome is against our a priori
prediction, it is nonetheless plausible if cities only have marginal
impacts on biodiversity; and (4) a non-significant habitat x absolute

latitude interaction term but with significant main effects of absolute
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latitude and habitat type, particularly in which the urban mean biodi-
versity is lower than non-urban, would indicate that cities reduce bio-
diversity, but do so similarly across latitude, that is, that cities
proportionally reduce biodiversity relative to the non-urban species
pool; this outcome is against our a priori prediction, but plausible if
latitude is the primary filter on diversity, with city effects on diversity
acting secondarily and in proportion to regional species pool diversity.

In the event of a significant interaction between habitat and abso-
lute latitude, we further used this as justification to quantify the latitu-
dinal cline for each habitat type separately. To accomplish this, we
performed separate linear mixed-effect models for each habitat type,
urban and non-urban. Finally, we quantified the degree to which the
urbanisation effect alters estimates of the latitude-diversity relation-
ship, by constructing a linear mixed-effect model pooled across habi-
tat type, with the main effects of absolute latitude, and the random
effect of ‘study ID’. We then compared model coefficients from the
habitat-pooled model to the separate non-urban only model. All ana-
lyses of species richness were performed using the nime package
(Pinheiro et al., 2017) in R (R Core Team, 2018).

The effect of urbanisation on community composition

After exploring the effects of urbanisation on the latitude-diversity
cline, we explored changes in community composition. We used per-
mutational multivariate analysis of variance (PERMANOVA) based on
genus occurrence and using Sgrensen (which is appropriate for
occurrence-based data) dissimilarity matrices. Species-level data were
not available for all studies included in the analysis; however, genus
and species diversity have been found to be highly correlated when
describing biodiversity patterns in ants. We included habitat type
(urban and non-urban), absolute latitude and their interaction as pre-
dictors. We performed 999 permutations for each test (McArdle &
Anderson, 2001). With this analysis, we were able to specifically ask
whether cities harboured unique ant communities or whether they
had similar community composition as nearby non-urban areas
(as assessed with the significance of the habitat type term), and
whether these trends depended on latitude (as indicated by a statisti-
cally significant interaction between habitat type and absolute lati-
tude). To visualise shifts in community composition, we performed
non-metric multi-dimensional scaling (NMDS) based on a genus occur-
rence, Sgrensen dissimilarity matrix ordinated along two dimensions.
Both analyses for community composition were conducted with the
vegan package (Oksanen et al., 2017).

RESULTS

Urbanisation dampens the latitude-diversity cline
in ants

The number of ant species in non-urban communities declined as lati-

tude increased (Table 1, Figure 3). However, and consistent with our
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TABLE 1 Estimates and statistical significance of the predictors habitat (urban vs. non-urban), absolute latitude and their interaction on ant

species richness from a linear mixed-effects model

Term Estimate SE x2 p
Habitat —41.363 14.357 23.632 <0.0001
Absolute latitude —1.624 0.284 33.033 0.003
Habitat x absolute latitude 1.008 0.388 17.816 0.008

Note: Estimates show differences from non-urban habitats. Significance was assessed using likelihood ratio tests. Significant p values are in bold.
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FIGURE 3 Relationship between species richness and absolute
latitude, between urban (red points) and non-urban (blue points)
habitats, with predicted values (solid lines) and 95% confidence
intervals (ribbons)

TABLE 2 Estimates and statistical significance of separate linear
mixed-effects models, examining the predictor of absolute latitude on
ant species richness

2

Model Estimate SE x p

Urban only —0.769 0.212 13.543 <0.001
Non-urban only —1.537 0.330 22.509 <0.0001
Habitat-pooled -1.126 0.211 29.028 <0.0001

Note: Models include urban only (species richness values subsetted to
those that originated from cities), non-urban only (species richness values
subsetted to those that originated from natural sites), and habitat-pooled
(both urban and non-urban species richness values are included; model
does not differentiate by habitat type). Significance was assessed using
likelihood ratio tests. Significant p values are in bold.

TABLE 3 PERMANOVA summary table examining differences in
ant communities across habitat (urban and non-urban), absolute
latitude, and their interaction

Term F R? p

Habitat 2.792 0.028 0.033
Absolute latitude 35.890 0.363 0.001
Habitat x absolute latitude 4.078 0.041 0.004

Note: Significant p values are in bold.
Abbreviation: PERMANOVA, permutational multivariate analysis of
variance.

expectation (Figure 1c), urbanisation dampened, but did not eliminate,
the latitude-diversity cline. Indeed, we found a significant interaction
between habitat and absolute latitude (p = <0.001; Table 1, Figure 3)
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FIGURE 4 Nonmetric multidimensional scaling (NMDS)
ordination of genus-level community composition. Each point
represents the genus composition of each habitat (urban = within
city, non-urban = within 250 km buffer around a city). Labelled
contour lines denote latitudinal trends.

such that the decline in diversity with increasing latitude was more
steep for the non-urban habitat communities compared with the
urban habitat communities (non-urban: g = —1.537, )(2 = 22.509,
p = < 0.0001; urban: g = 70.769,;(2 = 13.543, p = < 0.001; Table 2,
Figure 3). The difference in the latitudinal diversity gradient between
cities and non-urban areas changed slightly when we accounted for
variation among cities in their degree of urbanisation (approximated
by ISA). When we compared the slope estimate from the habitat-
pooled model of species richness (pooled across habitat type) to that
of the model with only the non-urban data, we found a difference of
nearly 0.5 (habitat-pooled model: g = —1.126, ;(2 = 29.028,
p = <0.0001; non-urban only model: § = —1.537, y2 = 22.509,
p = < 0.0001; Table 2). In other words, for every 1-degree change in
absolute latitude, diversity was being underestimated by half a species
in the model that ignored the effect of urbanisation.

For both the species richness and community composition ana-
lyses described below, the inclusion of the magnitude of urbanisation

(ISA) of a given city did not qualitatively change our results (Tables S2
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and S3). To simplify our analyses, we excluded ISA from the final

models.

Community composition in urban and non-urban ant
communities is similar at high latitudes, but not low
latitudes

Ant community composition differed between urban and non-urban
habitats, varied with absolute latitude, and depended on the interac-
tion between habitat and latitude (Table 3), suggesting that differ-
ences between wurban and non-urban composition varied
geographically (Figure 4, stress = 0.1080). Specifically, at high lati-
tudes, urban and non-urban communities were similar in composition,
but tended to diverge at low latitudes to the extent that in the tropics,
urban communities were unique groups of species rather than subsets

of the non-urban regional species pool.

DISCUSSION

The latitudinal-diversity gradient is one of the most widely observed,
fundamental patterns in ecology (Gaston, 2000; Hillebrand, 2004;
Willig et al., 2003). While this relationship has long been a central
aspect of ecological research (Hawkins, 2001), there is still a lack of
consensus on the underlying mechanisms (Economo et al., 2018;
Gaston, 2000; Wang et al., 2011, 2009) and even less of an under-
standing on how malleable this pattern may be, particularly when con-
sidering ongoing global anthropogenic change, such as invasion and
urbanisation (Arnan et al., 2017). Cities can radically change the land-
scape and local climate (Grimm, Faeth, et al., 2008; Grimm, Foster,
et al., 2008). However, few studies to date have examined whether
urbanisation may alter latitudinal diversity gradients. Here, we found
that urbanisation dampens the latitudinal diversity gradient for ants
(Figure 3), largely driven by differential urban effects across latitude,
where cities at lower latitudes are relatively species poor and harbour
unique collections of species that are distinct from the nearby non-
urban species pool (Figure 4). In contrast, at higher latitudes, there
was no difference in species richness nor composition between urban
and non-urban sites. As a result, the strongest and most detrimental
consequences on biodiversity were observed in cities at lower lati-
tudes, a species group already at greatest risk of extinction in the face
of ongoing climate change (Deutsch et al., 2008; Huey et al., 2009;
Tewksbury et al., 2008).

Consistent with previous findings of ant species diversity change
along broad latitudinal gradients (Dunn et al., 2010; Economo
et al., 2018; Kaspari et al., 2003; Kusnezov, 1957; Ward, 2010), non-
urban ant species richness was greatest at the lowest latitudes, and
decreased at higher latitudes. However, while the same overall pat-
tern held true for urban ant species richness, the degree of change
was far less, with urban ants exhibiting a relatively flatter diversity-
latitude cline compared with that of non-urban ants. These results

were further supported by our comparisons of our habitat-pooled
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model of species richness to the non-urban only model. Our habitat-
pooled model estimated a decrease of approximately 1 species per
1-degree change in latitude, where the non-urban only model found
that when only considering values originating from ‘natural’ sites, spe-
cies richness should decrease approximately 1.5 species per 1-degree
increase in latitude. In other words, by ignoring the source of the spe-
cies richness values, our model misestimated latitudinal species rich-
ness change by approximately 0.5 units. While this discrepancy is
seemingly small, considering the compounding effect across the latitu-
dinal range presented in this study (approximately 0°-60° of absolute
latitude), urbanisation may result in severely reduced biodiversity esti-
mates across geographic space. From a practical standpoint, these
results indicate that studies ignoring the source of species richness
can have profound effects on estimates of global species richness
change. Additionally, studies exploring natural biodiversity should be
cautious of the proximity of study sites to nearby urban development.
The physical footprint of cities is increasing globally, in order to
accommodate a growing urban population (Liu et al., 2014; Seto
et al,, 2012), and as such, cities are no longer compact, and instead
sprawl out, developing peri-urban and suburban areas (Batty, 2008).
As a result, the ecological impacts of urbanisation may extend beyond
city boundaries, influencing biodiversity at regional scales, or as we
found here, at global scales as well.

Interestingly, we found that the urban latitude-diversity cline was
still present, if dampened. Specifically, because we did not find an
invariant relationship between urban diversity and latitude, our study
suggests that there is no fixed carrying capacity in cities as would be
necessary to completely erase the latitude-diversity cline in ants. Our
analyses of species richness and community composition lend support
to both negligible or incomplete replacement of urban diversity at
high latitude and higher rates of species loss in the tropics as explana-
tions for the present, but dampened latitude-diversity cline. Indeed,
our study might help to reconcile contrasting results for the impacts
of urbanisation on diversity: at lower latitudes, our study is consistent
with research showing that biological communities within cities are
often species poor and highly dissimilar to the surrounding non-urban
communities (Aronson et al., 2014; Grimm, Faeth, et al., 2008; Grimm,
Foster, et al., 2008; Luck & Smallbone, 2010; Winter et al., 2009). The
magnitude of the tropical urban biodiversity loss was appreciable in
our dataset: over 100 species were lost from our lowest latitude city
as compared with nearby non-urban sites. In contrast, at higher lati-
tudes, our study is consistent with studies showing that cities can
maintain or increase diversity, even among native species (Perez &
Diamond, 2019; Saari et al., 2016), possibly through greater availabil-
ity of limiting resources, or buffered seasonal fluctuations (Faeth
et al., 2011).

When investigating shifts in community composition, we found
significant effects of habitat type and latitude. While shifts in commu-
nity composition, in response to urbanisation, have been documented
by numerous studies (Clergeau et al, 2006; Grimm, Faeth,
et al., 2008; Grimm, Foster, et al., 2008; Hodges & McKinney, 2018;
Knop, 2016; Kiihn & Klotz, 2006; Thompson & McLachlan, 2007; Van
Nuland & Whitlow, 2014) our results suggest that, like species
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richness, dissimilarity between communities depends highly on latitude.
At lower latitudes, we found distinct urban and non-urban ant communi-
ties. At higher latitudes, similarity increased, resulting in ant communities
with broad genus overlap. When considering both our analysis of species
richness differences and community composition, we found that urbani-
sation did not have a uniform effect on diversity across latitude, and
instead, had differential effects depending on geographic location. Our
results suggest that the observed dampening effect of urbanisation on
the latitude-diversity cline is mostly driven by the fact that tropical cities
become relatively more species poor than high latitude cities, and urban
tropical ant communities are quite different from nearby non-urban hab-
itats, while at higher latitude, urban and non-urban ant communities are
more similar, with neutral to positive impacts on richness and composi-
tion at higher latitudes. These findings are limited due to the resolution
of our community metrics (genera, as opposed to species), thus the simi-
larities in composition between high latitude urban and non-urban sites
may be a result of relatively less genera to draw from in the regional pool
(Economo et al., 2018). However, as many of the species within these
genera have been found to do well in urban habitats (Buczkowski &
Richmond, 2012; Menke et al., 2011; Perez & Diamond, 2019), including
established urban exploiters, such Tapinoma sessile, and species of Tetra-
morium (Buczkowski & Richmond, 2012; Menke et al., 2010; Salyer
et al., 2014), our analysis of community compositions may serve as an
adequate proxy, although future research will benefit from species-level
descriptions of diversity, quantifying species abundances, and standar-
dising sample efforts.

With ongoing rapid urban expansion, (Cincotta et al., 2000;
Luck, 2007; Seto et al., 2012), there is a critical need to understand
how typical biogeographic patterns might be impacted by or interact
with urbanisation. While this area of research is largely understudied,
early evidence on the differential impact of urbanisation across lati-
tude has been observed in insect morphology (Beasley et al., 2018). In
cicadas, non-urban populations exhibited the typical relationship of
increasing body size with latitude, whereas urban populations exhib-
ited the opposite trend. Urban populations of cicadas at higher lati-
tudes were larger relative to their non-urban counterparts, reversing
the expected body size-latitude relationship (Beasley et al., 2018).
Consistent with our findings, the direction and magnitude of the
urbanisation effect vary geographically, with stronger detrimental
effects at lower latitudes. Although more data are needed, it is possi-
ble that this interaction between urbanisation and geographic position
could be widespread among taxa and biological responses.

We found that urbanisation alters global biodiversity patterns,
but our work might also suggest important avenues of future research
into the mechanisms underlying the latitude-diversity relationship.
Climatic harshness of high latitude environments is one hypothesis for
a mechanism underlying the latitude-diversity cline (Currie
et al.,, 2004). Under this hypothesis, high latitude environments are
species-poor due to limitations on performance and survival driven by
low temperatures. In this context, cities provide a unique test of the
climatic harshness hypothesis: on the cold end of the range of thermal
performance, cities and their associated urban heat island effects

might relax constraints imposed by low temperatures at high latitude

i

sites, whereas on the warm end of the range of thermal performance,
cities might exacerbate costs of high temperatures leading species to
overheat. This general pattern has been found to underlie differences
in vulnerability of ectothermic species to global climate change. As
global temperatures increase, stronger negative consequences on tropi-
cal biodiversity are expected, as many of these species currently live at
the limits of their physiological tolerance (Deutsch et al., 2008; Huey
et al., 2009; Sunday et al., 2014). The degree to which urban warming
at high versus low latitudes explains the dampening of the latitude-
diversity relationship in ants, and possibly other species, remains
unclear, but nonetheless represents a directly testable hypothesis.
Unfortunately, in tropical areas, where species are at the greatest
extinction risk from anthropogenic climate change (Deutsch et al., 2008;
Huey et al., 2009; Tewksbury et al., 2008), urban development is acceler-
ating in growth (Cincotta et al., 2000; Luck, 2007; Seto et al., 2012),
often affecting rare and endemic species, and habitats important for eco-
system functioning (Pickett et al., 2011). This places urgency on studies
examining the role of urbanisation in global biodiversity and identifying
the mechanisms driving latitudinal variation in the effects of urbanisa-
tion. Moving forward, future investigations would benefit our under-
standing by identifying predictable trait responses and community
assembly, to urban factors such as temperature, while simultaneously

investigating these responses across broad geographic scales.
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