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Abstract. 1. Global urbanisation is rapidly expanding and most of the world’s
humans now live in cities. Most ecological studies have, however, focused on
protected areas.

2. To address this issue, we tested predictions from studies of protected areas
in urban ecosystems.

3. Because most cities are heterogeneous habitat mosaics which include habi-
tats with varying levels of chronic environmental stress, we focused on predic-
tions from studies of less modified ecosystems about community-wide responses
to variation in chronic stress.

4. We sampled ants across Manhattan’s urban habitat mosaic, at sites with
varying levels of chronic environmental stress.

5. Many predictions derived from less modified ecosystems were supported
by our findings: despite being the most intensively sampled habitat, high stress
urban medians had less variability in ant composition —both within and among
sites — than either urban parks or urban forests, the lowest stress habitat —
urban forests-had significantly more accumulated species and a higher number
of unique species than higher stress habitats, and urban parks, which have
intermediate levels of chronic environmental stress, also had intermediate levels
of variation in among-site species composition, accumulated species richness,
and the incidence of unique species. The most common species also differed
across Manhattan’s urban habitat mosaic.

6. Nevertheless, the prediction that exotic species would occur more fre-
quently in higher stress habitats was not supported; exotic species were equally
common across all habitats.

7. These findings suggest that fine-scale heterogeneity in the chronic stress of
urban habitats may be an underappreciated, but important structuring force for
urban animal communities.

Key words. Ants, chronic environmental stress, community structure, diversity,
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a fundamental shift in human populations occurred, with
>50% of all people on the planet now living in cities that
cover just ~3-7% of terrestrial inhabitable land area
(Grimm et al., 2008; Martin et al., 2012). Urban ecosys-
tems are predicted to become more widespread in the near
future; the spatial extent of cities is estimated to increase
by 430 000 km> (slightly more than California’s land
area) to 12 568 000 km> (approximately the combined
area of the United States and Argentina) by 2030 (Seto
et al., 2011). But what is an urban ecosystem and what
ecological factors govern which species live in urban eco-
systems? To what extent do expectations based upon stud-
ies in protected areas accurately predict the structure and
dynamics of urban communities? Although reviews about
urban ecology have bemoaned the lack of study in urban
ecosystems for years (McDonnell, 1997; Pickett et al.,
1997; Mclntyre, 2000; McDonnell & Hahs, 2008; Martin
et al., 2012), cities remain one of the most understudied
and poorly understood ecosystems in the world (Martin
et al., 2012).

Recent work has begun to elucidate some basic ecologi-
cal rules of thumb about biodiversity in cities, at least for
some organisms. For example, evidence is accumulating
that the bird species that thrive in cities have broader
environmental tolerances and geographic distributions
than congeners that are absent from urban ecosystems
(Bonier et al., 2007) and birds and mammals both tend to
be less diverse in cities than in surrounding natural habi-
tats (Blair, 1996; Cam et al., 2000; Minor & Urban, 2010;
Leveau, 2013; Saito & Koike, 2013; but see Fuller et al.,
2009). Historically, studies of urbanisation made progress
by treating the urban matrix as if it is a single habitat
type (e.g. ‘urban, suburban, rural designations’; Ramalho
& Hobbs, 2012) or have been conducted at broad spatial
scales that blur distinctions among habitats within cities
(e.g. Ellis & Ramankutty, 2008). For large mobile organ-
isms, cities may be relatively homogenous ecosystems and
such approaches may be both usefully simplifying and
reasonable.

Most species, however, are small enough that the finer
grain heterogeneity of cities may be relevant to their dis-
tribution and composition. We have a poor understanding
of the importance of heterogeneity at fine spatial scales to
patterns of local diversity. Recently, simple continuous
metrics, such as % impervious surface or human popula-
tion density, have been used as approximations of the
multivariate complexity of urban habitats (Pickett &
Cadenasso, 2013). Yet, at fine spatial grains, the distribu-
tions of habitats within cities are disjunct rather than
continuous. Consequently, cities are more accurately
described as mosaics of different habitats with a range of
human land uses and varying levels of chronic environ-
mental stress that may act as environmental filters for
many species (Niemeld et al., 2011; Ramalho & Hobbs,
2012). Chronic stress across urban habitat mosaics can
vary along many axes, including — but not limited to —
temperature, water availability and intensity, space avail-
ability, and pollution levels (see below). The distribution

of these habitats within cities is frequently more strongly
influenced by human preferences and urban planning than
local abiotic conditions (Cilliers, 2010).

Importantly, chronic environmental stress almost cer-
tainly simultaneously affects ecological communities
across multiple spatiotemporal scales. Different species
(Teet & Denlinger, 2014) and even individuals within a
given species (Fulton et al., 2013) can respond differently
to chronic environmental stress. In this study, we are par-
ticularly interested in understanding the relationship
between habitat-level chronic environmental stress and its
influences on entire communities across urban habitat
mosaics.

A rich literature on the effects of chronic environmental
stress on diversity of plants and animals in less modified
environments provides a starting point for understanding
the relationship between chronic environmental stress and
diversity in urban ecosystems. In general, work in less
modified ecosystems suggests that there is an inverse rela-
tionship between native diversity and chronic environmen-
tal stress (Menge & Olson, 1990; Fitzgerald et al., 2011).
Recently, multivariate measures of simultaneous variation
in multiple different components of environmental stress
(e.g. temperature, aridity, space constraints, and salts)
suggest that mutualism, facilitation, and ecosystem engi-
neering become more important structuring forces for
entire ecological communities as multivariate stress
increases (He et al., 2013; Pringle et al., 2013; Von Holle,
2013; Watt & Scrosati, 2013). Based on observations of
plants and insects living in urban environments, Raupp
et al. (2010) recently suggested that chronic environmental
stress is likely to be important to entire communities of
urban plants and arthropods. We still lack empirical tests
of this hypothesis, even for otherwise well-studied urban
species, however.

Abundant, diverse, widespread, and ecologically impor-
tant, ants are among the better studied groups of urban
invertebrates. For example, previous studies have com-
pared ant diversity across multiple cities in the same
geographic region (Stringer et al., 2009; Antonov, 2013;
Lutinski et al., 2013). These studies suggest that across
broad geographic scales, cities may benefit a few domi-
nant species (perhaps particularly exotic ant species), and
create an environmental filter that excludes a large num-
ber of native species that occur in less urbanised sur-
rounding areas. Yet, we still do not understand how ant
diversity and composition vary across fine-scale urban
habitat mosaics within cities.

New York City (NYC) — and Manhattan in particular —
is the most urban city in the United States according to a
variety of metrics. Compared to 55.2 people per km?
across the entire United States, NYC’s population density
is 17,116.7 people per km? and Manhattan is home to
44 068.9 people per km> (US Census Bureau 2010). Fur-
thermore, NYC was recently ranked as the eighth most
populated city in the world (Tokyo was number one; Cox,
2014). In a recent study, Rosenweig et al. (2006) found
that NYC landscapes had 60.2% (Queens) to 94.3%
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(midtown Manhattan) impervious surfaces. Manhattan
also has an extensive system of parks, however. City parks
and forests cover more than 2700 acres across 367 differ-
ent parks (~20% of Manhattan’s land area; O’Neil-Dunne,
2012) and are complemented by many smaller green habi-
tats, which range from community gardens to urban street
medians to street tree pits. A large proportion of these
parks and green spaces were engineered in the early 1900s
to influence how people moved through and used the city
(e.g. Rybezynski, 1999) but they almost certainly also
affect how small-bodied organisms use the city.

Here, we assess the diversity of Manhattan’s ants across
urban medians, which are vegetated but have high levels
of chronic environmental stress, urban forests, which are
the lowest stress habitats in the urban habitat mosaic and
urban parks which have lower stress than urban medians
but higher stress than urban forests (e.g. Fig. 1). Ants
were an ideal system for addressing our study questions
(below) because they are widespread and diverse (Dunn
et al., 2007, 2009; Jenkins ef al., 2011; Guénard et al.,
2012), commonly associate with humans and their struc-
tures (Delabie et al., 1995; Klotz et al., 1995; Lessard &
Buddle, 2005; Menke et al., 2011), and are an ecologically
important group across various spatial scales and multiple
habitat types (Folgarait, 1998; Holway ez al., 2002; Dostal
et al., 2005; Zelikova et al., 2011). With long-lived and
sessile colonies (Holldobler & Wilson, 1990), ants have to
cope with both acute and chronic disturbances. In addi-
tion, ants have been studied in one of the green habitat
types in Manhattan, urban medians (Pecarevi¢ et al.,
2010). Here, we were interested in assessing ant diversity
across habitats with different levels of chronic environ-
mental stress across the urban habitat mosaic in Manhat-
tan. More specifically, we addressed the four following
questions, in each case explicitly testing theory developed
in more natural habitats.

(1) How does the composition of local ant assemblages
vary across Manhattan’s urban habitat mosaic?
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We predicted that variation in the composition of Man-
hattan’s ant communities would be negatively associated
with habitat stress level, with urban forests supporting the
most species-rich ant assemblages and urban medians hav-
ing the fewest ant species. Furthermore, we predicted that
the ants living in urban medians and urban parks would
be subsets of those found in urban forests.

(2) Is there a relationship between habitat stress level
and the incidence of unique species?

Species with restricted nesting, dietary, or temperature
restrictions would likely be less able to survive and thrive
in high stress habitats. Therefore, we predicted that the
number of unique species (those species which occur only
in one habitat type) would decline as habitat stress levels
increased.

We were also interested in understanding the patterns
of occurrence for ant species that were found in multiple
habitats with varying levels of environmental stress.
Therefore, we asked:

(3) Are the most common ants different in urban habi-
tats with varying levels of stress?

Common species could be the same across habitats,
with rare species contributing the most to differences
among habitats in compositional diversity. Alternatively,
ecological conditions in high stress habitats could be so
different from those in low stress habitats that even the
most common ants in urban forests or urban parks could
become rare in urban medians or vice versa.

Finally, exotic species are generally predicted to have
broader tolerances to climatic conditions and less specia-
lised diets than native species (Holway et al., 2002).
Therefore, we asked:

(4) How does the occurrence of native and exotic ant
species compare across habitats with varying levels of
stress?

We predicted that urban medians would have the high-
est proportion of exotic species and that native species
would occur more frequently in urban parks than urban
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Fig. 1. Comparison of (a) % impervious surfaces and (b) depth of leaf litter across urban medians, urban parks, and urban forests.
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medians and more frequently in urban forests than urban
parks.

Methods
Study sites and sampling dates

We were interested in assessing the relationship between
variation in chronic stress levels across Manhattan’s
urban habitat mosaic and the structure of local ant com-
munities. We used Barrett ez al.’s (1976) definition of eco-
logical stress as, ‘a perturbation (or stressor) applied to a
system (i) which is foreign to that system or (ii) which is
natural to that system, but applied at an excessive level’.
Chronic stress refers to press disturbances (including
increased temperature, exposure to traffic, and regular
clearing of the vegetation) rather than pulse disturbances
(such as those imposed by extreme weather events; Ben-
gtsson, 2002). We focused on three habitat types that were
located in close proximity across our study area in Man-
hattan. The sites with the highest levels of multivariate
chronic environmental stress were urban medians (Fig. 1,
Youngsteadt et al., In Press). Urban medians are narrow
strips of vegetation located in the middle of major streets.
The term ‘median’ is regional, but is synonymous, or
nearly so, with the following terms that are in common
usage in other areas: Traffic Island, Boulevard, Neutral
Ground, Berm, Mall, Verge, Devil’s Strip, Planting Strip,

(a) 2011 Sampling sites

and Tree Belt (Fig. Sla). The lowest stress habitats were
urban forests; managed as forests, these sites had >50%
tree cover (Fig. Slc). Urban Parks had intermediate levels
of chronic stress; managed as community parklands, these
sites were dominated by grass, herbaceous plants or con-
crete, with <50% tree cover (Fig. S1b).

We sampled local ant assemblages in Manhattan, NYC
across two consecutive years (Fig. 2). From 14 to 24 June
2011, we sampled a total of 22 sites across habitats with
low stress (urban forests; n = 3), intermediate stress
(urban parks; n=7), and high stress (urban medians;
n = 12; Pecarevi¢ et al., 2010). All of the urban park sites
were located in Riverside Park (n = 7), while urban forests
were in Central Park (n = 3; Fig. 2a). Urban medians
were all located along Broadway Avenue (n = 12; Fig. 2a;
Table S1). During the 2011 sampling period, average daily
temperatures ranged from 18 to 24 °C (mean =
22 + 0.59 °C) and daily precipitation ranged between 0
and 6.86 mm (mean = 1.76 + .85 mm; http://www.wun-
derground.com/history/airport/KNYC/DailyHistory.
html). From 20 August-07 September 2012, we sampled a
total of 32 sites. As in 2011, all urban medians (n = 14)
were located along Broadway Avenue (Fig. 2b; Table S1).
We expanded our sampling of parks to include greater
replication of both urban parks and urban forests. Urban
park sites were located in five city parks: Riverside
(n = 2), Carl Schurz (n = 2), Isham (n = 2), Morningside
(n = 2), and Sherman Creek (n = 2). Urban forests were
located in three city parks: Central (n = 2), Fort Tryon

(b) 2012 Sampling sites
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Fig. 2. Sampling sites in (a) 2011 and (b) 2012. Xs represent high stress median sites, circles represent parks, and triangles represent urban

forests.
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(n = 3), and Inwood Hill (n = 3; Fig. 2b; Table S1). Sites
were haphazardly selected within the interior of urban
forests and urban parks. During the 2012 sampling per-
iod, daily temperatures ranged from 22 to 28 °C
(mean = 24.63 + 0.38 °C); and precipitation ranged from
0 to 1549 mm (mean = 1.34 + 0.88 mm; http://www.
wunderground.com/history/airport/ KNYC/DailyHistory.
html).

We collected ants across all sites using a combination
of hand collections and Winkler sifting/extraction from
09:00 to 18:00 h. These methods are most effective at
assessing ground foraging, day active ant species. These
are also the ant species that are most likely to interact
with humans (e.g. direct contact or indirectly, as happens
when diurnally foraging ants feed on discarded human
food). There are, however, likely other ant species that
are restricted to plants or underground or that are more
active at night. Unfortunately, we were unable to sample
at night because of logistical constraints related to access-
ing sites at night. The specific methods were slightly
different between years, and are described below. We
measured the dimensions of a subset of Broadway medi-
ans (n = 6) to determine the sampling area for urban med-
ian, urban park, and urban forest sites. On average,
medians were 5.53 + 0.19 m wide and 56.5 + 5.98 m
long.

2011 Hand collection.  Each sampling site was divided
into three sections of equal size for hand collecting. In
each section, three workers simultaneously and haphaz-
ardly collected ants from the ground, on vegetation, and
under rocks for a S5-minute period within each section
using aspirators.

2012 Hand collection. We systematically walked
across the sites and collected ants from all of the micro-
habitats that we could find in 15 min. During these timed
collections, we collected ants as described above. We used
forceps and/or an aspirator for these collections and sub-
sequently stored all specimens in 95% ethanol. Ants were
identified to species in the laboratory using Ellison et al.
(2012).

2011 Winkler sampling.  We sampled the ground-for-
aging ant community using the Winkler extraction
method (Bestelmeyer ef al., 2000). In a previous study,
Ribeiro et al. (2012) demonstrated that using this method
yields a higher diversity of ants than pitfall trapping
(which mostly collect multiple workers from colonies of
numerically dominant species). Location of the leaf litter
sample (1 m? patch) was determined based upon leaf litter
presence. Winkler extractors were left for 48 h. All
extracted arthropods were stored in 95% ethanol. We
sorted and identified ants (as described above) from these
samples in the laboratory.

2012 Winkler sampling.  Methods for Winkler collec-
tions were the same in 2012, except that we used a con-
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stant volume (1 litre) instead of area for litter collection.
The 1 litre of leaf litter was collected throughout the
length of each site.

Data analyses

Sampling methods in 2011 and 2012 differed slightly.
Therefore, we first conducted non-metric multidimensional
scaling (NMDS) ordination and Permanova (as described
below) for the subset of sites that were sampled in both
years (n = 6 sites). We used sampling year as a factor in a
Permanova, which demonstrated that sampling year did
not significantly influence ant assemblages in our study
(Fig. S2). Therefore, we pooled 2011 and 2012 data for
the analyses described below. For sites which were sam-
pled both years, we randomly selected data from either
2011 or 2012 for the following analyses.

In addition, habitats were not distributed evenly across
Manhattan’s urban habitat mosaic (O’Neil-Dunne, 2012;
Fig. 2). Although we could not control the distribution of
habitats within the study area, we recognised that spatial
relationships among sites could contribute strongly to dif-
ferences that we detected in species occurrences across our
study sites. Therefore, we used partial Mantel tests with
9999 iterations (PASSaGE, V. 2.0.11.6; Rosenberg &
Anderson, 2011) to assess the relative importance of dis-
tances among sites and habitat type to the composition of
local ant assemblages. We found that when distances
among sites were held constant, habitat type was still sig-
nificantly correlated with multidimensional variation in
species composition (P < 0.0001, » = 0.2540). When habi-
tat type was held constant, there was no significant effect
of among-site spatial variation on ant composition, how-
ever (P =0.0727; r=0.1583). We explored a range of
analytic options that yielded qualitatively similar results.
Therefore, we focused on the relationship between habitat
type and ant composition in the analyses below.

(1) How does the composition of local ant assemblages
vary across Manhattan’s urban habitat mosaic?

We examined the composition of local ant assemblages
in Manhattan using NMDS ordination in Primer-E
v.6.1.13 with Permanova ext. 1.0.3 (Clarke & Gorley,
2009). Specifically, we conducted NMDS analyses for
each year using 100 restarts and a Type I Kruskal fit
scheme. To assess the relationship between habitat type
and variation in within-site ant composition, we con-
ducted a permuted multivariate analysis of variance
(PermaNoOvaA) test with habitat type as a fixed factor, 9999
iterations and Type III sums of squares. We assessed the
relationship between habitat type and among-site variabil-
ity using a permuted dispersion test (PermDisp) using dis-
tances to centroids, habitat type as a fixed factor and
9999 iterations. In addition, we conducted post-hoc pair-
wise comparisons of within- and between-site dissimilarity
for urban medians, urban parks, and urban forests.
Finally, we constructed rarefied species accumulation
curves using the observed species counts across all site
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types and 9999 iterations. We used a one-way ANovaA (with
a post-hoc Tukey HSD test) to test for differences in accu-
mulated species as a function of habitat type (SAS Insti-
tute Inc, 2012).

(2) Is there a relationship between habitat stress level
and the incidence of unique species?

To examine this question, we first determined the prev-
alence of unique species per site. We define the prevalence
of unique species to be the frequency of occurrences of
those species only found in one type of habitat. We then
conducted a one-way ANova with habitat type as the inde-
pendent factor and the number of unique species per site
as the response variable. Post-hoc tests were conducted as
described for species accumulation curves.

(3) Are the most common ants different in urban habi-
tats with varying levels of stress?

We first determined the relative % occurrences in urban
medians versus urban parks using the following equation:
% Occurrence difference = [(% parks where species was
found) — (% medians where species was found)]. We
repeated this calculation for all pairwise habitat combina-
tions. We then used SAS v.9.3; SAS Institute, Cary, NC,
USA to conduct a one-way ANOVA assessing the relative
prevalence of all ant species as a function of habitat type.
We conducted a post-hoc Tukey HSD test to assess differ-
ences among urban medians, urban parks, and urban for-
ests. We excluded singletons and doubletons from the data
set. Species were then ranked based upon the magnitude of
differences between the two habitat types (encompassing
species that were more common in lower stress habitats
than they were in higher stress habitats and vice versa) to
visualise differences among the most common ants (maxi-
mum of 20 species).

(4) How does the occurrence of native and exotic ant
species compare across habitats with varying levels of stress?

We used the presence/absence matrices to determine the
total number of exotic and native species collected from
each habitat type. Next, we conducted a two-way ANOVA
with the independent, fixed factors of habitat type, origin,
and their interaction using SAS v.9.3 statistical software.
Data met assumptions of GLM after log (n + 0.5) trans-
formations. Finally, we conducted a post-hoc Tukey HSD
test to assess the differences among medians, parks, and
urban forests.

Results
Overall ant species richness

We collected a total of 42 species from 22 genera across
all of our sites. With a total of 18 species from 10 genera,
urban medians hosted the fewest ant species, urban parks
were intermediate, with 26 ant species from 20 genera,
and with 32 species from 22 genera, we collected highest
number of ant species from urban forests.

(1) How does diversity of local ant assemblages vary
across Manhattan’s urban habitat mosaic?

Within-site composition of ant assemblages differed as a
function of habitat type (Fig. 3, PerMANOVA, Pugapitat type =
0.0001). Medians differed significantly from parks
(P =0.0001) and urban forests (P = 0.0001). Although
weaker, the within-site composition of ant assemblages in
urban parks and urban forests also differed (P = 0.0324).
The dissimilarity of ant assemblages among sites similarly
differed by site type (PermDISP, Puapitac type = 0.0001).
These differences were driven by significantly lower among-
site variability in medians than in either urban parks
(P = 0.0001) or urban forests (P = 0.0016). There was no
significant difference in among-site variation in urban parks
and urban forests (P = 0.2089; Fig. 4).

The cumulative number of species was lowest in urban
medians, intermediate in parks, and highest in urban for-
ests (Fig. 5, ANOVA: Pypitat type < 0.0001). Differences in
species richness were driven by lower numbers of accumu-
lated species in urban medians than in either urban parks
(Tukey HSD, P < 0.002) or urban forests (Tukey HSD,
P < 0.001). Increased accumulated species counts in urban
forests relative to urban parks were not significant (Tukey
HSD, P = 0.1670).

(2) Is there a relationship between habitat stress level
and the incidence of unique species?

We predicted that there would be an inverse linear rela-
tionship between habitat stress level and the number of
unique species (those that were only found in that habitat
type). The fewest unique species occurred in urban medi-
ans, intermediate levels of unique species were found in
urban parks and the highest number of unique species
occurred in urban forests (Fig. 6). As a result, we
observed a significant difference among habitat types in
the number of unique species per site (one-way ANOVA,
P =0.0014). Among-habitat differences were only signifi-
cant when comparing urban forests to urban medians
(Tukey HSD: P < 0.01); urban parks were not signifi-
cantly different from either of the other two habitat types.

Within-site ant composition
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Fig. 3. Within-site (o) compositional differences in ant assem-
blages in Manhattan’s urban habitat mosaic. Ants were sampled
in urban medians, urban parks, and urban forests using Winkler
sifting and hand collections. The composition of assemblages var-
ied significantly by habitat type (Permanova, P = 0.0001).
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Fig. 4. Among-site compositional differences across habitats
with varying levels of chronic stress (measured as the average dis-
tances to the centroid for each habitat type-one metric of B-diver-
sity). The dissimilarity of ant assemblages among sites differed
significantly by habitat type (PermDisp: P = 0.0001). Urban
medians tended to be similar to each other, whereas urban parks
tended to be relatively different from each other as was also true
of urban forests. Error bars represent 1 SE of the mean. Different
letters represent statistically different groups (a0 < 0.001).
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Fig. 5. Rarefied species accumulation curves of ants constructed
across all sites by habitat type. Curves show the mean number
and (+1 SD) number of ant species expected for each number of
sampled sites given 9999 random draws from the total number of
site*species occurrences. Cumulative species differed significantly
by habitat type (one-way anova: P < 0.0001).

Two species were found solely in urban medians, but
were absent from other urban habitats — Crematogaster
cerasi was found in one median and Camponotus sp. was
found in two urban medians (Table S2). Half (21/42) of
the species collected over 2 years were absent from urban
medians. Three species were only found in urban parks:
we collected Strumigenys rostrata in two urban park sites
and both Crematogaster lineolata and Myrmica cf. puncti-
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Fig. 6. Incidence of unique species across habitat types with
varying levels of chronic stress, where unique species are those
that occurred in just one habitat type. Error bars represent 1 SE
of the mean. Urban parks did not differ from urban medians or
urban forests; however, urban forests had significantly more
unique species per site than urban medians (one-way ANOVA:
P =0.0014; Tukey HSD: P < 0.001).

ventris occurred at a single park site. Eight ant species
were found solely in urban forests. Lasius pallitarsis,
L. subglaber, Proceratium silaceum, Stenamma brevicorne,
and S. impar were all present in a single urban forest site,
while Strumigenys pulchella was found in two forested
sites and L. flavus and Myrmica americana were present in
three forest sites. There were also 10 species present in
both urban parks and forests, but absent from urban
medians (Table S2).

(3) Are the most common ants different in urban habi-
tats with varying levels of stress?

There were among-habitat differences in the identity of
the most common ant species. The overall prevalence for
all species was highest in urban forests, followed by urban
parks and was lowest in urban medians (Fig. 7a—c; one-
way ANovA: P = 0.0018). Two species were consistently
more common in urban medians than they were in either
urban parks (Fig. 7a) or urban forests (Fig. 7b). We
found the Tetramorium caespitum sp. grp (hereafter,
T. caespitum) in 100% of urban medians (n = 21), but in
just five urban park sites (36%; Fig. 7a) and nine urban
forest sites (69%; Fig. 7b). Lasius neoniger was also more
common in urban medians (occurring in 62% of all medi-
ans) than urban parks (21% of all park sites; Fig. 7a) and
was absent from urban forests (Fig. 7b). Across all urban
park sites, the most common species were the native spe-
cies, Tapinoma sessile, which occurred in 64% of all urban
park sites and the exotic species, Nylanderia flavipes,
which was found in 57% of all urban park sites. Nylande-
ria flavipes was found in all three habitat types, but was
more common in urban parks than in urban medians
(43%; Fig. 7a), and less common in urban parks than
urban forests (85%; Fig. 7c). Similarly, 7. sessile was
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Fig. 7. Relative % occurrences of ants in (a) urban forests ver-
sus urban medians, (b) urban parks versus urban medians, and
(c) urban forests versus urban parks. Relative occurrences were
calculated by subtracting the % occurrence in the higher stress
habitat from the % occurrence in the lower stress habitat (e.g. %
occurrence in urban forests-% occurrence in urban medians).
Asterisks denote species that were only found in one of the two
habitat types for each comparison. Overall prevalence varied sig-
nificantly by habitat type (one-way aANova, P = 0.0187).

common in urban forests (found in 62% of all forested
sites), but absent from all medians (Fig. 7a, b). Finally,
both Temnothorax curvispinosus and Aphaenogaster rudis
were relatively common in urban forests (occurring in
54% and 62% of forested sites), but rare in urban parks
(with a single record for each species in urban parks;
Fig. 7c) and absent from urban medians (Fig. 7b).

(4) How does the occurrence of native and exotic ant
species compare across habitats with varying levels of
stress?

Exotic and native ant species had different occurrence
patterns across high and low stress habitats. Exotic spe-
cies richness did not vary significantly by habitat type
(Fig. 8). Nevertheless, there were ~2 and 3x more native
ants collected in urban parks and forests than in urban
medians, respectively. There were also ~1.5x more native
ants found in urban forests than in urban parks (Fig. &;
two-way ANOVA, Pabitat x origin < 0.0001).

Discussion
Summary

Understanding the ecological factors that underlie vari-
ation in the composition of animal assemblages in cities is
becoming increasingly important as worldwide urbanisa-
tion continues to expand. Yet, we still have limited knowl-
edge on how the features of urban environments shape
species composition. The simplest starting point is to
assume that urban ecosystems function in the way that
less modified ecosystems do; in essence using theory
derived from work in forests and grasslands distant from
cities to make predictions about the ecological factors that
contribute the most to the diversity within cities.

8 -
[/ Exotic ants
BN Native ants C
6
2
@
B B
= 4
=
g
- I 4
24 T A
T
0 T T T
Urban medians Urban parks Urban forests
Habitat type

Fig. 8. Number of exotic (grey) and native (black) ants across
urban medians, parks, and forests in Manhattan. Error bars rep-
resent £1 SE of the mean and different letters represent signifi-
cantly different means (Tukey HSD, P < 0.05).
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In this study, we assessed the structure of local ant
assemblages across the medians, parks, and forests of
Manhattan’s urban habitat mosaic. These habitat types,
which vary in chronic stress levels, supported signifi-
cantly different ant assemblages according to a variety
of different metrics. Many predictions derived from less
modified ecosystems were supported by our findings: (i)
despite being the most intensively sampled habitat type,
high stress urban medians had less variability in ant
composition — both within and among sites — than
either urban parks or urban forests; (ii)) the lowest
stress habitat (urban forests) had significantly more
accumulated species and a higher number of unique
species than higher stress urban habitats; and (iii) urban
parks, which have intermediate levels of chronic envi-
ronmental stress, also had intermediate levels of varia-
tion in among-site species composition, accumulated
species richness, and incidence of unique species.
Among-habitat differences in ant assemblages were not
driven solely by the presence of rare species in lower
stress habitats. The most common species also differed
across Manhattan’s urban habitat mosaic. In terms of
diversity then, the habitats of Manhattan seem to
behave similar to what might be expected based on the
broader literature (Odum, 1985; Rapport et al., 1985;
Menge & Sutherland, 1987; Gray, 1989; Halpern &
Spies, 1995; Tilman & Lehman, 2001; Scrosati et al.,
2007; Yergeau et al., 2007). Where our results departed
from these broader expectations was in terms of non-
native species. A large literature on introduced species
suggests that more stressed habitats should have more
introduced species (Occhipinti-Ambrogi & Savini, 2003;
Jimenez et al., 2011; Zerebecki & Sorte, 2011; Bauer,
2012; Diez et al., 2012). Instead, we found that exotic
ants were just as likely to occur in low stress and high
stress environments, but some native ant species only
occurred in lower stress habitats.

Ant diversity was inversely associated with chronic
environmental stress levels

The diversity patterns that we detected were qualita-
tively similar to many patterns found for birds — which
are the best studied urban taxon to date (McDonnell &
Hahs, 2008; Chamberlain ez al., 2009). As levels of
chronic environmental stress within Manhattan increased,
we observed a reduction in both the incidence of unique
ant species and the total number of ant species occurring
per site. Similarly, studies of avifauna across urban to
rural gradients commonly report that a subset of species
(‘urban exploiters’) tend to thrive in cities, while a differ-
ent group of birds (‘urban avoiders’) only persist in pro-
tected areas (Blair, 1996; Marzluff, 2005). Studies of
urban birds , however, typically show a non-linear rela-
tionship between chronic environmental stress and diver-
sity, such that the highest diversity occurs in sites that
have intermediate levels of stress (Blair, 1996, 1999;
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Clergeau et al., 1998; Palomino & Carrascal, 20006).
Although much less intensively studied, our findings mir-
ror similar inverse linear relationships between chronic
stress and diversity that have been reported for other ter-
restrial invertebrates, including butterflies (Blair, 1999),
beetles (Ishitani e al., 2003), and bumble bees (Ahrné
et al., 2009).

Recent studies in other urban areas have also demon-
strated that ant diversity varies across urban habitat
mosaics. Slipinski e al. (2012) reported that ants living
in the urban forests, parks, and medians of Warsaw in
the 1970s were completely nested, with all of the ants
from parks being a nested subset of those found in for-
ests and all of the ants found in street medians being a
subset of those found in parks. In contrast, de Souza
et al. (2012) sampled medians, parks, and a forest in a
suburb of Sao Paulo, Brazil and found the lowest diver-
sity of ants in urban parks, with medians having inter-
mediate ant species richness and the greatest number of
ant species in the forest. Together with our results, these
findings suggest that the relationship between chronic
environmental stress and ant diversity is generally nega-
tive, although this relationship is complex and likely to
be influenced by other factors in urban ecosystems.
Nonetheless, previous work by Pecarevi¢ et al. (2010)
demonstrated that the ant diversity in Manhattan’s
urban medians was high in absolute terms. Our work
adds context to this result by showing that the diversity
of species in urban forests and parks is actually much
higher; while some species persist in medians, it is also
true that most species fail to persist in these habitats
with high levels of chronic environmental stress. Whether
this scenario leads to greater stability in urban forests
and parks relative to medians remains still unclear;
future studies that assess ant diversity across urban habi-
tat mosaics and spanning >2 years will be needed
to assess the relationship between chronic stress and
stability.

Furthermore, chronic environmental stress can also
operate at finer scales, with different species (Teet &
Denlinger, 2014) and even different individuals of the
same species (Fulton er al., 2013) displaying variable
responses to chronic environmental stress. In this study,
we focused on habitat-level, community-wide responses of
Manhattan’s ants to variation in chronic environmental
stress across urban habitat mosaics. The degree to which
this variation, however, affects ants at the level of species
or even individual colonies is still unresolved. There is
some evidence in the literature that such variation may be
important to ant communities. For example, in a recent
review, Kingsolver et al. (2013) showed that across multi-
ple different habitats and broad geographic scales, ant
species can have dramatically different sensitivities to tem-
perature stress. More detailed studies at the scale of spe-
cies and colonies will help elucidate the relationship
between the habitat-level stress we examined here and
finer scale effects of chronic environmental stress on
urban ants.
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Habitat type was more predictive of patterns of ant
diversity than spatial relationships

One explanation for the differences among sites in
Manhattan is that dispersal is limiting, leading to compo-
sitional patterns in which nearby sites are more similar to
one another than they are to distant sites, regardless of
habitat type. Urban parks and forests are non-randomly
distributed in Manhattan (O’Neil-Dunne, 2012). Conse-
quently, differences in species composition across Manhat-
tan’s urban habitat mosaic could have been driven by
variation in these among-site distances. We did not find
this. Instead, most of the variation in ant species composi-
tion among sites was due to habitat type. The species
found in medians were largely nested subsets of the spe-
cies found in urban parks and forests, while those found
in urban parks were largely a subset of the species that
were collected in forested sites. Furthermore, many of the
most common ants in urban parks and forests occurred in
both of these lower stress habitats, but were absent from
medians. These findings indicate that some microhabitat
variation in urban parks and urban forests maintain spe-
cies absent from medians. One potentially important eco-
logical trait that varies across urban habitat mosaics is
habitat area. Carpintero and Reyes-Lopez (2013) found
that the area of parks within two cities in Spain strongly
influenced ant diversity. Street medians in our study had
the smallest habitat area. Therefore, space constraints (as
opposed to spatial autocorrelation described above) may
be an important factor structuring urban ant communities
more generally.

The absence of variation in the occurrence of exotic
ants among habitat types suggests that these species are
not likely to be driving patterns of native ant diversity in
our sites. Nonetheless, the newly discovered invasive ant,
Pachycondyla chinensis, has recently been observed else-
where in New York State (B. Guénard & R.R. Dunn,
unpubl. manuscript). Although this species was absent
from our samples, it may arrive in NYC in the near future
and may have very different influences on co-occurring
ants than the exotic species detected here. Future studies
examining variation in the relative abundance of exotic
ants across urban habitat mosaics could help inform these
results. A recent study of ants in highway medians in
Perth, Australia demonstrated that, while the number of
exotic species was much lower than native species rich-
ness, ~72% of all individual workers collected were exotic
species (Heterick et al., 2013).

The only exceptions to this pattern were the occur-
rences of one native species, Lasius neoniger, and one
introduced species, Tetramorium caespitum. These two
species appear to benefit from the conditions of the medi-
ans. Both of these species have been previously docu-
mented to avoid forests (Wilson & Hunt, 1966; Clarke
et al., 2008) and prefer high stress urban environments
(Uno et al., 2010; Menke et al., 2011). Overall, our com-
position results are reconcilable with a model wherein
some features of urban parks and forests allow persistence

of a large number of species. Those features are absent or
greatly reduced in medians, where a small set of relatively
fecund or tolerant species live. But medians are dominated
by species able to take advantage both of medians and of
the cement-covered space around them, as appears to be
the case for both L. neoniger and T. caespitum. We sus-
pect that in the majority of NYC — where the habitat is
even more chronically stressed than in medians (e.g. side-
walks, buildings, and streets) — ant assemblages are a
nested subset of those reported here for medians.

Are ants in cities different from ants in less modified
habitats?

We used studies of mostly protected areas as a starting
point to make predictions about the diversity of local ant
assemblages across Manhattan’s urban habitat mosaic.
Some of these predictions were supported by our data
(e.g. parks had a more diverse native ant assemblage than
medians), suggesting that many of the same processes
underlie community structure in urban and rural pro-
tected landscapes. Other predictions were, however, nota-
bly unsupported by our data (e.g. the prediction that
exotic species would occur more frequently in habitats
with higher stress). Manhattan represents a uniquely
urban landscape — for example, the largest tract of forest
in our study — Inwood Hill —includes land that was previ-
ously farmland and country estates, in addition to Man-
hattan’s last remaining ‘natural forest’ and salt marsh
(NYCParks.org). Overall, the structure of the Manhattan
ecosystem — a structure set in place through sociopolitics,
history, and one of the most ambitious urban green space
initiatives in the history of cities (thanks to Olmstead) —
has a strong effect on the composition of smaller societies
in the city. Somewhat to our surprise, the green spaces of
the island seem to be islands in and of themselves more
so than might be predicted for an organism that flies to
reproduce. Future work (currently underway) to assess
genetic diversity of Manhattan’s ant communities will
allow us to test these predictions.
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Figure S1. Photographs of (a) urban medians, (b) urban
parks, and (c) urban forests.

Figure S2. Non-metric multidimensional scaling plot of
the sites that were sampled in both 2011 and 2012. There
were no significant differences in species composition
between years either within (Permanova, P = 0.6012) or
among (PermDISP, P = 0.2140) sites.

Figure S3. Within-site (o) compositional differences in
ant assemblages in Manhattan’s urban habitat mosaic.
Ants were sampled in urban medians, urban parks, and
urban forests using Winkler sifting and hand collections.
This plot is identical to Fig. 3, except that sites are
labelled.

Table S1. GPS coordinates and site classifications for
all study sites.

Table S2. Number of occurrences of each species in
median and park habitats across both years of the study.
Exotic species are denoted with asterisks.

References

Ahrné, K., Bengtsson, J. & Elmgqvist, T. (2009) Bumble bees
(Bombus spp) along a gradient of increasing urbanization.
PLoS One, 4, e5574.

Antonov, I.A. (2013) Ant assemblages (Hymenoptera: Formici-
dae) of cities of the temperate zone of Eurasia. Russian Journal
of Ecology, 44, 523-526.

Barrett, G.W., VanDyne, G.M. & Odum, E.P. (1976) Stress ecol-
ogy. BioScience, 26, 192-194.

Bauer, J.T. (2012) Invasive species: ‘back-seat drivers’ of ecosys-
tem change? Biological Invasions, 14, 1295-1304.

Bengtsson, J. (2002) Disturbance and resilience in soil animal
communities. European Journal of Soil Biology, 38, 119-125.
Bestelmeyer, B.T., Agosti, D., Alonso, L.E., Brandao, C.R.F.,
Brown, W.L., Jr, Delabie, J.H.C. & Silvestre, R. (2000) Field
techniques for the study of ground-dwelling ants: an overview,
description and evaluation. Ants Standard Methods for Measur-
ing and Monitoring Biodiversity. (ed. by J.D. Agosti Majer,
L.E. Alonso and T.R. Schultz), pp. 122-145. Smithsonian Insti-

tution Press, Washington, District of Columbia.

Blair, R.B. (1996) Land use and avian species diversity along an
urban gradient. Ecological Applications, 6, 506-519.

Blair, R.B. (1999) Birds and butterflies along an urban gradient:
surrogate taxa for assessing biodiversity. Ecological Applica-
tions, 9, 164-170.

Bonier, F., Martin, P.R. & Wingfield, J.C. (2007) Urban birds
have broader environmental tolerance. Biology Letters, 3, 670—
673.

Cam, E., Nichols, J.D., Sauer, J.R., Hines, J.E. & Flather, C.H.
(2000) Relative species richness and community completeness:
birds and urbanization in the Mid-Atlantic states. Ecological
Applications, 10, 1196-1210.

Carpintero, S. & Reyes-Lopez, J. (2013) Effect of park age, size,
shape and isolation on ant assemblages in two cities of South-
ern Spain. Entomological Science, 17, 41-51.

Ants across Manhattan’s urban habitat mosaic 11

Chamberlain, D.E., Cannon, A.R., Toms, M.P., Leech, D.I.,
Hatchwell, B.J. & Gaston, K.J. (2009) Avian productivity in
urban landscapes: a review and meta-analysis. Zbis, 151, 1-18.

Cilliers, S. (2010) Social aspects of urban biodiversity-An overview.
Urban Biodiversity and Design (ed. by N. Miiller, P. Werner and
J.G. Kelcey), pp. 103-123. John Wiley & Sons Ltd, Chichester,
UK.

Clarke, K.M., Fisher, B.L. & LeBuhn, G. (2008) The influence of
urban park characteristics on ant (Hymenoptera, Formicidae)
communities. Urban Ecosystems, 11, 317-334.

Clarke, K.R. & Gorley, R.N. (2009) Primer, Version 6.1.10.: User
Manual and Tutorial, Primer-E, Plymouth, UK.

Clergeau, P., Savard, J.P.L., Mennechez, G. & Falardeau, G.
(1998) Bird abundance and diversity along an urban-rural gra-
dient: a comparative study between two cities on different
continents. The Condor, 100, 413-425.

Cox, W. (2014) Deomgraphia World Urban Areas (Built-up Areas
or Urban Agglomerations), 10th edn. Demographia, Bellevile,
Illinois.

Delabie, J.H.C., Nascimento, I.C.D., Pacheco, P. & Casimiro,
A.B. (1995) Community structure of house-infesting ants
(Hymenoptera: Formicidae) in Southern Bahia, Brazil. The
Florida Entomologist, 78, 264-270.

Diez, J.M., D’Antonio, C.M., Dukes, J.S., Grosholz, E.D.,
Olden, J.D., Sorte, C.J.B., Bleumenthal, D.M., Bradley, B.A.,
Early, R., Ibanez, 1., Jones, S.J., Lawler, J.J. & Miller, L.P.
(2012) Will extreme climatic events facilitate biological inva-
sions? Frontiers in Ecology and the Environment, 10, 249-257.

Dostal, P., Breznova, M., Kozlickova, V., Herben, T. & Kovar,
P. (2005) Ant-induced soil modification and its effect on
below-ground biomass. Pedobiologia, 49, 127-137.

Dunn, R.R., Agosti, D., Andersen, A.N., Arnan, X., Bruhl,
C.A., Cerda, X., Ellison, A.M., Fisher, B.L., Fitzpatrick, M.C.,
Gibb, H., Gotelli, N.J., Gove, A.D., Guenard, B., Janda, M.,
Kaspari, M., Laurent, E.J., Lessard, J.P., Longino, J.T., Majer,
J.D., Menke, S.B., McGlynn, T.P., Parr, C.L., Philpott, S.M.,
Pfeiffer, M., Retana, J., Suarez, A.V., Vasconcelos, H.L.,
Weiser, M.D. & Sanders, N.J. (2009) Climatic drivers of hemi-
spheric asymmetry in global patterns of ant species richness.
Ecology Letters, 12, 324-333.

Dunn, R.R., Sanders, N.J., Fitzpatrick, M.C., Laurent, E., Les-
sard, J.P., Agosti, D., Andersen, A.N., Bruhl, C., Cerda, X.,
Ellison, A.M., Fisher, B.L., Gibb, H., Gotelli, A.J., Gove, A.,
Guenar, B., Janda, M., Kaspari, M., Longino, J.T., Majer, J.,
McGlyyn, T.P., Menke, S.B., Parr, C.L., Philpott, S.M., Pfeif-
fer, M., Javier, J., Suarez, A.J. & Vasconcelos, H.L. (2007)
Global ant (Hymenoptera: Formicidae) biodiversity and bioge-
ography: a new database and its possibilities. Myrmecological
News, 10, 77-83.

Ellis, E.C. & Ramankutty, N. (2008) Putting people in the map:
anthropogenic biomes of the world. Frontiers in Ecology and
the Environment, 6, 439-447.

Ellison, A.M., Gotelli, N.J., Farnsworth, E.J. & Alpert, G.D.
(2012) A Field Guide to the Ants of New England. Yale Univer-
sity Press, New Haven, Connecticut.

Fitzgerald, T.L., Shapter, F.M., McDonald, S., Waters, D.L.E.,
Chivers, I.H., Drenth, A., Nevo, E. & Henry, R.J. (2011) Gen-
ome diversity in wild grasses under environmental stress. Pro-
ceedings of the National Academy of Sciences of the United
States of America, 108, 21140-21145.

Folgarait, P. (1998) Ant biodiversity and its relationship to eco-
system functioning: a review. Biodiversity and Conservation, 7,
1221-1244.

© 2014 The Royal Entomological Society, Insect Conservation and Diversity



12 Amy M. Savage et al.

Fuller, R.A., Tratalos, J. & Gaston, K.J. (2009) How many birds
are there in a city of half a million people? Diversity and Distri-
butions, 15, 328-337.

Fulton, C.J., Binning, S.A., Wainwright, P.C. & Bellwood, D.R.
(2013) Wave-induced abiotic stress shapes phenotypic diversity
in a coral reef fish across a geographical cline. Coral Reefs, 32,
685-689.

Gray, J.S. (1989) Effects of environmental stress on species rich
assemblages. Biological Journal of the Linnean Society, 37, 19-32.

Grimm, N.B., Faeth, S.H., Golubiewski, N.E., Redman, C.L.,
Wu, J., Bai, X. & Briggs, J.M. (2008) Global change and the
ecology and cities. Science, 319, 756-760.

Guénard, B., Weiser, M.D. & Dunn, R.R. (2012) Global models
of ant diversity suggest regions where new discoveries are most
likely under disproportionate deforestation threat. Proceedings
of the National Academy of Sciences of the United States of
America, 109, 7368-7373.

Halpern, C.B. & Spies, T.A. (1995) Plant species diversity in nat-
ural and managed forests of the Pacific Northwest. Ecological
Applications, 5, 913-934.

He, Q., Bertness, M.D. & Altieri, A.H. (2013) Global shifts
towards positive species interactions with increasing environ-
mental stress. Ecology Letters, 16, 695-705.

Heterick, B.E., Lythe, M. & Smithyman, C. (2013) Urbanisation
factors impacting on ant (Hymenoptera: Formicidae) biodiver-
sity in the Perth metropolitan area, Western Australia: two case
studies. Urban Ecosystems, 16, 145-173.

Holldobler, B. & Wilson, E.O. (1990) The Ants. Belknap Press,
Cambridge, Massachusetts.

Holway, D.A., Lach, L., Suarez, A.V., Tsutsui, N. & Case, T.J.
(2002) The causes and consequences of ant invasions. Annual
Review of Ecology, Evolution and Systematics, 33, 181-233.

Ishitani, M., Kotze, D.J. & Niemela, J. (2003) Changes in carabid
beetle assemblages across an urban-rural gradient in Japan.
Ecography, 26, 481-489.

Jenkins, C.N., Sanders, N.J., Andersen, A.N., Arnan, X., Bruhl,
C.A., Cerda, X., Ellison, A.M., Fisher, B.L., Fitzpatrick, M.C.,
Gotelli, N.J., Gove, A.D., Guenard, B., Lattke, J.E., Lessard,
J.P., McGlynn, T.P., Menke, S.B., Parr, C.L., Philpott, S.M.,
Vasconcelos, H.L., Weiser, M.D. & Dunn, R.R. (2011) Global
diversity in light of climate change: the case of ants. Diversity
and Distributions, 17, 652-662.

Jimenez, M.A., Jaksic, F.M., Armesto, J.J., Gaxioloa, A.,
Meserve, P.L., Kelt, D.A. & Gutierrez, J.R. (2011) Extreme
climatic events the dynamics and invasibility of semi-arid
annual plant communities. Ecology Letters, 14, 1227-1235.

Kingsolver, J.G., Diamond, S.E. & Buckley, L.B. (2013) Heat
stress and the fitness consequences of climate change for terres-
trial ectotherms. Functional Ecology, 27, 1415-1423.

Klotz, J.H., Mangold, J.R., Vail, K.M., Davis, L.R. Jr & Patter-
son, R.S. (1995) A survey of the urban pest ants (Hymenopter-
a: Formicidae) of Peninsular Florida. The Florida Entomologist,
78, 109-118.

Lessard, J.P. & Buddle, C.M. (2005) The effects of urbanization
on ant assemblages (Hymenoptera: Formicidae) associated with
the Molson Nature Reserve, Quebec. Canadian Entomologist,
137, 215-225.

Leveau, L.M. (2013) Bird traits in urban-rural gradients: how
many functional groups are there? Journal of Orinthology, 154,
655-662.

Lutinski, J.A., Lopes, B.C. & de Morais, A.B.B. (2013) Urban
ant diversity (Hymenoptera: Formicidae) in ten cities of south-
ern Brazil. Biota Neotropica, 13, 332-342.

Martin, L.J., Blossey, B. & Ellis, E. (2012) Mapping where ecolo-
gists work: biases in the global distribution of terrestrial eco-
logical observations. Frontiers in Ecology and the Environment,
10, 195-201.

Marzluff, J.M. (2005) Island biogeography for an urbanizing
world: how extinction and colonization may determine biologi-
cal diversity in human-dominated landscape. Urban Ecosys-
tems, 8, 157-177.

McDonnell, M.J. (1997) A paradigm shift: a guest editorial.
Urban Ecosystems, 1, 85-86.

McDonnell, M.J. & Hahs, A.K. (2008) The use of gradient analy-
sis studies in advancing our understanding of the ecology of
urbanizing landscapes: current status and future directions.
Landscape Ecology, 23, 1143-1155.

Mclntyre, N.E. (2000) Ecology of urban arthropods: a review
and call to action. Annals of the Entomological Society of
America, 93, 825-835.

Menge, B.A. & Olson, A.M. (1990) Role of scale and environ-
mental factors in regulation of community structure. Trends in
Ecology and Evolution, 5, 52-57.

Menge, B.A. & Sutherland, J.P. (1987) Community regulation:
variation in disturbance, competition and predation in relation
to environmental stress and recruitment. 7he American Natural-
ist, 130, 730-757.

Menke, S.B., Guénard, B., Sexton, J.O., Weiser, M.D., Dunn,
R.R. & Silverman, J. (2011) Urban areas may serve as habitat
and corridors for dry-adapted, heat tolerant species: an exam-
ple from ants. Urban Ecosystems, 14, 135-163.

Minor, E. & Urban, D. (2010) Forest bird communities across a
gradient of urban development. Urban Ecosystems, 13, 51-71.
Niemelda, J., Breuste, J.H., Guntenspergen, G., Mclntyre, N.E. &
Elmqvist, T. (2011) Urban Ecology: Patterns, Processes and
Applications. Oxford University Press, New York City, New

York.

Occhipinti-Ambrogi, A. & Savini, D. (2003) Biological invasions
as a component of global change in stressed marine ecosystems.
Marine Pollution Bulletin, 46, 542-551.

Odum, E.P. (1985) Trends expected in stressed ecosystems. Bio-
Science, 35, 419-422.

O’Neil-Dunne, J. (2012) 4 Report on the City of New York’s
Existing and Possible Tree Canopy. USDA, Washington, Dis-
trict of Columbia.

Palomino, D. & Carrascal, L.M. (2006) Urban influence on
birds at a regional scale: a case study with the avifauna of
northern Madrid province. Landscape and Urban Planning, 77,
276-290.

Pecarevi¢, M., Danoff-Burg, J. & Dunn, R.R. (2010) Biodiversity
on Broadway: enigmatic diversity of the societies of ants
(Formicidae) on the streets of New York Cities. PLoS One, 5,
el13222.

Pickett, S.T.A., Burch, W.R., Jr, Dalton, S.E., Foresman, T.W.,
Grove, J.M. & Rontree, R. (1997) A conceptual framework for
the study of human ecosystems in urban areas. Urban Ecosys-
tems, 1, 185-199.

Pickett, S.T.A. & Cadenasso, M.L. (2013) Urban ecology. Ecologi-
cal Systems (pp. 273-301). Springer, New York City, New York.

Pringle, E.G., Ekcay, E., Raab, T.K., Dirzo, R. & Gordon, D.M.
(2013) Water stress strengthens mutualism among ants, trees,
and scale insects. PLoS Biology, 11, €1001705.

Ramalho, C.E. & Hobbs, R.J. (2012) Time for a change: dynamic
urban ecology. Trends in Ecology and Evolution, 27, 179-189.
Rapport, D.J., Regier, H.A. & Hutchinson, T.C. (1985) Ecosystem
behavior under stress. The American Naturalist, 125, 617-640.

© 2014 The Royal Entomological Society, Insect Conservation and Diversity



Raupp, M.J., Shewsbury, P.M. & Herms, D.A. (2010) Ecology of
herbivorous arthropods in urban landscapes. Annual Review of
Entomology, 55, 19-38.

Ribeiro, F.M., Sibinel, N., Ciocheti, G. & Campos, A.E.C.
(2012) Analysis of ant communities comparing two methods
for sampling ants in an urban park in the city of Sao Paulo,
Brazil. Sociobiology, 59, 971-984.

Rosenberg, M.S. & Anderson, C.D. (2011) PASSaGE: pattern
analysis, spatial statistics and geographic exegesis. Version 2.
Methods in Ecology and Evolution, 2, 229-232.

Rosenweig, C., Solecki, W., Parhsall, L., Gaffin, L.B., Gold-
berg, R., Cox, J. & Hodges, S. (2006) Migitgating New York
City’s Heat ISLAND with Urban Forestry, Living Roofs
and Light Surfaces. Report to the New York State
Energy Research and Development Authority, Albany,
New York.

Rybezynski, W. (1999) A Clearing in the Distance: Fredrick Law
Olmstead and America in the 19th Century. Scribner, New York
City, New York.

Saito, M. & Koike, F. (2013) Distribution of wild mammal
assemblages along an urban-rural-forest landscape gradient in
warm-temperate East Asia. PLoS One, 8, ¢65464.

SAS Institute Inc (2012) SAS Statistical Software v. 9.3. SAS
Institute, Cary, North Carolina.

Scrosati, R.A., van Genne, B., Heaven, C.S. & Watt, C.A. (2007)
Species richness in different functional groups across environ-
mental stress gradients: a model for marine rocky shores. Ecog-
raphy, 34, 151-161.

Seto, K.C., Fragkias, M., Gilineralp, B. & Reilly, M.K. (2011) A
meta-analysis of global urban land expansion. PLoS One, 6,
e23777.

Slipinski, P., Zmihorski, M. & Czechowski, W. (2012) Species
diversity and nestedness of ant assemblages in an urban envi-
ronment. European Journal of Entomology, 109, 197-206.

de Souza, D.R., dos Santos, S.G., de Munhae, B. & de Morini,
M.S.C. (2012) Diversity of epigeal ants (Hymenoptera:
Formicidae) in urban areas of Alto Tiete. Sociobiology, 59,
703-717.

Stringer, L.D., Stephens, A.E., Suckling, D.M. & Charles, J.G.
(2009) Ant dominance in urban areas. Urban Ecosystems, 12,
503-514.

Ants across Manhattan’s urban habitat mosaic 13

Teet, N.M. & Denlinger, D.L. (2014) Surviving in a frozen desert:
environmental stress physiology of terrestrial Antarctic arthro-
pods. The Journal of Experimental Biology, 217, 84-93.

Tilman, D. & Lehman, C. (2001) Human-caused environmental
change: impacts on plant diversity and evolution. Proceedings
of the National Academy of Sciences of the United States of
America, 98, 5433-5440.

Uno, S., Cotton, J. & Philpott, S. (2010) Diversity, abundance
and species composition of ants in urban green spaces. Urban
Ecosystems, 13, 425-441.

US Census Bureau (2010) Census of Population and Housing
Demographic Profile Summary File: Technical Documentation.

Von Holle, B. (2013) Environmental stress alters native-nonnative
relationships at the community scale. Biological Invasions, 15,
417-427.

Watt, C.A. & Scrosati, R.A. (2013) Regional consistency of inter-
tidal elevation as a mediator of seaweed canopy effects on ben-
thic species richness, diversity and composition. Marine
Ecology Progress Series, 491, 91-99.

Wilson, E.O. & Hunt, G.L. Jr (1966) Habitat selection by the
queens of two field-dwelling species of ants. Ecology, 47, 485-487.

Yergeau, E., Newsham, K.K., Pearce, D.A. & Kowalchuck, G.A.
(2007) Patterns of bacterial diversity across a range of Antarctic
terrestrial habitats. Environmental Microbiology, 9, 2670-2682.

Youngsteadt, E., Henderson, R.C., Savage, A.M., Ernst, A.F.,
Dunn, R.R. & Frank, S.D. (In Press) Habitat and species iden-
tity, not diversity, predict the extent of refuse consumption by
urban arthropods. Global Change Biology.

Zelikova, T.J., Sanders, N.J. & Dunn, R.R. (2011) The mixed
effects of experimental ant removal on seedling distribution,
belowground invertebrates, and soil nutrients. Ecosphere, 2,
1-14, art. 63.

Zerebecki, R.A. & Sorte, C.J.B. (2011) Temperature tolerance
and stress proteins as mechanisms of invasive species success.
PLoS One, 6, €14806.

Accepted 1 October 2014

Editor: Karsten Schonrogge
Associate editor: Jerome Orivel

© 2014 The Royal Entomological Society, Insect Conservation and Diversity



