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Abstract

Urban green spaces provide ecosystem services to city residents, but their management is hindered by a poor under-
standing of their ecology. We examined a novel ecosystem service relevant to urban public health and esthetics: the
consumption of littered food waste by arthropods. Theory and data from natural systems suggest that the magnitude
and resilience of this service should increase with biological diversity. We measured food removal by presenting
known quantities of cookies, potato chips, and hot dogs in street medians (24 sites) and parks (21 sites) in New York
City, USA. At the same sites, we assessed ground-arthropod diversity and abiotic conditions, including history of
flooding during Hurricane Sandy 7 months prior to the study. Arthropod diversity was greater in parks (on average
11 hexapod families and 4.7 ant species per site), than in medians (nine hexapod families and 2.7 ant species per site).
However, counter to our diversity-based prediction, arthropods in medians removed 2-3 times more food per day
than did those in parks. We detected no effect of flooding (at 19 sites) on this service. Instead, greater food removal
was associated with the presence of the introduced pavement ant (Tetramorium sp. E) and with hotter, drier condi-
tions that may have increased arthropod metabolism. When vertebrates also had access to food, more was removed,
indicating that arthropods and vertebrates compete for littered food. We estimate that arthropods alone could remove
4-6.5 kg of food per year in a single street median, reducing its availability to less desirable fauna such as rats. Our
results suggest that species identity and habitat may be more relevant than diversity for predicting urban ecosystem
services. Even small green spaces such as street medians provide ecosystem services that may complement those of
larger habitat patches across the urban landscape.
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(Kremen, 2005; Cardinale et al., 2012). This knowl-

Introducti . . s
firoduction edge gap is especially pronounced in cities, where

Urbanization is a leading cause of biodiversity loss and
environmental change on local and global scales
(Grimm et al., 2008; McDonald et al., 2008; McKinney,
2008). Despite their reduced diversity, urban ecosys-
tems provide services, such as air purification and pol-
lination, to city residents (Nowak et al., 2006; Gardiner
et al., 2013). Research over the past two decades has
sought to incorporate ecosystem services into urban
planning, with efforts to categorize, map, and assess
the economic and cultural value of these services
(McDonnell et al., 1997; Bolund & Hunhammar, 1999;
Gomez-Baggethun & Barton, 2013; Larondelle & Haase,
2013). However, management of ecosystem services is
hindered by a poor understanding of how they are
shaped by biodiversity and the abiotic environment
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ecological studies have lagged behind those in natu-
ral areas (Elmqvist et al., 2008, Swan et al., 2011;
Martin ef al., 2012), and where forces of future eco-
logical change may be extraordinarily complex.
Urban systems are subject not only to local stresses
typical of urbanization itself (e.g., habitat fragmenta-
tion, urban warming, introduced species) but also to
broader global and regional climate changes, includ-
ing warming and extreme weather (Shochat et al.,
2006; Karl et al., 2008; Bender et al., 2010; McCarthy
et al., 2010). An understanding of how these forces
interact with urban biodiversity to shape ecosystem
services is needed.

In this study, we assess the influence of biotic and
abiotic factors on a novel urban ecosystem service: ani-
mal consumption of littered food waste. Littering
(improper disposal) of food waste is a public health
concern because littered environments discourage
human physical activity and sustain populations of
organisms — such as rats, pigeons, and filth flies — that
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harbor or transport human pathogens (Colvin et al.,
1996; Graczyk et al., 2001; Haag-Wackernagel & Moch,
2004; Ellaway et al., 2005; Himsworth et al., 2013; Feng
& Himsworth, 2014). Litter also raises the cost of urban
waste management. In 2008, the US spent an estimated
$11.5 billion on litter abatement, with large cities dis-
posing of 10.6 kg of litter per person per year (KAB,
2009b). Despite these efforts, the same study found 1.5
pieces of litter per linear foot of urban roadway, and, in
some settings, up to 26% of littered items were food
(KAB, 2009b). Even if this waste could be efficiently
diverted to landfills, it would contribute to a different
environmental problem: Landfilled urban food waste
produces 8% of global anthropogenic emissions of
methane, a powerful greenhouse gas (Adhikari et al.
2006).

Because many scavenging and decomposing arthro-
pods are common in cities, this group of organisms has
the potential to reduce the public health, esthetic, and
financial burden of littered food waste by diverting it
from undesirable vertebrates and from landfills. This
potential likely varies across the urban landscape,
because arthropod diversity and species composition
are sensitive to urbanization and to habitat type within
the urban matrix (e.g., McIntyre et al., 2001; Sanford
et al., 2009; Kotze et al., 2011; Savage et al., in press).

We expected urban refuse consumption to follow pat-
terns of ecosystem function known from ecological the-
ory and nonurban systems. Specifically, the efficiency
and stability of resource capture generally increase
with biological diversity, and this pattern is attributed
to the presence in diverse systems of greater biomass
and complementary forms of resource use (Frank &
McNaughton, 1991; Tilman et al., 1996; Cardinale et al.,
2006, 2012). For example, in marine mesocosms, diverse
communities of invertebrate grazers (six species) con-
sumed more algae than did less-diverse communities (1
to 3 species) (Duffy ef al., 2003). Where invasive species
become common, however, their effects can counter
diversity-based predictions. Invasive species tend to
reduce biodiversity, but their extraordinary abundance
and tolerance of disturbance may increase the rate and
stability of ecosystem processes (Marvier et al., 2004;
Pejchar & Mooney, 2009; Vila et al., 2009; Ehrenfeld,
2010; McGeoch et al., 2010; Schlaepfer et al., 2011;
Strayer, 2012). For example, invasive earthworms,
despite reducing the diversity of soil fauna, appear to
increase rates of leaf-litter decomposition (Pouyat et al.,
1997; Migge-Kleian et al., 2006). Finally, the abiotic envi-
ronment itself shapes ecosystem function, not only by
determining diversity and community composition of
organisms but also by affecting their metabolism and
behavior (Gray, 1989; Haddad et al., 2008; McKinney,
2008). For example, even when species composition

remains constant, whole-ecosystem metabolism (respi-
ration) increases with temperature (Enquist et al., 2003).
Thus, ecosystem function may be largely determined
by species composition, but further tuned by effects of
local abiotic factors on those species.

Here, we assess the magnitude and stability of the
food-waste consumption service in green spaces of
New York City (NYC), the most populous city in the
United States (US Census Bureau, 2012) and the eighth
most populous in the world (United Nations Depart-
ment of Economic & Social Affairs, Population Division,
2014). We focus on the role of arthropods and consider
their consumption both in absolute terms and relative
to that of vertebrates, with which they may compete for
food waste. Previous work showed that NYC parks
(open or forested habitats) supported greater native ant
diversity than did street medians (vegetated islands
between lanes of traffic), while the two habitat types
supported a similar diversity of introduced ants
(Pecarevic et al., 2010; Savage et al., in press). In October
2012, Hurricane Sandy struck NYC, flooding a subset of
parks and medians and potentially disrupting animal
assemblages and ecosystem processes.

In this context, we ask: (i) Does the magnitude of the
food waste consumption service vary between parks
and medians? We predicted that the more diverse park
arthropods would use resources more efficiently,
removing more food waste per day. (ii) Did flooding
alter the magnitude of service in either site type? On
the basis of biodiversity, we expected parks to provide
the more stable service, that is, that food removal
would be similar in flooded and unflooded sites. Alter-
nately, medians, dominated by disturbance-tolerant
invasive species, may also remain stable. (iii) What is
the relative importance of physical habitat, biodiversity,
species introductions, species traits, and species iden-
tity in predicting the magnitude of service across sites?
We explored the predictive power of these biotic and
abiotic factors to suggest future directions in the mech-
anistic study and rapid assessment of urban ecosystem
services. To address these questions, we measured the
amount of food refuse (cookies, potato chips, and hot
dogs) removed by arthropods and vertebrates in each
site type, and interpreted the results in light of the
arthropod assemblage, habitat characteristics, and flood
history.

Materials and methods

Study sites and environmental data

We sampled ground arthropods and gathered environmental
data at 59 sites in green spaces across the borough of
Manhattan in New York City, New York, USA. Manhattan is

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12791
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one of the most urbanized areas in the United States with
about 27 500 people/km? and 91% impervious land cover
(University of Vermont, 2012; US Census Bureau, 2014). We
focused on two categories of green space, parks, and street
medians (Fig. 1). Median sites (n = 15 unflooded, 14 flooded)
were a randomly selected subset of those previously sampled
by AMS on Broadway, and a randomly selected subset of all
existing medians in the corridor formed by West St., 11th Ave,
and 12th Ave. Park sites (19 unflooded sites, 11 flooded,
located in 14 parks) were selected based on their inclusion in
previous studies, their exposure to flooding, and recommen-
dations of park staff. When multiple sites were selected within
a single park, they differed in habitat or flood history and
were separated by at least 65 m.

Temperature and humidity were monitored at each site
using a DS1923 hygrochron iButton data logger (Maxim Inte-
grated, San Jose, CA, USA). iButtons were attached to tree
branches 2-3 m above ground level using an iButton wall
mount (Maxim Integrated) housed inside a 3-cm deep translu-
cent plastic cup (Dart, Mason, MI, USA) and attached to the
branch with a cable tie. iButtons were installed in March 2013;
data were downloaded and missing iButtons replaced in May—
June and in August 2013. Here, we analyze July temperature
and humidity because they represent summer conditions
(under which ecosystem services were measured), and because
July is the month for which the most sites had complete data.

In May-June 2013, we measured leaf-litter depth every 4 m
along a 20 m transect at each site using a sharpened dowel
marked with 1-cm graduations, as described in (Kostel-
Hughes et al., 1998). For each site, the value used in analyses
was the mean of the six measurements. Site exposure to
flooding during Hurricane Sandy (November 2012) was
determined using a 1-m resolution storm-surge map made by
the U.S. Federal Emergency Management Agency (available
at http://services.femadata.com/arcgis/rest/services/2012
Sandy/SurgeBoundaries_Final 0214/MapServer). Sites were

(c)
Medians
© Unflooded
@ Flooded
Parks
<k Unflooded

X Flooded

Fig. 1 Examples of sites in (a) a street median and (b) a park.
The map of Manhattan (c) indicates locations of 59 sites where
arthropods were sampled. Sampling sites are marked by sym-
bols, and green fill indicates park areas, for reference.

further characterized using a 0.9 m resolution land cover map
of New York City, in which surfaces are classified as tree
canopy, grass/shrub, bare earth, water, roads, buildings, or
other impervious surface (University of Vermont, 2012). We
overlaid this map with site coordinates in ArcMap 10.0 (ESRI,
Redlands, CA, USA) and extracted the percent tree canopy
cover and percent impervious surface in a circle of 30-m
radius centered on each site. We also used the map to measure
the longest and shortest straight-line distances to habitat edge,
where edge was defined as an expanse of impervious surface
at least 9 m wide, or a body of water. Nine meters is the width
of impervious surface that separates one street median from
the next; we used the same distance to define habitat edges for
parks. Of the 59 study sites, complete environmental data
were ultimately available for 53 — those where iButtons suc-
cessfully recorded data for the entire month of July.

Arthropod sampling

We used Winkler extractors and hand collections to sample
ground arthropods from May 30-June 9, 2013. At each site, we
established a 20 m transect in an area where leaf litter was
present (avoiding lawns and bare dirt). We collected leaf litter
every 4 m along the transect, sifted it through a litter reducer
(4 mm mesh), and extracted arthropods from 1 I of sifted litter
per site using a Winkler extractor. Litter remained in the
extractor for 48 h and all arthropods were stored in 95% etha-
nol.

Hand collections targeted ants only. We searched sites for
15 min and collected worker ants from all microhabitats found
within ~6 m of the transect on the ground and up to 2 m high.
We collected ants with an aspirator or moist paintbrush and
stored them in 95% ethanol. All arthropods were identified to
class or order, all adult hexapods to family, and all ants to spe-
cies according to (Ellison et al., 2012) and confirmed by com-
parison to reference specimens in the lab of RRD. Vouchers of
ants are deposited in the North Carolina State University
Insect Museum (Raleigh, NC, USA) and the American
Museum of Natural History (New York, NY, USA).

Details of overall arthropod composition will be addressed
elsewhere; here, we use specific attributes of the arthropod
assemblage to test hypotheses about how species diversity
and traits should affect ecosystem function. These attributes
were: (i) hexapod family diversity (measured as family den-
sity, that is, number of families encountered per site); (ii) ant
species diversity [measured as species density, that is, number
of species encountered per site, (Gotelli & Colwell, 2001)]; (iii)
proportion of ant species that were nonnative, and (iv) propor-
tion of ant species that were ‘nuisance’ ants. We classified a
species as a nuisance ant if it possessed the trait of foraging
for human-provided food in kitchens or garbage cans, as
reported in (Vander Meer et al., 1990; Klotz, 2008; Ellison et al.,
2012; MacGown, 2013) as well as in AntWeb (http://www.
antweb.org, accessed 14 February 2014) and AntWiki (http://
www.antwiki.org, accessed 14 February 2014). Ultimately,
complete data on arthropod assemblages were available for 57
of the 59 study sites (information from two sites was lost dur-
ing sample processing).

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12791
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Ecosystem service

To measure removal of littered food waste by urban animals
at a subset of study sites, we presented three commonly
dropped food items expected to attract fat-, sugar-, and pro-
tein-feeding animals: potato chips (Ruffles Original, Frito-Lay,
Dallas, TX, USA), cookie (Nabisco Nilla Wafers, Mondelez
International, Chicago, IL, USA), and hot dogs (Oscar Mayer
Extra Lean Franks, Kraft Foods, Northfield, IL, USA). Food
items were preweighed, and removal was measured as dry
weight of food items removed. Foods were not dehydrated
prior to presentation in the field; to determine initial dry
weights of foods offered, we reserved 3-5 reference samples
of each food type every time foods were prepared for the field.
We dried these reference samples at 65 °C in a drying oven
until stable weight was reached. We used the ratio of dry: wet
weight of these samples to calculate the expected dry weight
of food pieces placed in the field on the same day. Foods were
moistened when presented in the field to improve palatability
and minimize effects of variable dew or light rain.

We placed two sets of foods at each site: One set of the three
items was caged to exclude vertebrates and to reveal the con-
tribution of arthropods to the ecosystem service. The second
set was uncaged; food removal in this treatment represented
the combined activity of arthropods and other animals, pri-
marily vertebrates. We note that mollusks (i.e., slugs) may also
consume littered food waste; immature individuals could
have accessed caged foods while adults would have been
restricted to uncaged foods. However, we observed slugs or
their slime trails in the vicinity of our cages at only two study
sites and assume that arthropods and vertebrates were the
principal consumers of foods in this study.

Cages were assembled on site by first placing on the ground
a 22 cm square of hardware cloth (0.6 cm mesh). Preweighed
food items were placed on the mesh and covered by an
inverted, round, wire culinary basket (20.3 cm diameter at
open base, 15 cm diameter at top, 16 cm tall, 0.6 cm mesh,
WINCO, Lodi, NJ, USA) from which the handle had been
removed and to which a polystyrene plate (15 cm diameter)
had been glued as a shield from light rain or debris (Fig. 2a).
The hardware-cloth base and the culinary-basket dome were
secured to one another and to the ground using cable ties and
landscape staples.

Uncaged foods were placed on an identical square of hard-
ware cloth. Instead of a cage dome, we installed only a rain
shield by mounting a 15-cm polystyrene plate on a bolt
(0.6 x 15.2 cm) using a washer and a small cable tie to form
an umbrella, which we inserted into the ground through the
center of the hardware-cloth square (Fig. 2b).

We returned to sites ~24 h after food was presented to
retrieve leftover food, which we dried at 65 °C until stable
weight was reached. Final dry weights of leftovers were sub-
tracted from calculated initial dry weights of the same items
to determine the dry weight of each food removed at each site.

We performed this experiment twice. In Experiment 1, we
used small amounts of food to simulate portions accidentally
dropped by people, and assessed its removal at 45 sites (13 un-
flooded medians, 11 flooded medians, 13 unflooded park sites,
and eight flooded park sites). Cookies, hot dogs and potato

r

Fig. 2 Cage (a) and uncaged shelter (b) used to present food in
refuse-consumption experiments.

chips were presented in similarly sized pieces (roughly 1/3
chip, 1/5 cookie, 1/40 hot dog), but due to differing densities,
dry weights varied (mean £ SD for each food item, in mg):
chip 554 + 206; cookie 889 + 223, hot dog 319 + 77, total food
1762 + 321. Food exposure time was (mean 4 SD) 24 & 1.2 h.
We tested 6-12 sites per day, such that the whole experiment
took 6 days to complete (May 29-June 2 and June 4-5, 2014).

Because a large proportion of total food was removed in the
first experiment, we increased the amount of food offered in
Experiment 2 to assess maximum food removal. Experiment 2
included 20 sites (5 unflooded medians, 5 flooded medians, 5
unflooded park sites, and 5 flooded park sites) and was exe-
cuted in a single 24 h period beginning on June 8. Amounts of
food offered were (mean + SD for each food item, in mg): 1
large chip (1664 + 528); 1 cookie (3635 + 200), 1/10 hot dog
(950 £ 167), total food 6249 + 633. Exposure time was
(mean 4 SD) 24 £ 0.4 h.

Analysis of environmental data

iButtons recorded relative humidity (RH), but vapor pressure
deficit (VPD) is the humidity measure most directly related to
evaporation rates and thus to desiccation in animals (Monteith

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12791
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& Unsworth, 2013). Vapor pressure deficit was calculated
from temperature and relative humidity as follows: Saturation
VP over liquid water was calculated from temperature using
the sixth order polynomial of (Flatau ef al., 1992), and VPD
was derived from saturation VP and RH according to (Shuttle-
worth, 2012). Average July VPD (mean of 248 values recorded
for each site in the month of July) was the value used in analy-
ses. Similarly, average July temperature was the mean of 248
July temperature readings for each site.

To compare the physical habitat across sites, we conducted
a principal components analysis (PCA) on the correlation
matrix of the seven environmental variables (July tempera-
ture, July VPD, leaf litter depth, percent canopy, percent
impervious surface, shortest distance to edge, longest distance
to edge). We analyzed the correlation matrix, rather than the
covariance matrix, to equalize the contributions of all variables
regardless of their scale of measurement. We applied data
transformations to reduce skewness and improve linearity of
relationships among variables prior to PCA. Percent impervi-
ous surface and percent canopy cover were arcsine trans-
formed, and leaf litter depth and distances to edge were log
transformed. PCA was performed in JMP v. 10.0.0 (SAS Insti-
tute, Cary, NC, USA).

Analysis of ecosystem service data

Effects of site type and flooding. First, we asked whether
arthropod food removal differed by site type (median or
park), flooding (flooded or unflooded during Hurricane
Sandy), or their interaction, using the GLM procedure of SAS
v. 9.3 for Windows (SAS Institute, Cary, NC, USA). We pooled
all food types and analyzed total removal because arthropod
preferences for different foods did not differ across site types
(Data S1, Figure S1). In Experiment 1, we included two covari-
ates in the analysis: the number of hours the food was avail-
able at each site and the temperature during the ~24 h that
food was presented at each site (mean of 12 iButton readings).
These covariates were not included in analyses of food
removal in Experiment 2, since exposure times were highly
consistent, and all sites were exposed on the same dates.

Removal by arthropods relative to other animals. To deter-
mine whether arthropods and vertebrates compete for the
same food resources, we asked whether more food was
removed when other animals also had access. To test for
effects of exclusion cages on the dry weight of food removed
in both site types, we used the MIXED procedure in sas 9.3 to
fit a mixed model with fixed effects of site type (median or
park) and cage treatment (caged or open) and a random effect
of site nested in site type.

Predictive  power of arthropod and  environmental
variables. Since we detected a strong categorical effect of site
type on arthropod food removal in both experiments, we fur-
ther explored which aspects of habitat and arthropod compo-
sition were most predictive of the magnitude of food removal
services. In the following analyses, we used only the subset of
sites where complete data for food removal, community

composition, and environmental variables were available: 39
sites (21 medians, 18 parks) in Experiment 1, and 15 sites (8
medians, 7 parks) in Experiment 2.

At the species level, we tested for effects of four generalist
species previously identified as more common in medians
than in parks (Savage et al., in press). For each species, we
used a 1-tailed t-test to ask whether species presence was asso-
ciated with greater food removal. When this categorical test
was significant, we further used the subset of sites where the
species was present in Winkler samples to test for effects of its
abundance on food removal using linear regression in JMP
10.0.

At the assemblage level, we used multiple regression to
compare the relative importance of six arthropod and environ-
mental variables: hexapod family diversity, ant species diver-
sity, proportion of introduced ants, proportion of nuisance
ants, and environmental PCA axes 1 and 2. For Experiment 1,
we also included two potential covariates, the number of
hours food was available and mean site temperature on the
day of the experiment. Prior to analysis, number of ant species
per site was log transformed, and proportional data trans-
formed using a variation in the arcsine transformation that
performs better at extremes (near 0 and 1) (Zar, 1999). For a
proportion X/n, the transformed value is p’ = arcsin
V[(X +3/8)/(n + 3/4)]. For Experiment 1, we considered all
255 possible models constructed from these eight variables.
For Experiment 2, we considered six predictor variables for a
total of 63 candidate models. We used AIC. (Akaike informa-
tion criterion corrected for small sample size) to rank models
and to compute Akaike weights (w;) for all models and predic-
tor variables (Symonds & Moussalli, 2011). This information
theoretic selection process can be compromised if full-model
R? values are poor, or if included variables are highly collin-
ear. Before performing the analysis, we confirmed that full-
model R* values were high (0.43 and 0.55 for Experiments 1
and 2, respectively) and multicollinearity was low (mean tol-
erance = 0.54 and 0.41 in Experiments 1 and 2). All multiple
regressions were conducted in the REG procedure of sas 9.3.

Finally, to synthesize the results of individual species effects
with assemblage and environmental effects, we used a general
linear model in the GLM procedure of sas 9.3 to partition vari-
ance between our top categorical and continuous predictors
from the two preceding analyses. (Individual species data
could not be included in the multiple regression analysis
because a dummy variable representing species presence/
absence greatly reduced the tolerance among variables in the
full model to a mean of 0.23 (minimum 0.07), compromising
the results.)

Results

Habitat

We detected distinct environmental differences
between medians and parks. Sampled sites in medians
were hotter, drier, closer to habitat edges, and
surrounded by more impervious surface and less tree
canopy than were those in parks (Table 1). These

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12791
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Table 1 Mean and 95% confidence intervals for seven environmental variables measured in parks and medians

Median (n = 27) Park (n = 26)
Variable Mean 95% CI Mean 95% CI
July temperature (°C) 27.7 27.6-27.9 26.6 26.4-26.8
July VPD (hPa) 14.7 14.4-15.0 11.7 11.1-12.2
% Canopy 15.2 12.2-18.3 58.3 43.3-72.6
% Impervious 80.5 77.5-83.4 10.8 5.4-17.8
Distance to nearest edge (m) 2.2 1.8-2.5 12.8 7.6-21.5
Distance to farthest edge (m) 76.1 50.3-115.1 347.9 261.9-462.3
Litter depth (cm) 0.7 0.5-1.0 0.8 0.5-1.2

Note that all variables that were transformed for analysis are back-transformed here for ease of interpretation.

highly correlated differences were reflected in PCA axis
1, which completely separated park and median sites
and explained 66.7% of the measured environmental
variation among sites (Fig. 3, Table S1, Table S2). PCA
axis 2 captured an additional 13.6% of the variation and
was associated primarily with leaf litter depth, which
varied across a similar range in both site types (Table 1;
Fig. 3).

Arthropod assemblage

From leaf-litter samples, we extracted a total of 16 294
arthropods from seven classes. Ninety three percent of
all individuals were either insects (20% of individuals,
48 families) or other hexapods (Entognatha, 73% of
individuals, eight families) (Table S3). Ants were the
most abundant insect family (71% of all individual
insects). Leaf-litter samples included 1926 worker ants
of 27 species, and hand collections captured five

Leaf litter depth

Temp
Imperv

Component 2 (13.6%)
o
T

Canopy @
[ ]
Faredge © ©©
=2 F
.. °
_4 1 1 1 1 1 1
6 4 2 0 2 4 6

Component 1 (66.4%)

Fig. 3 A PCA separates parks (green circles) from medians
(gray circles) on Axis 1, which is strongly loaded with six highly
correlated habitat variables (blue arrows).

additional species for a total of 32 ant species (Table 2,
Table S4). Park sites supported more diverse arthro-
pods than did medians, with an average of two addi-
tional hexapod families and two additional ant species
per site. The greater ant diversity in parks was driven
by the presence of more native, nonnuisance species
(Table 2). Parks and medians did not differ in the
number of introduced or nuisance species encountered
per site.

Ecosystem service

Across all sites, arthropods removed 59% of available
food within 24 hours in Experiment 1 (small portions)
and 32% in Experiment 2 (large portions). Counter to
our prediction that diverse arthropod assemblages
would consume the most food, we found that arthro-
pods in medians removed 2.1 times more food than ar-
thropods in parks in Experiment 1 (small portions;
P <0.001, Fig. 4, Table 3), and 3.3 times more in Exper-
iment 2 (large portions; P < 0.001, Fig. 4, Table 3). We
detected no main or interactive effect of flooding on the

Table 2 Characteristics of arthropod assemblages in parks
and medians

Median (n = 28) Park (n = 29)

Variable Mean 95% CI  Mean 95% CI
Class diversity 4.8 45-5.1 44  4.049
Hexapod family diversity 9.0 8.1-10.0 11.0 9.5-124
Ant species diversity 2.7 2234 47  3.8-58
Introduced ant diversity 1.6 1.3-1.9 1.6 13-18
Native ant diversity 1.1 0.7-1.6 28 1940
Nuisance ant diversity 2.2 1.8-2.5 26 2231
Other ant diversity 0.6 0.3-0.9 1.9 1328

Note that all variables that were transformed for analysis are
back-transformed here for ease of interpretation; the measure
of diversity used is taxon density.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12791
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Fig. 4 Arthropod communities in medians consistently con-
sumed more than those in parks in Experiment 1 (a) and Experi-
ment 2 (b). We detected no effect of flooding on food
consumption in either site type. Bars indicate least-squares
means + SE.

amount of food refuse removed by arthropods, and
variance in removal was not greater among flooded
sites than among unflooded sites (Fig. 4, Table 3).

Where food was left, hot dogs were the most likely to
be left, while chips and cookies were equally preferred
(Data S1, Figure S1).

Removal by arthropods relative to vertebrates. When all
animals, including vertebrates, had access to food, 93%
of available food was removed in Experiment 1 and
80% in Experiment 2; that is, arthropods and other ani-
mals together (uncaged treatment) removed 1.5-2.5
times more food than arthropods alone (caged treat-
ment) (Fig. 5, Table 4), indicating that both groups of
animals use the same food resources. In Experiment 1
(small portions), arthropods ate much less than all ani-
mals in parks, but ate only slightly less than all animals
in medians (site type x cage interaction, Table 4). Ar-
thropods removed 100% of the caged food at 1/3 of our
median sites and no park sites.

To determine the upper limit of arthropod consump-
tion, we offered ~3.5 times more food in Experiment 2.
Together, arthropods and other animals continued to
regularly remove 100% of the food (from 60% of sites),
but arthropods no longer did so on their own. Maxi-
mum removal by arthropods was 85% (4.9 g) in a med-
ian site. With the larger amounts of available food,
arthropods consistently ate less than that did all ani-
mals in both site types (no site type x cage interaction,
Table 4).

Effects of individual ant species. More food was eaten by
arthropods at sites where Tetramorium species E [for-
merly known as Tetramorium caespitum (Schlick-Steiner
et al., 2006)], was present (Experiment 1 f= 3.3,
P =0.0005; Experiment 2 t = 4.2, P = 0.0003, see also

Table 3 Results of ANOvas testing for effects of site type, flooding, and their interaction on the amount of food refuse removed by
arthropods in Experiments 1 and 2; covariates included in the Experiment 1 model controlled for food exposure time and site tem-

perature on the day of the experiment; P values < 0.05 are bold

Source df ss MS F p R’
(a) Experiment 1
Model 5 7305778 1461156 7.07 <0.001 0.48
Site type 1 6323722 6323722 30.61 <0.001
Flooding 1 135726 135726 0.66 0.42
Site type x flooding 1 508818 508818 2.46 0.12
Hours 1 87725 87725 0.42 0.52
Temperature 1 249786 249786 1.21 0.28
Error 39 8056579 206579
Corrected total 44 15362357
(b) Experiment 2
Model 3 25999913 8666638 10.27 <0.001 0.66
Site type 1 22463521 22463521 26.61 <0.001
Flooding 1 2504904 2504904 2.97 0.10
Site type x flooding 1 1031488 1031488 1.22 0.29
Error 16 13504992 844062
Corrected total 19 39504905

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12791
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Fig. 5 More food refuse was removed in medians and parks
when both arthropods and vertebrates had access in Experiment
1 (a, n = 24 medians and 21 park sites) and Experiment 2 (b,
n = 10 medians and 10 park sites). Bars represent least-squares
means =+ SE.

Table S5 and Figure S2). Given T. sp. E presence, how-
ever, its abundance in Winkler samples did not predict
food removal (Experiment 1 F;;3 = 2.66, P =0.12;
Experiment 2 F; g = 0.02, P = 0.90). T. sp. E was more
common in medians than in parks: It was present in
91% of medians and 40% of park sites used in Experi-
ment 1; and in 100% of medians and 22% of park sites
used in Experiment 2. However, its abundance in Win-
kler samples was not correlated with PCA axis 1 (Fig-
ure S3). No other ant species was positively associated
with food removal (Table S5).

On the basis of these results, we estimated how much
food the arthropods of a single block-long median strip
could remove per year. We assumed that a single
400 m* median encompasses about 9 T. sp. E foraging
territories, within each of which additional food would
have been removed independently (Brian ef al., 1967) —
that is, within each of which ~3 g of food waste could
be removed per day (Fig. 4, Experiment 2). This
amounts to 27 g removed per median per day. Assum-
ing a 5-8 month activity period for arthropods in NYC,
the arthropods of a single block-long median strip
could remove about 4-6.5 kg (dry weight) of food

refuse per year or on the order of 600-975 kg per year
for the full ~150-block extent of the Broadway and West
St. medians we studied. We made no attempt at a simi-
lar estimate for parks because of their greater size and
habitat heterogeneity.

Predictive power of arthropod and environmental vari-
ables. To explore the categorical effect of site type (more
food removed in medians) in greater detail, we consid-
ered food removal as a function of arthropod and envi-
ronmental variables that varied continuously across
sites (Table 5, Table S6). We expected to find that some
measure of arthropod composition, or a combination of
arthropods and habitat, would be most predictive.
Instead, when we examined all possible combinations
of arthropod and environmental variables, only envi-
ronmental PCA axis 1 was strongly supported in both
experiments as a predictor of the amount of food
removed by arthropods (Table 5; w; values near 1 indi-
cate a high probability that PCA axis 1 is a component
of the best model). The highest food removal was asso-
ciated with high scores on PCA axis 1, that is, with
median-like conditions (Fig. 6). A negative effect of the
proportion of introduced species was weakly sup-
ported in both experiments (Table 5, Table S6).

In summary, our analysis of individual species found
that the presence of T. sp. E predicted high consump-
tion, and our multiple regression of arthropod and
environmental variables found that ‘medianness’ (large
values on habitat PCA axis 1) also predicted high con-
sumption. Although T. sp E was more frequently col-
lected in medians, these two results were not strictly
redundant: After accounting for T. sp. E, environmental
conditions (PCA axis 1) still accounted for an additional
12% of the variation in the food consumption in Experi-
ment 1 (Table 6, Fig. 6). A similar trend was evident in
Experiment 2 (Table 6, Fig 6).

Discussion

People in cities add food refuse to the environment by
accidentally dropping or intentionally discarding it
(KAB, 2009a). If left uneaten — or if eaten by animals
that harbor human diseases — this littered food waste
becomes a public health, environmental, and financial
burden. We show that arthropods in green spaces of
New York City, the most populous city in the United
States, contribute to the ecosystem service of removing
littered food waste such as potato chips, hot dogs, and
cookies. When food portions were small (<2 g), similar
to accidentally dropped pieces of larger food items, ar-
thropods alone were capable of removing 100% of the
food from many of our sites in street medians. When
food portions were larger (~6 g, whole cookies and

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12791
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Table 4 Results of ANovas testing for differences in food removal in caged (arthropods-only) vs. uncaged (all animals) treatments

in Experiments 1 and 2; P values < 0.05 are bold

Source Numerator df Denominator df SS F P
(a) Experiment 1
Main effects
Site type 1 45.66 4925454 38.28 <0.0001
Cage 1 42 7635405 28.70 <0.0001
Interactions
Site type x Cage 1 42 1665386 6.26 0.016
Simple effects of cage
in parks 1 42 7531636 4.48 0.040
in medians 1 42 1192906 31.66 <0.0001
Random effects
Site (site type) 43 5445099
Residual 42 11173023
Corrected total 90 39568909.2
(b) Experiment 2
Main effects
Site type 1 18 29816656 15.92 <0.001
Cage 1 18 88681862 44.56 <0.0001
Interactions
Site type x Cage 1 18 1543311 0.78 0.390
Random effects
Site (site type) 18 33706144
Residual 18 35821931
Corrected total 39 189569904

chips, large pieces of hot dog), arthropods were unable
to completely remove them within 24 h. In other
words, when more waste is present, arthropod
consumption is saturated and a greater proportion
inevitably feeds vertebrates. We estimated that arthro-
pods in the medians of Manhattan’s Broadway and
West St. could remove 600-975 kg (dry weight) of food
waste per year—equivalent to approximately 60 000 hot

Table 5 Akaike weights (w;, larger values indicate greater
support) and model-averaged parameter estimates (values
near 0 have the least influence) for variables included in com-
peting models to explain the amount of food consumed in
Experiments 1 and 2

Experiment1  Experiment 2

Predictor w; Estimate w; Estimate
PCA axis 1 099 1.28 0.87  14.10
PCA axis 2 059 -0.71 0.15 0.75
Hexapod family density 0.26 —0.04 015 -0.11
Ant species density 042 0.78 0.21 2.24

Proportion of introduced 041 -1.59 0.30 -18.01
ants

Proportion of nuisance ants  0.25  0.55 026  18.01
Hours food was available 023 0.03

Short-term temperature 031  0.05

dogs, 200 000 Nilla Wafers, or 600 000 Ruffles potato
chips. Relative to the litter disposal rate of 10.6 kg per
person per year in large cities, of which 0.4-2.8 kg per
person may be food waste (KAB, 2009b), the potential
contribution of arthropods to total waste removal is
modest but notable. Without these animals, more
littered food waste would accumulate in cities.

The magnitude of the food removal service varied
across habitats, but not in the direction that we pre-
dicted. On the basis of diversity theory, we expected
that the more diverse arthropod assemblages in parks
should consume more food waste. Although we
confirmed that park sites supported more ant species
and more hexapod families than did median sites
(Table 2, Savage et al., in press), park arthropods ate
2-3 times less food than those in medians.

Our analyses point to the importance of species iden-
tity and habitat characteristics, rather than diversity, as
predictors of food removal. Of the 13 most common
generalist ant species we collected, only one, the pave-
ment ant Tetramorium sp. E, was associated with greater
food removal (Fig 6, Table S5, Figure S2). This Palearc-
tic species was introduced to North America more than
100 years ago, is common in urban areas, and — consis-
tent with its occurrence in medians — prefers to nest
near pavement (Smith, 1943; e.g., King & Green, 1995;
Pecarevi¢ et al., 2010). Its large colonies, averaging

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12791
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Fig. 6 Scatterplots illustrating the relationship between PCA
Axis 1 and arthropod food consumption at sites with and with-
out T. sp. E in experiments 1 (a) and 2 (b). More food is eaten as
sites become hotter, drier, closer to habitat edges, more impervi-
ous and less covered with tree canopy. Lines represent model
fits (Table 6).

Table 6 Results of ANCOvA partitioning variance between the
best categorical and continuous predictors identified in previ-
ous analyses; P values < 0.05 are bold

SS

Source df (TypeD) MS F P R?

(a) Experiment 1

Model 3 3661628 1220543 5.1 0.005 0.30
T.sp.E 1 2169627 2169627 9.07 0.005
PCA1 1 1455592 1455592 6.08 0.019
T.sp. ExPCA1 1 36408 36408 0.15 0.700
Error 35 8374400 239269
Corrected total 38 12036028

(b) Experiment 2
Model 3 11274596 3758199 2.50 0.113 0.41
T.sp.E 1 7026475 7026475 4.68 0.053
PCA1 1 4247316 4247316 2.83 0.121
T.sp. ExPCA1 1 804 804 0.00 0.982
Error 11 16504479 1500407

Corrected total 14 27779075

10,000 workers, quickly recruit to and dominate food
sources (Brian et al., 1967; King & Green, 1995).
Although we did note other species at foods (including
Solenopsis molesta, Monomorium minimum, and Lasius ne-
oniger), T. sp. E appears to have the largest direct effect
on food removal, whether because of its abundance,
activity levels, dietary preferences, or some combina-
tion thereof. Where T. sp. E was present, 2-3 times
more food was removed by arthropods than when it
was absent. This result is consistent with the idea that
high abundance of introduced species can trump the
effects of biodiversity itself on rates of ecosystem func-
tion (Ehrenfeld, 2010; Strayer, 2012).

Urban habitat characteristics alone were also strong
predictors of food removal (Table 5, Table S6), and still
explained additional variation after accounting for the
presence of T. sp. E (Table 6). Arthropods consumed
more food in sites that were hotter, drier, closer to habi-
tat edges, and surrounded by more impervious surface,
and less tree canopy. Although animals are the arbiters
of food removal, environmental variation could predict
— or improve predictions of — food consumption
because of its influence on animals. The environmental
variables we measured may have been a proxy for
arthropod abundance or species composition, including
aspects that were missed in our sampling, such as the
presence or activity of nocturnal organisms or mollusks
such as slugs. Environmental differences may also alter
arthropod metabolism and demand for food, such that
similar arthropods consume more in hotter, drier sites
(Howard & Tschinkel, 1981; Vogt & Appel, 1999; King-
solver, 2009). Our July average site temperatures, repre-
sented by PCA axis 1, represent a biologically
significant [e.g., (Kingsolver, 2009; Meineke et al., 2013)]
range of 2.6 °C across sites. The differences in food
removal between parks and medians raise additional
questions regarding the availability of both ‘natural’
and anthropogenic foods across urban green spaces: To
what extent is littered food waste a dietary staple for
urban wildlife inhabiting parks, medians, or even
paved areas? On a practical level, our results point to
the possibility that urban planners may be able to pre-
dict the magnitude of some ecosystem services by using
rapid habitat measures rather than more laborious bio-
logical sampling.

Our results indicate that vertebrates compete with ar-
thropods for littered food waste in Manhattan. Overall,
1.5-2.5 times more food was removed when vertebrates
had access to food than when they did not. However,
vertebrate consumption comes at a cost to public health
because urban vertebrate populations can transmit dis-
eases to humans, while ants and most arthropod scav-
engers do not (except under unusual circumstances
such as hospitals) (Beatson, 1972; Haag-Wackernagel &
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Moch, 2004; Himsworth et al., 2013). Three species of
nonhuman vertebrates were noted in medians: rats,
house sparrows, and starlings. Parks are more diverse;
for example, seven species of mammals and ~275 spe-
cies of birds are known from Manhattan’s Central Park
(Roach, 2003; Kakutani, 2008). Among them are con-
sumers of food waste, including rats, raccoons, opos-
sums, squirrels, pigeons, and crows (Feinstein, 2011).
Competition between vertebrates and ants has also
been documented in desert ecosystems, where the
removal of either taxon resulted in increased abun-
dance of — and seed consumption by — the other within
a year (Brown et al., 1979; Valone et al., 1994). At a few
of our sites, just as much or more food was taken from
the caged treatment as from its paired uncaged treat-
ment. At least under some circumstances, then, the
arthropod contribution to food removal is dominant.
This could occur, for instance, where rat poison is used.
Future work should further explore the conditions that
favor the competitive advantage of arthropods as food
removers in cities. Urban habitat management that
favors ants over rats may benefit public health.

Although a growing number of studies have assessed
community composition of urban ground arthropods
(e.g., McIntyre et al., 2001; Clarke et al., 2008; Uno et al.,
2010), few have examined their ecological function.
One study found that the rate of seed dispersal by ants
was nearly twice as fast in urban forests as in natural
areas, despite reduced diversity and density of ants in
urban sites; this shift was attributed to the presence in
urban sites of only the most efficient and dominant for-
agers (Thompson & McLachlan, 2007). Another study
used ant species composition along an urbanization
gradient to predict that both decomposition and soil
aeration would decline with urbanization, although
these functions were not measured (Sanford et al.,
2009). These results, together with the dominant role of
introduced pavement ants in our study, are consistent
with a key role for species identity, over diversity, in
predicting the function of urban arthropod communi-
ties. This pattern may be particularly pronounced in cit-
ies because urbanization favors animal communities
dominated by a few species of highly efficient foragers
whose contributions to ecosystem function may out-
weigh those of other species Shochat et al. (2010).

We detected no effect of flooding from Hurricane
Sandy, 7 months prior to the study, on the level of ser-
vice provided by arthropod communities in parks or
medians. Since our flooded sites were inundated with
up to ~1.5 m of saltwater during the storm, with severe
consequences for urban vegetation (Gregory, 2013), we
expected this disturbance to also affect the function of
arthropods. The lack of effect does not distinguish
between our alternative predictions that stability of

function would be provided by diversity effects in
parks, or by disturbance tolerance of species in
medians. Instead, our results suggest that either both
predictions were correct and both habitat types were
resilient for different reasons, or that the storm surge
was less devastating to arthropods than we anticipated.

Few other studies have addressed ground arthropod
response to transient saltwater flooding. In the most rel-
evant example, a hurricane storm surge reduced abun-
dance of Solenopsis invicta fire ants (but not other
arthropods) in agricultural fields, leading to decreased
ant predation on caterpillars (Beuzelin et al., 2009).
After Hurricane Katrina, ant and termite populations
were reduced in New Orleans, LA, but (at least for ter-
mites), only in sites that remained inundated for 2-
3 weeks (Hooper-Bui ef al., 2007; Osbrink et al., 2008).
Resilience to flooding among arthropods is generally
attributed to their ability to flee, reduce metabolism, or
occupy air-filled cavities in soil or vegetation during
floods (Hoback & Stanley, 2001; Meeson et al., 2002; Os-
brink et al., 2008). During Hurricane Sandy, peak flood-
ing was catastrophic but transient, and we estimate that
our flooded sites were inundated for 2-12 h (NOAA,
2012). This is a time period during which many arthro-
pods may withstand hypoxia (Hoback & Stanley, 2001;
Schowalter, 2012). Thus, most of the species contribut-
ing to removal of food waste may have survived flood-
ing at our sites. The tolerance or resilience of arthropod
function to this acute perturbation is promising for
urban ecosystems facing increased frequency of
extreme weather events.

Successfully managing urban ecosystem services will
depend on understanding the entire portfolio of ser-
vices provided by different habitat types. Here, we pro-
vide such an ecological analysis for one service, the
removal of littered food waste. Both arthropods and
vertebrates contribute to this service, and do so at a
higher rate in street medians than in parks. This result
emphasizes the ecological value of even very small
urban green spaces, whose functions may complement
those of larger, more diverse habitats across the urban
landscape. It is also clear from this and other studies of
urban arthropod communities that, especially in urban
faunas dominated by a few highly efficient species, the
identity of key service providers may be more relevant
than whole-assemblage characteristics for understand-
ing and predicting ecosystem services.
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