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2007; Lin et al. 2015). Maintaining diverse arthropod com-
munities may be necessary for reliable pollination (Iuliano 
et al. 2017) and pest control ecosystem services (Bianchi et 
al. 2006) for an increasingly urban human population.

Anthropogenic land use often has negative effects on 
arthropod biodiversity. For instance, highly urbanized and 
economically disadvantaged areas tend to have fewer and 
lower-quality floral resources and nesting sites for pollina-
tors (Zhao et al. 2019; Ferrari and Polidori 2022). Cities 
are also covered with impervious surfaces, which reduce 
habitat for most arthropods and may produce a “heat island 
effect,” which can strongly impact their ectothermic physi-
ology (Hamblin et al. 2018; Fenoglio et al. 2021). Previous 
studies have also shown that urban greenspaces host fewer 
arthropod natural enemy predators and more herbivorous 
pests than non-urban natural areas (McIntyre 2000; Pickett 
et al. 2001; Korányi et al. 2022). Managing insect pests is a 
top concern among community garden site users (Gregory 

Introduction

Community gardens serve multiple ecological and societal 
roles in cities (Pearson and Hodgkin 2010; Cabral et al. 
2017; Clarke et al. 2019). They provide agricultural prod-
ucts that may be especially valuable in low-income areas 
deemed “food deserts,” where residents have limited access 
to fresh fruits and vegetables (Krishnan et al. 2016). These 
gardens also serve as habitat patches for arthropods (Clucas 
et al. 2018; Baldock et al. 2019), which then impact food 
production through pollination, herbivory, pest control, and 
soil nutrient cycling services (Altieri 1999; Zhang et al. 
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Abstract
As the number of humans living in cities has grown, interest in the value of community gardens to provide agricultural 
products has increased. However, neighborhoods with different land cover patterns and socioeconomic characteristics 
often differ in their ecological attributes, leading to potential differences in biodiversity-mediated ecosystem services 
(e.g., pollination and pest control). Here we ask, how do impervious surface and socioeconomic features of the urban 
matrix around community gardens impact arthropod biodiversity and pollination and pest control services? We collected 
arthropods (insects, arachnids, myriapods, and isopods) across community gardens in Boulder Co., CO, and used experi-
mental jalapeño pepper plants as a sentinel crop to measure herbivory damage and pollination services. We categorized 
arthropods into functional guilds to see how impervious surface and neighborhood wealth in the urban matrix surrounding 
a site impacts the abundance of three focal groups – pollinators, herbivorous pests, and predators. We also looked at how 
bee Hill-Simpson diversity responded to these variables. Through structural equation modeling, we found that fruit size 
increased as bee biodiversity increased, and bee biodiversity and overall pollinator abundance were negatively related to 
neighborhood wealth. Additionally, pollinator abundance was lower in gardens surrounded by higher amounts of impervi-
ous surfaces. Neighborhood wealth and impervious surfaces were positively correlated with herbivore and predator abun-
dances, but these abundances had no relationship with herbivory damage in our plants. This research shows that reducing 
the amounts of impervious surface in the urban matrix can help increase bee biodiversity and abundance and improve 
pollination services in urban community gardens.

Keywords Community gardens · Arthropod-mediated ecosystem services · Urban matrix · Pollinators

Accepted: 10 May 2024 / Published online: 22 May 2024
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

The impact of impervious surface and neighborhood wealth on 
arthropod biodiversity and ecosystem services in community gardens

Asia Kaiser1  · Julian Resasco1

1 3

http://orcid.org/0000-0001-7464-3007
http://orcid.org/0000-0003-1605-3038
http://crossmark.crossref.org/dialog/?doi=10.1007/s11252-024-01560-y&domain=pdf&date_stamp=2024-5-21


Urban Ecosystems (2024) 27:1863–1875

et al. 2015; Liere et al. 2020); therefore, maximizing the 
pest control and pollination services provided is particularly 
relevant to applied urban ecology research, which empha-
sizes improving human wellbeing (Pickett et al. 2016; 
Byrne 2022).

In addition, urban ecology research has increasingly 
emphasized that the urban matrix is a complex, heteroge-
neous landscape with feedback between human and natural 
components (Pickett et al. 2016). This heterogeneity in land-
scape patterns can be difficult to capture and thus explains 
why recent studies have yielded conflicting results on 
arthropods’ responses to urbanization metrics (Theodorou et 
al. 2020; Wenzel et al. 2019). For example, Matteson et al. 
(2012) found that highly developed urban areas with dense 
infrastructure had lower bee biodiversity, while Lowenstein 
et al. (2014) saw the opposite trend. Some of this variation 
may be due to factors like impervious surfaces and urban 
development (both derived from land cover data and often 
serving as a metric for urbanization) being insufficient pre-
dictors of matrix quality. Impervious surface measurements 
can conceal land use heterogeneity and complex vegetation 
within smaller parcels of land in urban areas (Cadenasso 
et al. 2007; Beninde et al. 2015). To better predict matrix 
quality, scientists have started incorporating social variables 
with impervious surfaces into landscape-level urban ecol-
ogy research (Pickett et al. 2016; Zhao et al. 2019).

Studies have found that urban biodiversity positively cor-
relates with socioeconomic conditions (i.e., income, home 
values, and educational attainment; Hope et al. 2003; Leong 
et al. 2018). This pattern is called the luxury effect. One 
study to uncover this relationship in arthropod communities 
found that neighborhoods with higher income had higher 
indoor arthropod diversity and that this relationship was 
stronger in homes with less yard space (Leong et al. 2016). 
This supports past research findings that cities’ larger-scale 
landscape and economic factors may impact biodiversity 
patterns more than local habitat factors (Goddard et al. 2010; 
Mitchell et al. 2014). To date, few studies have attempted to 
link landscape-level land cover and economic covariates to 
ecosystem services as a function of arthropod community 
composition in urban agricultural systems. However, stud-
ies have identified links between different types of urban 
green spaces and arthropod-mediated ecosystem services, 
showing that urban landscape context does impact the qual-
ity of pest and pollination services (Gardiner et al. 2013; 
Bennett and Lovell 2019; Philpott and Bichier 2017).

The overarching question for this study is: How well do 
the social-ecological features of the urban matrix predict 
the pollination and pest control services provided by arthro-
pods in community gardens? We hypothesize that both bio-
physical and socioeconomic factors surrounding garden 
sites will interact to shape arthropod communities and their 

ecosystem services by altering matrix quality. Specifically, 
we predict that increased impervious surfaces will reduce 
pollinator and natural predator abundances, as well as bee 
diversity, reducing pollination and increasing the abun-
dance of herbivorous pests, which will reduce crop pro-
ductivity. Conversely, increased neighborhood wealth will 
increase arthropod populations through improved matrix 
quality (increased habitat and floral resources), leading to 
an increase in pollination and pest control services, which 
will increase fruit mass (Fig. 1a). This work aims to under-
stand the mechanisms that moderate arthropod communities 
and their services in urban gardens to better inform their 
management.

Methods

Study sites and Socio-ecological landscape context

The study was conducted at seven community garden sites 
in Boulder County, Colorado, USA (Fig. 1b). Boulder is a 
part of the Front Range Urban Corridor along the southeast-
ern base of the Rocky Mountains with a semi-arid climate. 
The gardens in this study were all part of the same gar-
den collective, Growing Gardens (https://growinggardens.
org/), and ranged in size from 336 m2 to 18,238 m2 (mean 
4110.8 ± SD 6008.0). Each garden was separated from the 
others by a minimum of 1.5 km and contained numerous 
plots individually maintained by members (Table 1). We do 
not know which specific fertilizers, herbicides, and insecti-
cides were used in every plot, as this was at the discretion 
of individual gardeners. However, the Growing Gardens 
collective has a strict policy against synthetic products and 
only allows organic products. They also do not allow bee 
hives to be placed in the gardens. Vegetation was variable 
across individually managed plots, and we did not observe 
any systematic patterns that we expect would influence the 
results. Across the sites, some of the most common plants 
observed were squash (Cucurbitaceae), tomatoes and pep-
pers (Solanaceae), and sunflowers (Asteraceae).

At the landscape scale, degree of urbanization was clas-
sified using the urban imperviousness landcover raster from 
the 2021 National Land Cover Database (NLCD, 30 m 
resolution) in R Statistical language (v4.2.0; R Core Team 
2022) using the packages raster (v3.6.3; Hijmans R 2023), 
rgeos (v0.5.9; Bivand and Rundel 2021), rdgal (v1.5.32; 
Bivand et al. 2023), and sp (v1.5.0; Pebesma and Bivand 
2005). Each pixel in the Urban Imperviousness raster shows 
impervious surfaces as a percentage of developed surfaces 
over 30 m2. To find the most appropriate scale to measure 
impervious surfaces, we tested five different circular buf-
fers with radii between 200 m and 2000 m around each 
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garden site, then calculated the log-likelihoods of each 
model (models described below). The 200 m scale showed 
the best fit and was included in our final models (Fig. S1). 
The percent impervious surface values across our sites 
ranged from 19.06 to 34.34% (mean 28.6% ± SD 8.82%). 
We used ESRI’s 2022 Wealth Index (ESRI Demograph-
ics, 2022) to quantify the economic conditions surrounding 
each garden site. In ESRI’s wealth index, a value of 100 
represents wealth equivalent to the national average, and it 
encapsulates household income, net worth, and the value of 
possessions and resources (Fig. S2). This Wealth Index was 
derived using ArcGIS software for residents within a 1-km 

radius of each community garden, the finest grain for which 
it was available for all gardens. The wealth index values 
across our sites ranged from 121 to 235 (mean 169 ± SD 
37.9).

Arthropod sampling

We sampled arthropods in each garden using pitfall and 
vane traps on June 22–24, July 20–22, and August 19–21 of 
2022. Three 13 cm deep white pitfall traps were placed at 
each site, equidistant from each other, with approximately 
10 m of space between each trap. A funnel with a diameter 

Table 1 Number of plots, size, percent impervious surface within a 200-meter radius, Wealth Index values within a 1-km radius for each garden 
site in Boulder, CO, USA.

Site Number of plots Garden size (m2) % Impervious surface (200 m radius) ESRI Wealth Index
(1-km radius)

1) Foothills 46 3426.24 30.85 163
2) Fortune 18 336.88 37.46 121
3) Hawthorne 200 18238.58 22.68 235
4) Hickory 28 2736.12 28.94 135
5) Hope 23 657.99 36.42 159
6) Kerr 41 2324.05 10.79 162
7) Living Harvest 30 1055.85 33.29 209

Fig. 1 (A) A conceptual diagram of predicted causal relationships 
between impervious surface and neighborhood wealth, arthropods, 
and crop yield. Red arrows indicate negative relationships, blue arrows 
indicate positive ones, solid lines indicate direct relationships, and 
dashed arrows indicate indirect ones. (B) A landcover class map of the 
study area, Boulder Co., CO, with community gardens (blue dots) and 

a 1 km buffer. Developed land cover is shown in magenta. Numbers 
correspond with garden names listed in Table 1. (C) A vane trap set out 
at a garden site. (D) An aerial photo of a community garden. Image 
credits: (A) Canva Pro License, (B) ESRI CC BY-NC, (C) Asia Kaiser, 
(D) Google Earth Images
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At each site, five randomly chosen plants were covered 
loosely with mesh bags made of < 1 mm mesh tulle to pre-
vent insects from landing on them, and five others were left 
exposed to examine the relationship between insect access 
and fruit mass and herbivory. The mesh coverings did not 
appear to inhibit the growth of the pepper plants (Asia Kai-
ser, personal observation). The plants were placed in the 
pathways at garden sites in two rows approximately 30 cen-
timeters apart. They were left in the field for three weeks and 
watered every other day, then returned to the greenhouse. 
Any visible arthropods were removed from the plants, and 
all plants were covered with mesh upon returning them to 
the greenhouse to help prevent any unseen arthropods from 
spreading between plants from different sites. Any flower 
buds that grew in the greenhouse were pinched off to ensure 
we were only collecting data for peppers that had been pol-
linated in the field. When peppers began to turn red, they 
were picked and weighed fresh. The masses of all jalapeño 
peppers from a single plant were averaged to obtain a single 
fruit mass value per plant. Plant leaf damage, used as an 
index for herbivory, was calculated by counting the propor-
tion of leaves on a plant with signs of herbivory damage 
(holes or chewed edges) promptly after plants were returned 
to the greenhouse.

Data analyses

Analyses were conducted using the R Statistical language 
(v4.2.0; R Core Team 2022) on macOS Big Sur 11.6.7. All 
data cleaning and data visualization was done using the 
Tidyverse package in R (Wickham et al. 2019).

Arthropod functional group analyses

We ran Negative Binomial Generalized Linear Mixed Mod-
els (GLMMs) with a log link to analyze the relationships 
between impervious surface and wealth index and total 
arthropod abundance, as well as the abundance of each 
functional group (pollinators, herbivores, and predators), 
for the full summer using the R package lme4 (v1.1.30; 
Bates et al. 2019). Percent impervious surface and wealth 
index were included as fixed effects and month was included 
as a random intercept in each model. We back-transformed 
the coefficient estimates provided by each model by taking 
the exponent of each coefficient to obtain effect sizes. To 
analyze the impact of impervious surface and wealth index 
on bee diversity (how we calculated diversity is described 
below), we ran a Linear Mixed Effect Model (LMM) with 
the same structure as the previous model with the R pack-
age nlme (v3.1.157; Pinheiro et al. 2022). We performed a 
natural log (ln) transformation for the bee diversity data to 

of 3.5 cm was placed atop the traps to prevent vertebrate 
animals from falling in. The pitfall traps were placed in 
the ground immediately outside of plots in garden path-
ways. These are dirt paths where garden members regularly 
remove weeds and forbs. Three fluorescent blue vane traps 
with three different collection jar colors – clear, fluorescent 
yellow, and fluorescent magenta – were put in the field to 
help capture a greater diversity of flying insects (Vrdoljak 
and Samways 2011). The vane traps were placed at a height 
of 1.3 m (Fig. 1c) on stakes approximately 10 m apart from 
each other in the pathways in the gardens. Both pitfall and 
vane traps were filled with a propylene glycol-water solu-
tion to help capture and preserve specimens and left in the 
field for 48 h. The traps were then returned to the lab for 
specimens to be counted and identified to order level. Bees 
were further identified to species using taxon-specific books 
and dichotomous keys (Gibbs 2011; LeBuhn 2013; Wilson 
and Messinger 2016; Messinger Carril and Wilson 2023), 
Discover Life Identification Nature Guides (Ascher and 
Pickering 2017), and consultation with taxonomic experts 
from the University of Colorado Museum of Natural His-
tory (CUMNH) (Scott et al. 2011). Hemiptera and beetles 
were further identified to family or genus level, using Dun-
ford and Long (2002), Discover Life Identification Nature 
Guides, and local expert opinion from the Resasco Lab at the 
University of Colorado Boulder. Lower-level classification 
helped us assign individuals more accurately to functional 
groups, as there is more variability in the dietary behavior in 
these clades. We were unable to accurately identify all small 
Hemiptera and beetle specimens (less than 5 mm in width), 
so their functional group was left unknown (Table S2). All 
arthropods were assigned to a functional group (pollinator, 
herbivore, predator, omnivore, detritivore, parasitoid, grani-
vore, sanguinivore) based on their known feeding behavior 
(Schuh et al. 2010; Gullan and Cranston 2014; BugGuide, 
Iowa State University). Only pollinator, herbivore, and 
predator data were included in our final analyses.

Experimental plants

We used ‘Early Jalapeño’ cultivars of the species Capsicum 
annuum (Solanaceae) as sentinel plants to measure pollina-
tion services and herbivory damage because they grow well 
in various climates throughout the continental United States 
and benefit from insect pollination (Raw 2000). While jala-
peños are self-pollinating and will set fruit with no pollina-
tion, fruit size is greater when they are pollinated (Cohen et 
al. 2020). They are also visited by a variety of insect pol-
linators, including bees (Raw 2000), wasps (Bosland and 
Votava, 1999), and syrphids (Jarlan et al. 1997). A total of 
70 pepper plant seeds were planted in a greenhouse on April 
1, 2022, and then placed in the gardens on August 17, 2022. 
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predator abundance, leaf damage, and pepper mass. Wealth 
Index and impervious surface were included only as predic-
tor variables. Bee diversity, pollinator abundance, and her-
bivore abundance were encoded as correlated errors in the 
model. A directed-separation test in piecewiseSEM showed 
no significant dependencies between variables not tested 
against each other in the model.

Results

A total of 3287 arthropods were sampled across all com-
munity garden sites. Of this total, 1176 (34.5%) were pol-
linators, 368 (10.8%) were herbivores, and 255 (7.5%) 
were predators. 96% of pollinators were bees from 48 spe-
cies across all gardens (Table S1). The most common taxa 
observed were long-horned bees (Melissodes agilis, n = 413; 
Melissodes bimaculatus, n = 208) and squash bees (Eucera 
pruinosa, n = 296). Most arthropods categorized as preda-
tors were arachnids (n = 211) and centipedes (n = 30). There 
were 24 different taxa categorized as herbivores (listed in 
Table S2); some of the most commonly collected herbivores 
were weevils (Curculionidae, n = 29) and grasshoppers 
(Acrididae, n = 21).

For our experimental jalapeño pepper plants, we found 
no significant difference in leaf damage between covered 
and uncovered plants (t = 0.432, df = 54.1, p = 0.667). There 
were also no differences in leaf damage across our sites 
(p > 0.05 for all pairwise differences). A total of 297 jalapeño 
peppers were harvested across 64 plants. Of the 70 plants 
initially placed in the field, 6 pepper plants (2 uncovered 
and 4 covered) never produced any fruit and were removed 
from our analyses. There were no significant differences in 
pepper mass between our covered and uncovered plants (t = 
-0.74, df = 54.5, p = 0.46).

Arthropod functional groups

There was no significant relationship between site percent 
impervious surface (z = -1.7, p = 0.09) or wealth index (z 
= -0.13, p = 0.89) and the average arthropod abundance per 
site for the summer (Fig. S3). However, we found significant 
relationships between our environmental covariates and 
pollinator, herbivore, and predator abundances (monthly 
data in Fig. S4). Pollinator abundance negatively corre-
lated with impervious surface (z = -3.23, p < 0.01, Fig. 2a) 
but was unrelated to site wealth index (z = -1.48, p = 0.14, 
Fig. 2b). Every percent increase in impervious surface cor-
responded to a decrease in pollinator abundance by 0.96 
(± 0.01 SE) individuals. Herbivore and predator abundance 
both positively correlated with impervious surfaces. Every 
percent increase in impervious surface corresponded to a 

achieve a normal distribution. Additionally, we ran LMMs 
to test for differences in herbivory damage and pepper mass 
between our covered and uncovered pepper plants with site 
included as a random intercept. We then ran a Tukey test to 
look at pairwise differences between our sites.

Bee diversity

We examined bees in more detail using the Hill-Simpson 
Diversity Index with an asymptotic estimator to estimate 
relative bee diversity per site using the R package iNEXT 
(v2.0.2; Hsieh et al. 2016). This method has been demon-
strated to provide a more appropriate metric for biodiversity 
than species richness, which is highly sensitive to rarity and 
can give more biased estimates of relative abundances at 
smaller sample sizes (Simpson 1949; Roswell et al. 2021).

We were also interested in how bee community compo-
sition varied across sites and whether or not this variation 
was linked to any environmental covariate. Bee community 
composition for each site was analyzed using all bees col-
lected from vane and pitfall traps using Non-metric Mul-
tidimensional Scaling Analysis (NMDS) with Bray Curtis 
distances in the R package vegan (v2.6.4; Oksanen et al. 
2022). This non-parametric indirect gradient analysis tech-
nique uses ranks rather than distances between objects and 
is, thus, more robust to data without an identifiable distri-
bution (Kenkel and Orloci 1986). To analyze the effect of 
our environmental variables on bee community composi-
tion, we used the envfit function in the R package vegan 
(v2.6.4; Oksanen et al. 2022). With this function, we calcu-
lated a multiple regression of the environmental variables 
of interest, percent impervious surface (continuous) and 
wealth index (continuous), with the ordination axes from 
our NMDS. With this function, significance is tested by a 
permutation test.

Structural equation modeling

We constructed a structural equation model using the piece-
wiseSEM package in R (v2.3.0; Lefcheck 2015) to test the 
direct and indirect effects of our environmental covari-
ates on herbivory damage and fruit sizes in our uncovered 
experimental jalapeño pepper plants. This model used only 
arthropod data from August to ensure that we were testing 
relationships with the arthropod community present at the 
same time our plants were there. Structural equation mod-
els are advantageous in that variables can be included as 
both predictors and response variables. Our structural equa-
tion model tested all the hypothesized relationships shown 
in Fig. 1a and consisted of six equations (Supplement 1) 
testing the following response variables: bee Hill-Simpson 
diversity, pollinator abundance, herbivore abundance, 
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Fig. 2 Relationships between percent impervious surface and site 
wealth index and (a & b) pollinator abundance (R2

GLMM (m) = 0.08; 
R2

GLMM (c) = 0.84), (c & d) herbivore abundance (R2
GLMM (m) = 0.15; 

R2
GLMM (c) = 0.55), and (e & f) predator abundance (R2

GLMM (m) = 0.33; 
R2

GLMM (c) = 0.48) using arthropod abundance data summed across 

traps and across three sampling dates (June, July, August 2022). All 
p-values were obtained from a Negative Binomial Generalized Mixed 
Effect Model (GLMM), with ns meaning a relationship was not signifi-
cant (p > 0.05). Marginal and conditional R2

GLMM values were derived 
using a trigamma estimate
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of impervious surface (R2 = 0.23, p = 0.61) and a significant 
effect of wealth index (R2 = 0.81, p = 0.046) on bee com-
munity composition after running a permutation test with 
the ordination axes from our NMDS (NMDS plot shown in 
Fig. S5).

Structural equation model results

Our model had a Fisher-C global goodness of fit value of 
24.48 with 20 df (p = 0.22), indicating no significant rela-
tionships between unconnected variables in our model. No 
significant relationships existed between our environmental 
covariates (wealth index and impervious surface) and our 
experimental pepper plant responses (leaf damage and fruit 
mass). Overall, the SEM results (Fig. 3a, full model output in 
Table S3) indicate that (a) pollinator abundance was signifi-
cantly negatively related to impervious surface (R2 = 0.89, 
p < 0.001) but not significantly related to neighborhood 
wealth (R2 = 0.89, p = 0.13), (b) herbivore abundances were 

1.04 (± 0.02 SE) increase in herbivore individuals (z = 2.32, 
p = 0.02, Fig. 2c) and a 1.07 (± 0.02 SE) increase in preda-
tor individuals (z = 2.66, p < 0.01, Fig. 2e). Herbivore abun-
dance for the summer was not significantly related to wealth 
index (z = 1.92, p = 0.055, Fig. 2d). Predator abundance 
was significantly positively related to site wealth index 
(1.69 ± 0.27 SE, z = 2.99, p < 0.01, Fig. 2f).

Bee diversity

As the wealth index around sites increased, bee-Hill Simp-
son diversity decreased (-0.15 ± 0.06 SE, t = -2.34, df = 16, 
p = 0.03). Because bee Hill-Simpson diversity was rarefied, 
it was not highly correlated with pollinator abundance at a 
site (r = 0.072), verified by a Pearson product correlation 
test (t = 0.403, df = 31, p = 0.69). There was no significant 
effect of impervious surface surrounding garden sites on bee 
Hill-Simpson diversity for the full summer community (t 
= -0.13, df = 16, p = 0.89). There was no significant effect 

Fig. 3 Structural equation model results using data collected in August 
2022. (A) The relationships between impervious surface and neigh-
borhood wealth, arthropod functional group (pollinator, herbivore, 
and predator) abundances, and jalapenõ plant herbivory and crop yield 
(fruit mass). (B) The relationships between impervious surface and 
neighborhood wealth, bee Hill-Simpson diversity, and jalapenõ plant 
fruit mass. The numbers on the arrows are standardized coefficient 

estimates, and the numbers beneath the response variables show the 
pseudo-R2 value for each equation. Red lines show negative relation-
ships (also shown with negative coefficients), blue lines show positive 
ones (also shown with positive coefficients), and dotted lines show 
nonsignificant ones. Image credits: (A) Canva Pro License, (B) Canva 
Pro License & © DiscoverLife.org
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would then cause herbivorous pest abundance to increase. 
As impervious surfaces increased, herbivore abundances 
increased as predicted, but predator abundances also 
increased, contrary to expectations (Figs. 2 and 3a). These 
results match a study conducted in Los Angeles, CA, which 
saw a positive relationship between impervious surfaces 
and predator arachnid abundance (Lewthwaite et al. 2024). 
Another study examining aphids and their arthropod preda-
tors in urban landscapes saw that predators were negatively 
related to impervious surfaces but also positively related to 
aphid prey populations (Rocha and Fellowes 2018). These 
results suggest that certain predator taxa may be more sen-
sitive to local factors, such as prey populations and local 
habitat complexity, than to features of the urban matrix.

Predator abundances were positively related to neighbor-
hood wealth, as predicted. There was no relationship between 
herbivore abundance and neighborhood wealth across the 
full summer, but our structural equation model detected 
a positive relationship in August. This suggests that there 
could be important changes in insect community composi-
tion, even within guilds, throughout a season. While we did 
see a negative relationship between predator and pest abun-
dances in this study, we cannot determine whether the rela-
tionship was causal (with predators reducing prey) and thus 
impacting pest-control services. We found no differences in 
leaf damage (used as a proxy for herbivory) among our sites 
or between our covered and uncovered jalapeño plants. We 
believe that there was higher than expected herbivory in our 
covered plants because large orthopterans (grasshoppers & 
katydids) were able to bite through the mesh (Asia Kaiser, 
personal observation). Our sampling methods were not tar-
geted toward collecting these insects, so we are unsure how 
their abundances differed across our sites. This represents 
a limitation in our herbivore exclosure treatments, making 
us unable to estimate an effect size for herbivore leaf dam-
age within a site. However, we still observed no differences 
in leaf damage across our sites related to herbivore abun-
dances across the gardens (Fig. 3a). These results suggest 
that the abundance of herbivorous insects may not be a good 
predictor of herbivory pressure on plants in an urban agro-
ecosystem. A more effective measure may be to look at the 
abundance of the most highly destructive herbivore taxa.

Pollinator abundance, bee diversity, and pollination 
services

Both pollinator abundance and bee diversity decreased as 
the impervious surfaces around sites increased. These results 
are consistent with numerous studies examining the effect of 
urbanization on wild bee assemblages (Ahrné et al. 2009; 
Matteson et al. 2012; Geslin et al. 2016). This suggests that 
the habitat area provided in community garden sites alone 

positively related to both impervious surface and neighbor-
hood wealth (R2 = 0.74, p < 0.001 and p < 0.001), (c) preda-
tor abundances were positively related to both impervious 
surface and neighborhood wealth (R2 = 0.39, p = 0.038 and 
p = 0.036), and (d) predator and herbivore abundances were 
negatively correlated with each other (R2 = 0.74, p < 0.001). 
No other pathways in the model were significant, including 
relationships between arthropod abundance, leaf damage, 
and pepper mass. Both neighborhood wealth and impervi-
ous surface were negatively correlated to bee Hill-Simpson 
diversity (R2 = 0.95, p < 0.001 and p = 0.03). Bee Hill-Simp-
son diversity was positively correlated with experimental 
pepper plant mass. As Hill-Simpson diversity increased, the 
ln pepper mass increased at a rate of 0.126 (± 0.048 SE) 
grams (R2 = 0.42, p = 0.016, Figs. 3b and 4).

Discussion

We found that the abundance of pollinator, herbivorous, and 
predatory arthropods and bee diversity in urban community 
gardens was related to the amount of impervious surfaces 
and neighborhood wealth values in the landscape surround-
ing a garden, with different functional groups exhibiting dif-
ferent responses (Figs. 2 and 3). Additionally, our results 
show that bee biodiversity did not reflect the luxury effect 
(Fig. 3b), as bee biodiversity was negatively correlated 
with neighborhood wealth in this system. Finally, we found 
that jalapeño fruit mass was higher at sites with higher bee 
diversity (Fig. 4).

Herbivores, predators, and pest-control services

We predicted that predators would be negatively related to 
impervious surfaces because of reduced habitat and dimin-
ished matrix quality (Burkman and Gardiner 2014), which 

Fig. 4 The relationship between the bee hill-Simpson diversity index 
at a garden in August and the natural log-transformed average mass 
of peppers on uncovered jalapeño plants (R2 = 0.42, p = 0.016). Image 
credits: Canva Pro License
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Study limitations

A limitation of this study is that the arthropod exclosures on 
our sentinel plants did not work as intended, so we could not 
achieve a causal estimate of the pollination and pest-control 
services provided at each site. While we observed differ-
ences in pepper mass across our sites, no differences existed 
between our covered and uncovered plants. We believe this 
may be because the mesh coverings changed environmental 
variables affecting the plant growth unrelated to arthropods. 
Although the mesh used was very lightweight, it could have 
provided additional shading to plants and slowed down 
evapotranspiration. Additionally, while jalapeño plants have 
been shown to benefit from insect pollination (Cohen et al. 
2020), they do not require it, and perhaps wind within cov-
ered plants may have been sufficient to compensate for the 
lack of pollinator visitation. As mentioned above, certain 
herbivores were able to bite through the mesh exclosures 
as well, causing us to see no differences in leaf damage 
between covered and uncovered plants at a site.

Another potential limitation of this study is using pas-
sive sampling methods (pitfall and vane traps) instead of 
active sampling methods such as aerial nettings. While traps 
catch many more insect specimens, active sampling meth-
ods are better at capturing rare species (Montgomery et al. 
2021). Passive sampling may have caused highly effective 
pollinators and natural enemies or deleterious pests to be 
underrepresented in our sample, despite them having a large 
impact on our jalapeño plants. For example, we observed in 
the field (and numerous gardeners confirmed) that invasive 
Japanese beetles (Popillia japonica) were highly abundant 
and caused significant crop damage. However, we collected 
relatively few individuals (n = 11). This may be because res-
idents in the surrounding neighborhood were using baited 
Japanese beetle traps (Asia Kaiser, personal observation), 
making them less likely to be caught in our traps. As a 
result, passive sampling methods may not always provide 
a true representation of the arthropod community compo-
sition and should be complemented with active sampling 
methods in future research.

A third limitation of our data is that our relatively small 
number of sites may not have captured the full range of 
socioeconomic values in our neighborhood wealth values. 
Our dataset’s wealth values range from 121 to 235 (with 100 
representing the national average), meaning we are missing 
data on the lowest-income neighborhoods. The luxury effect 
in certain arthropod groups may also be non-monotonic, and 
biodiversity decreases above and below certain socioeco-
nomic levels. A past study looking at bird species richness 
in the developing world similarly found a negative relation-
ship between wealth and diversity in highly urban neighbor-
hoods, but the relationship flipped in less urban landscapes 

is insufficient to support diverse bee populations when there 
are high amounts of impervious surfaces in the surrounding 
matrix. While there was no relationship between pollinator 
abundance and neighborhood wealth, there was a signifi-
cant negative relationship between bee diversity and neigh-
borhood wealth. This was the opposite of what is predicted 
by the luxury effect (Hope et al. 2003; Leong et al. 2018). 
This reverse luxury effect for bee diversity was especially 
surprising for our study system in Boulder, CO, as a past 
meta-analysis found that arid landscapes exhibit even stron-
ger luxury effects than non-arid landscapes (Chamberlain et 
al. 2020).

A potential explanation for this discrepancy is that very 
few studies have looked at luxury effects on arthropods, 
with 95% of studies in the meta-analysis focusing on plants 
or birds (Chamberlain et al. 2020). The nesting behaviors 
of bees may also be a potential mechanism for why neigh-
borhood wealth is negatively correlated with bee diversity. 
Most (> 70%) bee species are ground nesting (Antoine and 
Forrest 2020; Harmon-Threatt 2020) and prefer bare ground 
for nesting spots (Gardein et al. 2022). Abiotic factors like 
mulch have been shown to reduce pollinator diversity and 
abundance (Cohen et al. 2020). If higher-income neighbor-
hoods have more manicured lawns with more irrigation, turf 
grass, mulch, and pesticide use (Fraser et al. 2013; Fuentes 
2021), this may deter most bee species from nesting in these 
areas. Around 94% of the bees we sampled were ground 
nesters, which means these mechanisms are highly relevant 
to this bee community (Table S1). One study looked at the 
cultural drivers of yard landscaping decisions by college-
educated homeowners surrounding community garden sites 
with consistently low pollinator scores and found that many 
lawns had low vegetative complexity due to a perceived 
socio-cultural pressure to maintain a “perfect lawn” (Burr 
et al. 2018). Additionally, wealthy areas tend to have more 
moist environments from irrigation and tree cover, but bee 
biodiversity is richest in arid and semi-arid environments 
(Orr et al. 2020).

Understanding the impact of environmental covariates 
on bee diversity may be especially important for urban food 
production, as bee Hill-Simpson diversity was the only vari-
able with a positive relationship to jalapeño pepper mass in 
our study. This is supported by a previous urban agriculture 
study in California, which found that jalapeño pepper seed 
count increased as pollinator richness increased (Cohen et 
al. 2020). In our study, pollinator abundance alone was not 
a significant predictor of fruit size. This shows that increas-
ing pollinator population sizes alone may not be enough to 
ensure robust pollination services, and maximizing polli-
nator species richness must also be prioritized to increase 
pollinator community effectiveness (Willcox et al. 2017; 
Woodcock et al. 2019).

1 3

1871



Urban Ecosystems (2024) 27:1863–1875

Acknowledgements We would like to thank the members of the 
Resasco lab, the editor, and the reviewers for providing valuable 
feedback, which helped us improve the quality of the manuscript. 
We would also like to thank the undergraduate research assistants, 
Nathaniel Schooling, Victoria Alarcon Marcia, and Andrea Torres, for 
their significant assistance in this study’s fieldwork and data collec-
tion. Thank you to Virginia Scott and Adrian Carper of the University 
of Colorado Museum of Natural History entomology collections for 
assisting with bee identification. And finally, thank you to the Growing 
Gardens Collective for their support and partnership with this research 
project.

Author contributions Both authors contributed to the study’s concep-
tion and design. Asia Kaiser completed material preparation. Asia 
Kaiser performed data collection and analysis with help from Julian 
Resasco. Asia Kaiser completed the first draft of this manuscript, and 
Julian Resasco commented and provided edits on all drafts of the 
manuscript. Both authors have read and approved the final manuscript.

Funding This work was supported by The Explorers Fund award, 
and the University of Colorado Boulder awards through the Graduate 
School and Museum of Natural History, as well as startup funds.

Open Research Statement Code and data associated with this research 
are publicly available on Open Science Framework (OSF) at the fol-
lowing link. https://osf.io/ak8zb/?view_only=a7c5ccd656c0470e9b18
99c45a07cac9.

Declarations

Competing interests The authors declare no competing interests.

References

Ahrné K, Bengtsson J, Elmqvist T (2009) Bumble bees (Bombus spp) 
along a gradient of increasing urbanization. PLoS ONE 4:e5574. 
https://doi.org/10.1371/journal.pone.0005574

Altieri MA, Agriculture (1999) Ecosyst Environ 74:19–31. https://doi.
org/10.1016/s0167-8809(99)00028-6

Antoine CM, Forrest JRK (2020) Nesting habitat of ground-nest-
ing bees: a review. Ecol Entomol 46. https://doi.org/10.1111/
een.12986

Ascher JS, Pickering J (2017) Discover life bee species guide and 
world checklist. Apoidea: Anthophila, Hymenoptera

Baldock KCR, Goddard MA, Hicks DM et al (2019) A systems 
approach reveals urban pollinator hotspots and conservation 
opportunities. Nat Ecol Evol 3:363–373. https://doi.org/10.1038/
s41559-018-0769-y

Bates D, Mächler M, Bolker B, Walker S (2019) Fitting linear 
mixed-effects models using lme4. J Stat Softw 67. https://doi.
org/10.18637/jss.v067.i01

Beninde J, Veith M, Hochkirch A (2015) Biodiversity in cities needs 
space: a meta-analysis of factors determining intra-urban biodi-
versity variation. Ecol Lett 18:581–592. https://doi.org/10.1111/
ele.12427

Bennett AB, Lovell S (2019) Landscape and local site variables dif-
ferentially influence pollinators and pollination services in 
urban agricultural sites. PLoS ONE 14:e0212034. https://doi.
org/10.1371/journal.pone.0212034

Bianchi FJJA, Booij CJH, Tscharntke T (2006) Sustainable pest regu-
lation in agricultural landscapes: a review on landscape compo-
sition, biodiversity and natural pest control. Proceedings of the 

(Chamberlain et al. 2019). Although floral diversity is 
sometimes higher in high-income neighborhoods (Leong et 
al. 2018), perhaps floral community composition or other 
landscaping practices, like irrigation, fertilizer, and mulch 
use, differ in a way that reduces the abundance and diversity 
of certain arthropod groups.

Conclusions

Community gardens support arthropod populations in urban 
areas, and subsequently, those arthropods provide essential 
pollination and pest control services to the humans utiliz-
ing these spaces. As the world becomes increasingly urban 
(United Nations, 2018), it will be important to understand 
how to maximize these benefits for humans and arthropods 
in urban environments. Our results show that larger land-
scape environmental features like impervious surfaces nega-
tively correlate with pollinator abundance and bee diversity 
but positively correlate with herbivore and predator arthro-
pod abundances within community garden sites. However, 
wealth indicators alone may not be sufficient to predict the 
urban matrix quality surrounding community gardens. High-
resolution Urban Land Use Classification tools may better 
predict matrix quality and, thus, the arthropod populations 
and the ecosystem services they provide at community gar-
dens (Cadenasso et al. 2007). Previous studies have found 
that management actions like increasing plant species diver-
sity, including woody vegetation at sites, and increasing gar-
den size can increase pollinator abundance and diversity at 
community garden sites (Gaston et al. 2005; Majewska and 
Altizer 2019). Additionally, increasing habitat complexity 
in urban gardens by including more trees, shrubs, and plant 
species has been shown to increase the diversity and abun-
dance of insect predators and the pest control services they 
provide (Philpott et al. 2020). The results of our study show 
that locating gardens in areas with less impervious surface 
or improving habitat in the surrounding matrix can increase 
bee abundance and diversity and, subsequently, pollination 
services. Future research should focus on understanding the 
mechanisms driving the environmental differences between 
neighborhoods with different socioeconomic conditions, as 
the luxury effect may be an overly simplistic explanation 
for biodiversity patterns in cities. This research will inform 
management actions at garden sites and in surrounding 
neighborhoods to ensure equitable quality of pollination and 
pest control services.

Statements and Declarations.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s11252-
024-01560-y.

1 3

1872

https://osf.io/ak8zb/?view_only=a7c5ccd656c0470e9b1899c45a07cac9
https://osf.io/ak8zb/?view_only=a7c5ccd656c0470e9b1899c45a07cac9
https://doi.org/10.1371/journal.pone.0005574
https://doi.org/10.1016/s0167-8809(99)00028-6
https://doi.org/10.1016/s0167-8809(99)00028-6
https://doi.org/10.1111/een.12986
https://doi.org/10.1111/een.12986
https://doi.org/10.1038/s41559-018-0769-y
https://doi.org/10.1038/s41559-018-0769-y
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/ele.12427
https://doi.org/10.1111/ele.12427
https://doi.org/10.1371/journal.pone.0212034
https://doi.org/10.1371/journal.pone.0212034
https://doi.org/10.1007/s11252-024-01560-y
https://doi.org/10.1007/s11252-024-01560-y


Urban Ecosystems (2024) 27:1863–1875

Fraser JC, Bazuin JT, Band LE, Grove JM (2013) Covenants, cohe-
sion, and community: the effects of neighborhood governance on 
lawn fertilization. Landsc Urban Plann 115:30–38. https://doi.
org/10.1016/j.landurbplan.2013.02.013

Fuentes TL (2021) Homeowner preferences drive lawn care practices 
and species diversity patterns in new lawn floras. J Urban Ecol 7. 
https://doi.org/10.1093/jue/juab015

Gardein H, Fabian Y, Westphal C et al (2022) Ground-nesting bees 
prefer bare ground areas on calcareous grasslands. Global Ecol 
Conserv 39:e02289. https://doi.org/10.1016/j.gecco.2022.e02289

Gardiner MM, Burkman CE, Prajzner SP (2013) The value of Urban 
Vacant Land to Support Arthropod Biodiversity and Ecosys-
tem services. Environ Entomol 42:1123–1136. https://doi.
org/10.1603/en12275

Gaston KJ, Smith RM, Thompson K, Warren PH (2005) Urban 
domestic gardens (II): experimental tests of methods for increas-
ing biodiversity. Biodivers Conserv 14:395–413. https://doi.
org/10.1007/s10531-004-6066-x

Geslin B, Le Féon V, Folschweiller M et al (2016) The proportion of 
impervious surfaces at the landscape scale structures wild bee 
assemblages in a densely populated region. Ecol Evol 6:6599–
6615. https://doi.org/10.1002/ece3.2374

Gibbs J (2011) Revision of the metallic Lasioglossum (Dialictus) of 
eastern North America (Hymenoptera: Halictidae: Halictini). 
Zootaxa 3073:1. https://doi.org/10.11646/zootaxa.3073.1.1

Goddard MA, Dougill AJ, Benton TG (2010) Scaling up from gardens: 
biodiversity conservation in urban environments. Trends Ecol 
Evol 25:90–98. https://doi.org/10.1016/j.tree.2009.07.016

Gregory MM, Leslie TW, Drinkwater LE (2015) Agroecological and 
social characteristics of New York City community gardens: con-
tributions to urban food security, ecosystem services, and envi-
ronmental education. Urban Ecosyst 19:763–794. https://doi.
org/10.1007/s11252-015-0505-1

Gullan PJ, Cranston PS (2014) The insects: an outline of entomology. 
Wiley-Blackwell, Chichester

Hamblin AL, Youngsteadt E, Frank SD (2018) Wild bee abundance 
declines with urban warming, regardless of floral density. Urban 
Ecosyst 21:419–428. https://doi.org/10.1007/s11252-018-0731-4

Harmon-Threatt A (2020) Influence of nesting characteristics on 
Health of Wild Bee communities. Ann Rev Entomol 65:39–56. 
https://doi.org/10.1146/annurev-ento-011019-024955

Hijmans R (2023) raster: Geographic Data Analysis and Modeling. R 
package version 3.6-3, https://rspatial.org/raster

Hope D, Gries C, Zhu W et al (2003) Socioeconomics drive urban 
plant diversity. Proc Natl Acad Sci 100:8788–8792. https://doi.
org/10.1073/pnas.1537557100

Hsieh TC, Ma KH, Chao A (2016) iNEXT: an R package for rarefaction 
and extrapolation of species diversity (Hill numbers). Methods 
Ecol Evol 7:1451–1456. https://doi.org/10.1111/2041-210x.12613

Iuliano B, Markiewicz A, Glaum P (2017) Socio-Economic Drivers of 
Community Garden Location and Quality in Urban settings and 
potential effects on native pollinators. Mich J Sustain 5. https://
doi.org/10.3998/mjs.12333712.0005.103

Jarlan A, De Oliveira D, Gingras J (1997) Pollination by Eristalis 
tenax (Diptera: Syrphidae) and seed set of Greenhouse Sweet 
Pepper. J Econ Entomol 90:1646–1649. https://doi.org/10.1093/
jee/90.6.1646

Kenkel NC, Orloci L (1986) Applying Metric and Nonmetric Multidi-
mensional Scaling to Ecological studies: some new results. Ecol-
ogy 67:919–928. https://doi.org/10.2307/1939814

Korányi D, Egerer M, Rusch A et al (2022) Urbanization ham-
pers biological control of insect pests: a global meta-analy-
sis. Sci Total Environ 834:155396. https://doi.org/10.1016/j.
scitotenv.2022.155396

Krishnan S, Nandwani D, Smith G, Kankarta V (2016) Sustain-
able urban agriculture: a growing solution to Urban Food 

Royal Society B: Biological Sciences 273:1715–1727. https://
doi.org/10.1098/rspb.2006.3530

Bivand R, Rundel C (2021) rgeos: Interface to Geometry Engine - 
Open Source (‘GEOS’). R package version 0.5-9

Bivand R, Keitt T, Rowlingson B (2023) rgdal: Bindings for the ‘Geo-
spatial’ Data Abstraction Library. http://rgdal.r-forge.r-project.
org, https://gdal.org, https://proj.org, https://r-forge.r-project.org/
projects/rgdal/

Bosland P, Votava E (1999) Peppers: vegetable and spice capsicums. 
Crop production science in horticulture. CABI, pp 14–29

BugGuide https://bugguide.net/node/view/15740. Ames, IA: Iowa 
State University

Burkman CE, Gardiner MM (2014) Urban greenspace composi-
tion and landscape context influence natural enemy community 
composition and function. Biol Control 75:58–67. https://doi.
org/10.1016/j.biocontrol.2014.02.015

Burr A, Hall DM, Schaeg N (2018) The perfect lawn: explor-
ing neighborhood socio-cultural drivers for insect pollinator 
habitat. Urban Ecosyst 21:1123–1137. https://doi.org/10.1007/
s11252-018-0798-y

Byrne LB (2022) Ecology with cities. Urban Ecosyst 25:835–837. 
https://doi.org/10.1007/s11252-021-01185-5

Cabral I, Costa S, Weiland U, Bonn A (2017) Urban gardens as multi-
functional nature-based solutions for societal goals in a changing 
climate. In: Kabisch N, Korn H, Stadler J, Bonn A (eds) Nature-
based Solutions to Climate Change Adaptation in Urban Areas. 
Springer Nature, pp 237–253

Cadenasso ML, Pickett STA, Schwarz K (2007) Spatial heterogeneity 
in urban ecosystems: reconceptualizing land cover and a frame-
work for classification. Front Ecol Environ 5:80–88. https://doi.
org/10.1890/1540-9295(2007)5[80:shiuer]2.0.co;2

Chamberlain DE, Henry DAW, Reynolds C et al (2019) The relation-
ship between wealth and biodiversity: a test of the luxury effect 
on bird species richness in the developing world. Glob Change 
Biol 25:3045–3055. https://doi.org/10.1111/gcb.14682

Chamberlain D, Reynolds C, Amar A et al (2020) Wealth, water and 
wildlife: Landscape aridity intensifies the urban luxury effect. 
Glob Ecol Biogeogr 29:1595–1605. https://doi.org/10.1111/
geb.13122

Clarke M, Davidson M, Egerer M et al (2019) The underutilized role 
of community gardens in improving cities’ adaptation to climate 
change: a review. People Place Policy Online 12:241–251. https://
doi.org/10.3351/ppp.2019.3396732665

Clucas B, Parker ID, Feldpausch-Parker AM (2018) A systematic 
review of the relationship between urban agriculture and bio-
diversity. Urban Ecosyst 21:635–643. https://doi.org/10.1007/
s11252-018-0748-8

Cohen H, Philpott SM, Liere H et al (2020) The relationship between 
pollinator community and pollination services is mediated by flo-
ral abundance in urban landscapes. Urban Ecosyst 24:275–290. 
https://doi.org/10.1007/s11252-020-01024-z

R Core Team (2022) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Aus-
tria. URL https://www.R-project.org/

Dunford JC, Long LS (2002) Photographic atlas of entomology and 
guide to insect identification. Fla Entomol 85:298–299

ESRI Demographics (2022) ArcGIS
Fenoglio MS, Calviño A, González E et al (2021) Urbanisation driv-

ers and underlying mechanisms of terrestrial insect diversity 
loss in cities. Ecol Entomol 46:757–771. https://doi.org/10.1111/
een.13041

Ferrari A, Polidori C (2022) How city traits affect taxonomic and func-
tional diversity of urban wild bee communities: insights from 
a worldwide analysis. Apidologie 53: https://doi.org/10.1007/
s13592-022-00950-5

1 3

1873

https://doi.org/10.1016/j.landurbplan.2013.02.013
https://doi.org/10.1016/j.landurbplan.2013.02.013
https://doi.org/10.1093/jue/juab015
https://doi.org/10.1016/j.gecco.2022.e02289
https://doi.org/10.1603/en12275
https://doi.org/10.1603/en12275
https://doi.org/10.1007/s10531-004-6066-x
https://doi.org/10.1007/s10531-004-6066-x
https://doi.org/10.1002/ece3.2374
https://doi.org/10.11646/zootaxa.3073.1.1
https://doi.org/10.1016/j.tree.2009.07.016
https://doi.org/10.1007/s11252-015-0505-1
https://doi.org/10.1007/s11252-015-0505-1
https://doi.org/10.1007/s11252-018-0731-4
https://doi.org/10.1146/annurev-ento-011019-024955
https://rspatial.org/raster
https://doi.org/10.1073/pnas.1537557100
https://doi.org/10.1073/pnas.1537557100
https://doi.org/10.1111/2041-210x.12613
https://doi.org/10.3998/mjs.12333712.0005.103
https://doi.org/10.3998/mjs.12333712.0005.103
https://doi.org/10.1093/jee/90.6.1646
https://doi.org/10.1093/jee/90.6.1646
https://doi.org/10.2307/1939814
https://doi.org/10.1016/j.scitotenv.2022.155396
https://doi.org/10.1016/j.scitotenv.2022.155396
https://doi.org/10.1098/rspb.2006.3530
https://doi.org/10.1098/rspb.2006.3530
http://rgdal.r-forge.r-project.org
http://rgdal.r-forge.r-project.org
https://bugguide.net/node/view/15740
https://doi.org/10.1016/j.biocontrol.2014.02.015
https://doi.org/10.1016/j.biocontrol.2014.02.015
https://doi.org/10.1007/s11252-018-0798-y
https://doi.org/10.1007/s11252-018-0798-y
https://doi.org/10.1007/s11252-021-01185-5
https://doi.org/10.1890/1540-9295(2007)5[80:shiuer]2.0.co;2
https://doi.org/10.1890/1540-9295(2007)5[80:shiuer]2.0.co;2
https://doi.org/10.1111/gcb.14682
https://doi.org/10.1111/geb.13122
https://doi.org/10.1111/geb.13122
https://doi.org/10.3351/ppp.2019.3396732665
https://doi.org/10.3351/ppp.2019.3396732665
https://doi.org/10.1007/s11252-018-0748-8
https://doi.org/10.1007/s11252-018-0748-8
https://doi.org/10.1007/s11252-020-01024-z
https://www.R-project.org/
https://doi.org/10.1111/een.13041
https://doi.org/10.1111/een.13041
https://doi.org/10.1007/s13592-022-00950-5
https://doi.org/10.1007/s13592-022-00950-5


Urban Ecosystems (2024) 27:1863–1875

Pickett STA, Cadenasso ML, Grove JM et al (2001) Urban Eco-
logical systems: linking Terrestrial Ecological, Physical, and 
Socioeconomic Components of Metropolitan Areas. Annu 
Rev Ecol Syst 32:127–157. https://doi.org/10.1146/annurev.
ecolsys.32.081501.114012

Pickett STA, Cadenasso ML, Childers DL et al (2016) Evolution and 
future of urban ecological science: ecology in, of, and for the 
city. Ecosyst Health Sustain 2:e01229. https://doi.org/10.1002/
ehs2.1229

Pinheiro J, Bates D, R Core Team (2022) Nlme: Linear and Nonlinear-
Mixed effects Model. R Package Version 3:1–157

Raw A (2000) Foraging Behaviour of Wild Bees at Hot Pepper flow-
ers (Capsicum annuum) and its possible influence on Cross 
Pollination. Ann Botany 85:487–492. https://doi.org/10.1006/
anbo.1999.1090

Rocha EA, Fellowes MDE (2018) Does urbanization explain differ-
ences in interactions between an insect herbivore and its natural 
enemies and mutualists? Urban Ecosyst 21:405–417. https://doi.
org/10.1007/s11252-017-0727-5

Roswell M, Dushoff J, Winfree R (2021) A conceptual guide to 
measuring species diversity. Oikos 130:321–338. https://doi.
org/10.1111/oik.07202

Schuh RT, Hewson-Smith S, Ascher JS (2010) Specimen databases: a 
Case Study in Entomology using web-based Software. Am Ento-
mol 56:206–216. https://doi.org/10.1093/ae/56.4.206

Scott V, Ascher JS, Griswold T, Nufio CR (2011) The bees of Colo-
rado (Hymenoptera: Apoidea: Anthophila). Nat History Inven-
tory Colo 23:1–100

Simpson EH (1949) Measurement of Diversity. Nature 163:688–688. 
https://doi.org/10.1038/163688a0

Theodorou P, Radzevičiūtė R, Lentendu G et al (2020) Urban areas 
as hotspots for bees and pollination but not a panacea for 
all insects. Nat Commun 11:1–13. https://doi.org/10.1038/
s41467-020-14496-6

United Nations, Department of Economic and Social Affairs, Popu-
lation Division (2018) World Urbanization Prospects: The 2018 
Revision, Methodology. Working Paper No. ESA/P/WP.252. 
New York: United Nations

Vrdoljak SM, Samways MJ (2011) Optimising coloured pan traps 
to survey flower visiting insects. J Insect Conserv 16:345–354. 
https://doi.org/10.1007/s10841-011-9420-9

Wenzel A, Grass I, Belavadi VV, Tscharntke T (2019) How urbaniza-
tion is driving Pollinator Diversity and pollination – a system-
atic review. Biol Conserv 241:108321. https://doi.org/10.1016/j.
biocon.2019.108321

Wickham H, Averick M, Bryan J, Chang W, McGowan LD, François 
R, Grolemund G, Hayes A, Henry L, Hester J, Kuhn M, Peder-
sen TL, Miller E, Bache SM, Müller K, Ooms J, Robinson D, 
Seidel DP, Spinu V, Takahashi K, Vaughan D, Wilke C, Woo K, 
Yutani H (2019) Welcome to the tidyverse. J Open Source Softw 
4(43):1686. https://doi.org/10.21105/joss.01686

Willcox BK, Aizen MA, Cunningham SA et al (2017) Deconstructing 
pollinator community effectiveness. Curr Opin Insect Sci 21:98–
104. https://doi.org/10.1016/j.cois.2017.05.012

Wilson JS, Messinger OJ (2016) The bees in your backyard a guide to 
North America’s bees. Princeton University Press

Woodcock BA, Garratt MPD, Powney GD et al (2019) Meta-analy-
sis reveals that pollinator functional diversity and abundance 
enhance crop pollination and yield. Nat Commun 10. https://doi.
org/10.1038/s41467-019-09393-6

Zhang W, Ricketts TH, Kremen C et al (2007) Ecosystem services and 
dis-services to agriculture. Ecol Econ 64:253–260. https://doi.
org/10.1016/j.ecolecon.2007.02.024

Zhao C, Sander HA, Hendrix SD (2019) Wild bees and urban agri-
culture: assessing pollinator supply and demand across urban 

deserts. Sustainable Dev Biodivers 9:325–340. https://doi.
org/10.1007/978-3-319-26803-3_15

LeBuhn G (2013) Field Guide to the common bees of California. Univ 
of California

Lefcheck JS (2015) piecewiseSEM: Piecewise structural equation 
modelling inr for ecology, evolution, and systematics. Methods 
Ecol Evol 7:573–579. https://doi.org/10.1111/2041-210x.12512

Leong M, Bertone MA, Bayless KM et al (2016) Exoskeletons and 
economics: indoor arthropod diversity increases in affluent 
neighbourhoods. Biol Lett 12:20160322. https://doi.org/10.1098/
rsbl.2016.0322

Leong M, Dunn RR, Trautwein MD (2018) Biodiversity and socio-
economics in the city: a review of the luxury effect. Biol Lett 
14:20180082. https://doi.org/10.1098/rsbl.2018.0082

Lewthwaite JMM, Baiotto TM, Brown BV et al (2024) Drivers of 
arthropod biodiversity in an urban ecosystem. Sci Rep 14:390. 
https://doi.org/10.1038/s41598-023-50675-3

Liere H, Egerer M, Sanchez C et al (2020) Social Context Influence 
on urban gardener perceptions of pests and Management prac-
tices. Front Sustainable Food Syst 4. https://doi.org/10.3389/
fsufs.2020.547877

Lin BB, Philpott SM, Jha S (2015) The future of urban agricul-
ture and biodiversity-ecosystem services: challenges and next 
steps. Basic Appl Ecol 16:189–201. https://doi.org/10.1016/j.
baae.2015.01.005

Lowenstein DM, Matteson KC, Xiao I et al (2014) Humans, bees, and 
pollination services in the city: the case of Chicago, IL (USA). 
Biodivers Conserv 23:2857–2874. https://doi.org/10.1007/
s10531-014-0752-0

Majewska AA, Altizer S (2019) Planting gardens to support insect pol-
linators. Conserv Biol 34. https://doi.org/10.1111/cobi.13271

Matteson KC, Grace JB, Minor ES (2012) Direct and indirect effects 
of land use on floral resources and flower-visiting insects 
across an urban landscape. Oikos 122:682–694. https://doi.
org/10.1111/j.1600-0706.2012.20229.x

McIntyre NE (2000) Ecology of Urban arthropods: a review and a 
call to action. Ann Entomol Soc Am 93:825–835. https://doi.
org/10.1603/0013-8746(2000)093[0825:eouaar]2.0.co;2

Messinger Carril O, Wilson JS (2023) Common bees of Western North 
America. Princeton University Press

Mitchell MGE, Bennett EM, Gonzalez A (2014) Agricultural land-
scape structure affects arthropod diversity and arthropod-derived 
ecosystem services. Agric Ecosyst Environ 192:144–151. https://
doi.org/10.1016/j.agee.2014.04.015

Montgomery GA, Belitz MW, Guralnick RP, Tingley MW (2021) 
Standards and Best practices for Monitoring and Benchmark-
ing insects. Front Ecol Evol 8:579193. https://doi.org/10.3389/
fevo.2020.579193

Oksanen J, Simpson G, Blanchet F, Kindt R, Legendre P, Minchin P, 
O’hara R, Solymos P, Stevens M, Szoecs E (2022) Vegan: Com-
munity Ecology Package, R Package Version 2.6-4

Orr MC, Hughes AC, Chesters D et al (2020) Global patterns and 
drivers of Bee distribution. Curr Biol 31:451–458. https://doi.
org/10.1016/j.cub.2020.10.053

Pearson D, Hodgkin K (2010) The role of community gardens in urban 
agriculture. In: Turner B, Henryks J, Pearson D, Andrews M (eds) 
Promoting sustainability, health and inclusion in the city

Pebesma E, Bivand R (2005) Classes and methods for spatial data in 
R. R News 5(2):9–13. https://CRAN.R-project.org/doc/Rnews/

Philpott SM, Bichier P (2017) Local and landscape drivers of preda-
tion services in urban gardens. Ecol Appl 27:966–976. https://doi.
org/10.1002/eap.1500

Philpott SM, Lucatero A, Bichier P et al (2020) Natural enemy–herbi-
vore networks along local management and landscape gradients 
in urban agroecosystems. Ecol Appl 30. https://doi.org/10.1002/
eap.2201

1 3

1874

https://doi.org/10.1146/annurev.ecolsys.32.081501.114012
https://doi.org/10.1146/annurev.ecolsys.32.081501.114012
https://doi.org/10.1002/ehs2.1229
https://doi.org/10.1002/ehs2.1229
https://doi.org/10.1006/anbo.1999.1090
https://doi.org/10.1006/anbo.1999.1090
https://doi.org/10.1007/s11252-017-0727-5
https://doi.org/10.1007/s11252-017-0727-5
https://doi.org/10.1111/oik.07202
https://doi.org/10.1111/oik.07202
https://doi.org/10.1093/ae/56.4.206
https://doi.org/10.1038/163688a0
https://doi.org/10.1038/s41467-020-14496-6
https://doi.org/10.1038/s41467-020-14496-6
https://doi.org/10.1007/s10841-011-9420-9
https://doi.org/10.1016/j.biocon.2019.108321
https://doi.org/10.1016/j.biocon.2019.108321
https://doi.org/10.21105/joss.01686
https://doi.org/10.1016/j.cois.2017.05.012
https://doi.org/10.1038/s41467-019-09393-6
https://doi.org/10.1038/s41467-019-09393-6
https://doi.org/10.1016/j.ecolecon.2007.02.024
https://doi.org/10.1016/j.ecolecon.2007.02.024
https://doi.org/10.1007/978-3-319-26803-3_15
https://doi.org/10.1007/978-3-319-26803-3_15
https://doi.org/10.1111/2041-210x.12512
https://doi.org/10.1098/rsbl.2016.0322
https://doi.org/10.1098/rsbl.2016.0322
https://doi.org/10.1098/rsbl.2018.0082
https://doi.org/10.1038/s41598-023-50675-3
https://doi.org/10.3389/fsufs.2020.547877
https://doi.org/10.3389/fsufs.2020.547877
https://doi.org/10.1016/j.baae.2015.01.005
https://doi.org/10.1016/j.baae.2015.01.005
https://doi.org/10.1007/s10531-014-0752-0
https://doi.org/10.1007/s10531-014-0752-0
https://doi.org/10.1111/cobi.13271
https://doi.org/10.1111/j.1600-0706.2012.20229.x
https://doi.org/10.1111/j.1600-0706.2012.20229.x
https://doi.org/10.1603/0013-8746(2000)093[0825:eouaar]2.0.co;2
https://doi.org/10.1603/0013-8746(2000)093[0825:eouaar]2.0.co;2
https://doi.org/10.1016/j.agee.2014.04.015
https://doi.org/10.1016/j.agee.2014.04.015
https://doi.org/10.3389/fevo.2020.579193
https://doi.org/10.3389/fevo.2020.579193
https://doi.org/10.1016/j.cub.2020.10.053
https://doi.org/10.1016/j.cub.2020.10.053
https://CRAN.R-project.org/doc/Rnews/
https://doi.org/10.1002/eap.1500
https://doi.org/10.1002/eap.1500
https://doi.org/10.1002/eap.2201
https://doi.org/10.1002/eap.2201


Urban Ecosystems (2024) 27:1863–1875

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

landscapes. Urban Ecosyst 22:455–470. https://doi.org/10.1007/
s11252-019-0826-6

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

1 3

1875

https://doi.org/10.1007/s11252-019-0826-6
https://doi.org/10.1007/s11252-019-0826-6

	The impact of impervious surface and neighborhood wealth on arthropod biodiversity and ecosystem services in community gardens
	Abstract
	Introduction
	Methods
	Study sites and Socio-ecological landscape context
	Arthropod sampling
	Experimental plants

	Data analyses
	Arthropod functional group analyses
	Bee diversity
	Structural equation modeling

	Results
	Arthropod functional groups



