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Abstract

While many cities have embraced urban agriculture, research examining crop productivity in urban environments is limited.
Little is known about how abiotic and biotic factors affecting productivity on urban farms compare with those in rural environ-
ments. In this study, we investigated environmental factors influencing strawberry (Fragaria x ananassa) productivity for two
cultivars at ten farms across a rural-urban gradient in Michigan, USA over a three-year period. We evaluated key drivers of pro-
duction, namely temperature, pathogens, pests, and pollinators, which we hypothesized would be altered by urbanization. We
found no direct effect of urbanization on strawberry production or fruit pathogen and pest damage. However, temperature, an
environmental correlate of urbanization, significantly influenced crop productivity. In particular, cooler temperatures at rural
farms and warmer temperatures at urban farms limited fruit number in the peak production year. We found no relationship
between urbanization and overall abundances of arthropod pests, their predators, or pollinators. However, we found opposite
effects of urbanization for two arthropod groups � Vespidae (paper wasps) and Araneae (spiders). Vespidae abundance was
positively associated with increased urbanization. These omnivorous wasps are both predators of strawberry pests and pests of
fruits themselves. Conversely, spiders, which are predators of strawberry pests, were negatively associated with urbanization.
Greater pollinator visitation incrementally improved fruit weight, but only at low to moderate levels of pathogen and pest dam-
age. At high levels of damage, the benefits of pollination were not apparent. Our study reveals that environmental drivers of
variation in crop yield, such as pathogen and herbivore damage and pollinator visitation, can be comparable across rural-urban
gradients. Some factors, however, such as temperature stress and the abundances of certain pest and beneficial organisms may
be affected by urbanization.

© 2021 The Authors. Published by Elsevier GmbH on behalf of Gesellschaft für Ökologie. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Urban agriculture has increased in recent years due to
growing interest in environmental sustainability and local
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food production particularly in regions that have experi-
enced population decline and economic fallout following
deindustrialization (Masi, Fiskio, & Shammin, 2014;
Mok et al., 2014; Schlosberg & Coles, 2016). Vacant lots in
rust belt cities are readily available and make them well
suited for farming which can effect positive change. Urban
and peri‑urban farms promote food security, community
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engagement, and environmental education in cities and sub-
urbs (Kortright & Wakefield, 2011). Locally produced food
can also enhance the flavor and nutritional quality of some
crops, especially fruits and vegetables, by reducing the
amount of time from grower to consumer
(Batziakas, Talavera, Swaney-Stueve, Rivard, & Pliakoni,
2019; Kelly, Madden, Emond, & do Nascimento Nunes,
2019). Furthermore, urban and peri‑urban farms often utilize
organic practices, which are environmentally friendly and
potentially beneficial for human health (Gagliardi & Petti-
grove, 2013; Mie et al., 2017). Recent studies highlight the
economic and social benefits of urban agriculture
(Low et al., 2015; Mok et al., 2014) and its value in support-
ing biodiversity (Bennett & Lovell, 2019;
Lowenstein, Matteson, Xiao, Silva, & Minor, 2014). Less
attention, however, has been given to evaluating factors
influencing crop productivity in cities (Graefe, Buerkert, &
Schlecht, 2019; Guitart, Pickering, & Byrne, 2012;
Lin, Philpott, & Jha, 2015; Taylor & Lovell, 2014; Wagstaff
& Wortman, 2015).

Crop productivity is shaped by a variety of environmental
factors, which vary according to the context and circum-
stance of plantings (Barrios, 2007; Bugbee & Monje, 1992;
Letourneau & Goldstein, 2001). These factors include abi-
otic components such as temperature and soil nutrients as
well as biotic components such as pathogens, pests, natural
enemies, and pollinators (Dainese et al., 2019;
Reeves, Cheng, Kovach, Kleinhenz, & Grewal, 2014;
Savary et al., 2019; Tai & Val-Martin, 2017; Wortman &
Lovell, 2013). To some extent, these factors can be manipu-
lated through farming practices and management strategies
that improve crop productivity (Grab, Poveda, Danforth, &
Loeb, 2018; Havlin, Kissel, Maddux, Claassen, & Long,
1990; Muneret, Thi�ery, Joubard, & Rusch, 2018). Our
understanding of how these components influence crop
yield, however, is based largely on field experimentation in
rural environments and large-scale monoculture systems
(Spiertz, 2013), not urban environments which typically
support small to mid-sized farms with diverse polyculture
plantings. In this study, we investigated urbanization effects
on key abiotic and biotic factors influencing strawberry
(Fragaria x ananassa) productivity at ten small to mid-sized
farms across a rural-urban gradient in Southeast Michigan,
USA. Our research was guided by three main questions: (1)
How does urbanization influence strawberry productivity?
(2) How does urbanization influence pests and their preda-
tors? (3) Which factors are most important in predicting
strawberry fruit productivity across sites?

We examined urbanization effects on yields of two day-
neutral strawberry cultivars in addition to ecological corre-
lates of strawberry yield at farms utilizing organic manage-
ment practices. We evaluated temperature as a key abiotic
driver of production, and pathogens, arthropod pests and
predators, and pollinators as key biotic factors. Temperature
was considered important due to potential effects of urban
warming, which can directly and indirectly alter fruit
production. We focused on pathogens, pests, predators, and
pollinators because these biotic agents are known to affect fruit
production. Moreover, the relative importance of these factors
may shift across a gradient of urbanization. Our overarching
hypothesis was that urbanization would reduce strawberry pro-
duction due to negative effects of urban warming (e.g.,
Myint, Wentz, Brazel, & Quattrochi, 2013; Zhang, Imhoff,
Bounoua, & Wolfe, 2012) on plant production and habitat deg-
radation (e.g., Dolan, Moore, & Stephens, 2011;
Zhu et al. 2020) on beneficial organisms, including pollinators
and natural enemies of strawberry pests.

We expected that temperature, a correlate of urbanization,
would play a key role in mediating direct and indirect effects of
urbanization on strawberry productivity. Cities can have tem-
peratures that are 0.6 °C to 12 °C higher than surrounding areas
(Memon, Leung, & Liu, 2010), and such urban warming may
directly decrease productivity due to plant heat stress or indi-
rectly alter productivity via changes in pathogen and pest dam-
age (e.g., Baker et al., 2002; Dale, & Frank 2014; Egerer, Liere,
Lucatero, & Philpott, 2020). Moreover, high temperatures may
reduce pollen viability following deposition (Ledesma &
Sugiyama, 2005). We anticipated that the effects of temperature
on productivity would depend on strawberry cultivar, as some
cultivars are known to be more sensitive to heat stress (e.g.,
Ledesma, Nakata, & Sugiyama, 2008). We hypothesized that
taxonomic and functional groups of arthropods would respond
differentially to urban warming. For example, warmer tempera-
tures associated with cities have been shown to benefit some
pests (e.g., Dale and Frank, 2017; Meineke, Dunn, Sexton, &
Frank, 2013) and reduce abundances of some natural enemies
(e.g., Egerer, Li, & Ong, 2018; Meineke, Holmquist, Wimp, &
Frank, 2017) and pollinators (e.g., Glaum, Simao, Vaidya,
Fitch, & Iulinao, 2017; Hamblin, Youngsteadt, & Frank, 2018),
although effects tend to be species and context dependent (Cari-
veau &Winfree, 2015).

In this three-year study, we first assessed the effects of
urbanization, cultivar, and year on strawberry production,
measured as the total number and weight of strawberries, as
well as fruit damage by pathogens and pests. Then, we eval-
uated the effects of temperature, an environmental correlate
of urbanization, on strawberry fruit production and damage.
Furthermore, we examined urbanization effects on key taxo-
nomic and functional groups of arthropod pests and preda-
tors during the first study year in addition to urbanization
effects on pollinator abundances across all three years.
Finally, we used a model selection approach to evaluate col-
lective and interactive effects of urbanization, fruit damage,
and pollinator visitation on strawberry yields.
Materials and methods

Study system and site characterization

We selected strawberries as a focal crop in this study
because they are biologically and ecologically suited to
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urban agroecosystems. Strawberries are rich sources of anti-
oxidants and vitamins and thus contribute to community
nutrition (Proteggente et al., 2002; Wang, Cao, & Prior,
1996). They establish quickly in diverse arrangements and
garden designs including raised beds which are commonly
used on small-scale urban farms. Conventionally produced
commercial strawberries frequently have high amounts of
pesticide residues (EWG, 2020). Thus, our study aimed to
contribute to better understanding how strawberries could
be cultivated sustainably without chemical inputs in local
food systems.

We conducted research from 2017�2019. Our ten study
sites included small-scale to mid-sized for profit farms and
non-profit community gardens located across a gradient of
urbanization in the metropolitan area surrounding Detroit,
Michigan, USA (Fig. 1A). Sites ranged in size from 1542
m2 to 19,211 m2 (Mean = 8475 m2 § 4878 SD; see Appen-
dix A: Table A1). We haphazardly selected sites based on
willingness of farms and gardens to participate in research
and the following criteria: farms and gardens used organic
management practices, supported mixed fruit and vegetable
crops, and were separated by at least 3 km.

We used the United States Geological Survey (USGS)
2016 National Land Cover Database to estimate the degree
of urbanization surrounding sites. Specifically, we used
zonal statistics in ArcMap (ESRI, 2018) to calculate the
Fig. 1. Schematic of (A) study area and (B) split-plot design. (A) Map of t
from each urbanization extreme is magnified to display land cover classifi
raised beds (N = 2 per site). One of two strawberry cultivars was planted o
were spaced »25 cm apart in sub-plots (N = 12 plants per cultivar per site
average impervious surface within a 1500 m buffer around
each site. We also estimated the amount of natural land
cover in the same buffer zone. The average proportion of
development across sites ranged from 3 to 69%
(Mean = 36% § 26 SD; see Appendix A: Table A1). The
average proportion of natural land cover across sites ranged
from 3 to 80% (Mean = 38% § 34 SD; see Appendix A:
Table A1). These two land cover types were strongly corre-
lated as might be expected (r � �0.99, p < 0.001). To deal
with multicollinearity issues, we used model selection to
determine the best landscape scale predictor of strawberry
and arthropod response variables. Overall, models with
urbanization resulted in a lower AICc value (see Appendix
A: Table A2) so we focused on urbanization, the key com-
ponent of our study.

To measure temperature at the site level, we used two
HOBO� data loggers with solar radiation shields (model
UA-002�64, Onset Computer Corporation, Pocasset, MA)
to record temperature every four hours daily over the straw-
berry growing season beginning in early May until the end
of the last harvest (September or October depending on
year). We excluded temperature measurements from 10am
to 8pm to avoid sensitivity of data loggers to solar radiance
(see Hamblin, Youngsteadt, L�opez-Uribe, & Frank, 2017;
Maclean et al., 2021; Meineke, Holmquist, Wimp, & Frank,
2017; Terando, Youngsteadt, Meineke, & Prado, 2017).
en sites across three counties in Southeast Michigan, USA. One site
cations within a 1500 m radius buffer. (B) Plots were 1.2 £ 2.4 m
n each side of the bed (N = 4 sub-plots per site). Six replicate plants
).
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We examined two site-level temperature metrics for each
study year: (1) the weekly mean temperatures averaged over
the growing season and (2) the weekly average of the mini-
mum temperatures over the growing season. There was a
strong correlation between minimum and mean temperatures
(see Appendix A: Table A3).
Strawberry production and data collection

We grew two day-neutral cultivars (Albion and Seascape)
obtained from local nurseries as bare-root strawberry crowns
in raised beds (1.2 £ 2.4 m) with a common growth media
[2:1 mixture of compost and sand supplemented with 0.05
m3 of a peat-based potting mix (Pro-Mix BX� with Mycor-
rhizae, Premier Tech Horticulture, Qu�ebec, Canada) and
0.03 m3 of composted manure (Dairy Doo�, Morgan Com-
posting, Inc., Sears, MI)]. These day-neutral cultivars are
not sensitive to day length at low temperatures but classified
as quantitative long day plants or qualitative long day plants
at moderate or high temperatures, respectively
(Heide, Stavang, & Sønsteby, 2013). We used a nested split-
plot design, with two raised beds (plot-level) per site (see
Appendix A: Fig. A1). Beds were split in half and six repli-
cate plants of each cultivar were grown in half of the bed
(sub-plot level), spaced approximately 25 cm apart
(Fig. 1B). Thus, we grew a total of 24 plants at each site.
Plants were protected from bird and small mammal pests
with fencing and netting »2 cm wide around each raised
bed.

In 2017, we planted one-year-old bare-root strawberry
plants indoors in 2 L pots in mid-March. These plants were
then transferred outdoors in late April and planted into raised
beds in mid-May. We removed flowers for six weeks based
on recommended cultivation practices for day-neutral straw-
berries (Johnson, 2015). In 2017, the flowering and fruiting
period was artificially shifted due to these establishment
year cultivation practices. Thus, 2018 was the first complete
production year with a normal flowering and fruiting period.
We used a hill culture training system, mechanically remov-
ing runners, to allow for growth and development of mother
plants, which also maintained divisions between replicate
plants, resulting in branched crown production. This cultiva-
tion practice is recommended for larger, more consistently-
sized fruits and overall greater yield in the first full produc-
tion year.

We visited sites weekly, weeding and watering plots as
needed in a standard way across sites. Watering occurred at
a rate of 76 liters or 2.5 cm of water per plot as necessary
depending on weather patterns. We also applied an organic
fertilizer once per growing season at a rate recommended by
the manufacturer (4�6�3 NPK Dr. Earth Organic and Natu-
ral Home Grown� fertilizer in 2017, 4�4�4 NPK Dr. Earth
Organic & Natural Premium Gold� fertilizer in 2018, and
4�2�4 NPK Fertrell� fertilizer in 2019).
To estimate strawberry productivity, we counted the num-
ber of ripe fruits at least once weekly (twice weekly during
peak production). We also weighed total production. In
2018 and 2019, we weighed marketable fruits (i.e., fruits
without visible pathogen/pest damage) to estimate yield.
Across years, we counted the number of fruits with pathogen
and pest damage and calculated the proportion of damaged
fruit as the number of damaged fruit divided by all fruit.
Additionally, in 2019, plant samples were sent to the Michi-
gan State University Plant and Pest Diagnostic services to
identify common culturable pathogens from roots, crowns,
and leaves. We were unable to evaluate fruit data at one site
(Votrobeck) in year one due to vandalism to plants/plots. In
particular, there was evidence that fruits were being removed
by community members in year one. In 2018 and 2019, we
placed signage about our study at each site, and saw no
apparent evidence of vandalism or fruit removal.

To estimate the abundance of arthropod pests and their
predators, we used yellow sticky traps (20 £ 14 cm, Alpha
Scents, Inc.TM, West Linn, OR, USA) in plots during the
first year of our study. We placed one trap in each plot at the
beginning of fruit production. Traps were not placed earlier
as we were primarily interested in fruits, not flowers or
flower to fruit ratios. We collected traps weekly for three
weeks, and then identified pests and predators on cards using
a stereo microscope (Leica M165 C, Leica, Microsystems,
Wetzlar, Germany). We selected focal taxonomic groups for
examination based on their relevance to strawberry crops,
common occurrence in plots, and ease of identification. All
pests and natural enemies were identified to family level
aside from one specialist pest (i.e., Lygus spp.) and one gen-
eralist predator (i.e., Opiliones). We counted individuals of
the following pest groups: Aphididae, Cicadellidae, Droso-
philidae, Lygus, Tephritidae, Thripidae, and Vespidae. We
also counted individuals of the following predator groups:
Anthocoridae, Araneae, Coccinellidae, and Opiliones. While
Vespidae can be considered a predator because some species
prey on insect pests, we categorized this family as a pest
because these wasps were commonly observed feeding on
strawberries across study sites.

To evaluate pollinator abundance and visitation rate, we
conducted floral visitation surveys each year during peak
bloom periods. Surveys were conducted between 9am and
5pm on days that met the following conditions: sunny
(observer shadows visible), maximum wind speed less than
10 kph, and average temperature greater than 15.5 °C. Dur-
ing observational surveys, we counted the number of bee
and fly floral visitations during a 15 min period in addition
to the total number of visible flowers. After observational
surveys, we collected floral visitors for further identification
during two 15 min collection periods in which pollinators
were netted from strawberry flowers. A 15 min break
between each collection survey gave insect pollinators time
to recover from disturbances caused by our netting activity
in plots. In addition to netting, we passively sampled bees in
2018 given that it was the peak year of production. We
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chose not to further use passive trapping in additional years
to avoid impact on bee populations, particularly because
bees were sampled for other research in these years. For pas-
sive sampling, we placed pan trap triplets in raised beds for
48 h, once during each production cycle. Each trap was
assembled from three 150 ml plastic cylinders painted fluo-
rescent white, yellow, and blue (ACE� Premium Enamel
Flat White, ACE� Glo Spray Solar Yellow, Fluorescent
Blue), a PVC support, and a bamboo stake. Cylinders con-
tained »100 ml of soapy water (Dawn Ultra Liquid Dish
Soap, Procter & Gamble, Cincinnati, OH). Bees were pinned
and identified to species with assistance by Caleb Wilson,
Robert Jean, and Jason Gibbs (see Appendix A: Table A4).
Statistical analyses

Statistical analyses were carried out in R version 4.0.3
(R Core Team, 2020). First, we used general linear mixed
models (lme4 package, Bates, M€achler, Bolker, & Walker,
2014) to examine the influence of urbanization on metrics of
strawberry productivity, which included total fruit number,
total fruit weight, and the proportion of damaged fruit. In
addition to percent urbanization, year and cultivar were
included as fixed effects in statistical models. Two and three
way interactions were tested by Analysis of Variance
(ANOVA) using the car package (Fox et al., 2012). We
included plot nested within site as a random effect (see
Appendix A: Fig. A2). Then, we tested for linear and non-
linear effects of temperature, which is a correlate of urbani-
zation (see Appendix A: Table A3), on fruit number, weight,
and proportion of damaged fruit, with general linear mixed
models (see Appendix A: Fig. A2). We compared Akaike
Information Criterion corrected (AICc) values for model
selection, specifically to evaluate which temperature metric
to include in final models (see Appendix A: Table A2).

To assess urbanization effects on biotic factors potentially
influencing strawberry production, we conducted general
linear mixed models to evaluate the abundance of pests,
predators, and pollinators. We first examined overall abun-
dance of all pests and predators. Then, we followed up with
evaluation of individual pest and predator groups. The families
Drosophilidae and Tephritidae (both fruit flies) were combined
to increase sample sizes and thus statistical power. Alone, data
for these groups did not meet model assumptions of normality.
Further, Lygus could not be analyzed due to insufficient sample
sizes for analyses. Likewise, because we did not have adequate
representation of bee/fly families across sites, we assessed
urbanization effects on the overall abundances of flower-visit-
ing bees (Apoidea) and flies (Diptera).

For exploratory data analyses, we used Pearson correla-
tion coefficient matrices to detect correlations among varia-
bles and potential multicollinearity issues in statistical
models. Given that some pests, predators, and pollinators
were positively correlated with fruit or flower number, as
well as each other, these factors were included as covariates
in respective models when these variables were expected to
influence arthropod abundances. Specifically, fruit number
was included as a covariate in models with pests, the number
of pests was included as a covariate in models with preda-
tors, and the number of flowers observed during floral visita-
tion surveys was included as a covariate in models with
pollinators. We log transformed arthropod abundances to
improve model assumptions of normality and heteroscedas-
ticity. Site was a random effect in models with pest or preda-
tor groups as response variables. Models focused on
pollinators were the same but also included year as a random
effect (see Appendix A: Fig. A2).

Finally, we used a linear mixed model to determine collec-
tive and interactive effects of pathogens, pests, and pollinators
on strawberry productivity with fruit number and weight once
again used as response variables. In this way, we addressed
which factors were most important for strawberry fruit produc-
tivity. The full factorial model included proportion of damaged
fruit and the number of visits per flower as fixed effects, and
plot nested within site as well as year and cultivar as random
effects (see Appendix A: Fig. A2). One outlier caused by
unusually high numbers of honey bee visits (>3 SD) was elimi-
nated because model assumptions of normality could not be
met even with attempted data transformations.
Results

Effects of urbanization and temperature on
strawberry productivity and damage

We found no relationship between urbanization and
strawberry production or damage, (see Appendix A: Table
A5), but observed significant site-level variation (Fig. 2A)
and effects of temperature (see Appendix A: Table A6).
Mean minimum temperature was the best predictor of fruit
number produced per sub-plot in 2018, which was our first
complete production year. Specifically, there was a signifi-
cant curvilinear relationship between minimum temperature
and fruit number, with reduced production at the lowest and
highest temperatures (Fig. 2B; see Appendix A: Table A6).
Notably, we removed one outlier in the model that corre-
sponded with a sub-plot that experienced high pathogen
damage, but the nature and significance of the relationship
did not change with or without the outlier (p < 0.05). There
was a similar, but non-significant, relationship between tem-
perature and fruit number in 2019 (see Appendix A: Table
A6). Temperature was not a significant predictor of total
fruit weight or damage (see Appendix A: Table A6). Post
hoc analyses demonstrated that per fruit weight was not
related to temperature either (see Appendix A: Table A6).

Fruit productivity and the proportion of fruit damaged by
pathogens and pests varied across years and between culti-
vars (Fig. 3; see Appendix A: Table A5). Overall, Seascape
produced double the number of fruit (Fig. 3A) and about



Fig. 2. Effects of (A) urbanization and (B) temperature on strawberry productivity. (A) total fruit weight (+/- SE) per plant averaged across
cultivars and years for each site. Symbol grayscale corresponds with the urbanization gradient. Site abbreviations are listed next to symbols
(see Table S1 for site summary data). *VK is missing »10 weeks of data in year one due to vandalism to plots/plants; no apparent vandalism
occurred in years two and three. (B) Relationship between temperature and total fruit number for year two (2018), which was the first com-
plete production season and the study year with the greatest productivity. Model selection indicated that mean minimum temperature across
the growing season was the best temperature predictor of fruit number (see Table S3). Marginal R2 values correspond with individual fitted
curves. *P < 0.05.
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35% higher fruit weight compared to Albion (Fig. 3B)
across years. The proportion of damage increased from
»20% in year one to »60% in year three, with similar levels
of damage for each cultivar (Fig. 3C). This increase in dam-
age was associated with the observed reduction in total fruit
weight produced in year three. Follow-up analyses revealed
that cultivar effects were significant in each year, with Sea-
scape producing 63%, 67%, and 102% more fruit compared
to Albion in 2017, 2018, and 2019, respectively (Fig. 3A;
see Appendix A: Table A5).
Urbanization effects on arthropod pests, predators,
and pollinators

The effect of urbanization on arthropods depended on tax-
onomic group. In particular, we found a significant positive
Fig. 3. Differences in (A) total fruit number, (B) total fruit weight, and (
standard errors reflect fruit production at a sub-plot level (N = 20 per cult
N = 17 because of mortality in three sub-plots across two sites; N = 18 i
P < 0.001.
relationship between urbanization, as measured by percent
impervious surface, and Vespidae abundance (Fig. 4A; see
Appendix A: Table A7). The opposite trend was seen for
Araneae (Fig. 4B; see Appendix A: Table A7). Thripidae
and Aphididae accounted for the majority of pests we col-
lected, 51 and 43%, respectively. Overall, total pest abun-
dance was positively correlated with fruit number (r � 0.45,
p = 0.006) and with total predator abundance (r � 0.45,
p = 0.005). However, by taxonomic grouping, fruit number
was only a significant predictor of fruit fly abundance (see
Appendix A: Table A7). We found no relationship between
urbanization and overall abundances of arthropod pests (F 1,

7 = 0.00, p = 0.978) or predators (F 1, 7 = 0.06, p = 0.810).
We also found no effect of urbanization on bee or fly abun-
dances. Strawberry flower number was positively associated
with the abundance of pollinators across years (see Appen-
dix A: Table A7).
C) proportion damaged fruit across cultivars and years. Means and
ivar per year in 2018 and 2019, with the exception of Albion where
n 2017 due to exclusion of one site resulting from vandalism). ***



Fig. 4. Relationship between urbanization and select arthropod groups. * P < 0.05, ** P < 0.01.
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Collective effects of pathogens, pests, and
pollinators on crop productivity

The effect of pollination on strawberry production
depended on pathogen and pest damage as indicated by a
significant interaction effect (Fig. 5; see Appendix A: Table
A8). Specifically, greater pollinator visitation (> 1 visit per
flower) enhanced strawberry yield (fruit weight per sub-
plot) when damage levels were less than »50%. The benefit
of higher pollinator visitation was minimized as pathogen
and pest damage increased.

From collected fruits, we observed evidence of multiple
fruit pathogens, including anthracnose (Colletotrichum),
gray mold (Botrytis), and leather rot (Phytophthora). Diag-
nostic analyses of culturable pathogens from roots and
crowns indicated that Cylindrocarpon, Fusarium, Rhizocto-
nia, and Botrytis were most commonly encountered in
Fig. 5. Pathogen and pest damage interacted with pollinator visitation to i
fruit weight per sub-plot (N = 20 per cultivar per year). The proportion of
tion rates were included as a continuous variable in statistical models, but
than or more than one visit per flower, respectively). Marginal R2 values c
plants sampled. In general, these pathogens were equally
present on Albion and Seascape. Across years and sites, Sea-
scape plants showed higher survivorship (»90%) overall,
compared with Albion plants which experienced a 60% sur-
vival probability (see Appendix A: Fig. A3). The majority
of these plant deaths were recorded in spring 2019, indicat-
ing that Albion experienced greater winter mortality.
Discussion

Urbanization has no direct impact on strawberry
production

To date, there has been little research on how urbanization
affects crop yields or research comparing crop production
across rural-urban gradients, despite increased interest in
nfluence strawberry yield across years. Yield was measured as total
damaged fruit included pathogen and pest damage. Pollinator visita-
are visualized here in two categories � low and high visitation (less
orrespond with each fitted line. ** P < 0.01.
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urban agriculture (Philpott, Jha, Lucatero, Egerer, & Liere,
2020; Pinheiro & Govind, 2020). Our study demonstrates
that biotic drivers of strawberry production, such as patho-
gen and pest fruit damage and pollinator visitations, were
similar across urban, peri‑urban, and rural farms. Moreover,
strawberry production was comparable across our rural-
urban gradient. These results lend support to urban farming
initiatives in our study region, particularly in rust belt cities
(e.g., Ezell et al., 2012; Mersol-Barg, 2014), where urban
agricultural production on vacant land may contribute to
enhancing food access (Dixon et al., 2007), ecosystem serv-
ices (Bolund & Hunhammar, 1999), and enterprise (Linde-
mann, 2019). Here, we show that strawberry, a high-value
crop, could generate large yields for small-scale growers
regardless of urbanization.
Extreme temperatures influence strawberry
production

In our study, strawberry production showed a unimodal or
curvilinear relationship with minimum temperature during the
peak production year, with a reduction in fruit number at the
warmest urban sites and coolest rural sites. As such, strawber-
ries exhibited optimal growth and development with tempera-
tures that corresponded with peri‑urban sites in our study
region. Similar non-linear relationships between temperature
and fruit weight have been seen in June-bearing strawberries
(Palencia et al., 2009). Specific temperature ranges are required
for floral bud initiation in day-neutral strawberries (Strik, 1984),
with some cultivars being more or less sensitive to variation in
temperatures (Hancock, Sjulin, & Lobos, 2008).

Our results indicate that geographic context is a key factor
in understanding urban warming effects on crop yield. For
example, in cooler high latitude temperate regions, urban
warming could benefit agricultural production in cities,
whereas at lower latitudes urban warming will likely be
associated with crop temperature stress (Parry, Rosenzweig,
Iglesias, Fischer, & Livermore, 1999). Still, in our study,
temperature did not significantly affect strawberry yield, as
measured by total fruit weight, indicating that urban warm-
ing in our study area does not seem to be altering overall
crop yield of strawberry production. Further, we saw no
relationship between fruit damage and temperature across
our study sites, although temperature is known to affect
plant pathogens (Pietik€ainen, Pettersson, & Ba

�
a
�
th, 2005;

Trębicki, D�ader, Vassiliadclimateis, & Fereres, 2017). Thus,
the key driver of this response is unclear. We did, however,
observe variation in per fruit weight across the growing sea-
son which may have obscured an effect on overall crop
yield. While this study suggests that warming may contrib-
ute to fruit set, it is important to note that we only used a
subset of average mean temperatures. Therefore, further
research is necessary to disentangle the effects of tempera-
ture on crop productivity and damage in our system.
Differential effects of urbanization on arthropod
groups

While urbanization is generally thought to have negative
effects on biodiversity and biodiversity-based ecosystem
services (McDonald et al., 2020), recent studies indicate that
some habitats within cities can support high abundance and
diversity of pollinators in addition to other beneficial organ-
isms (e.g., Baldock et al., 2019; Egerer, Bichier, & Philpott,
2017). Similar to the findings of other studies (e.g., Wilson &
Jamieson, 2019), we demonstrate that urbanization effects
on arthropods differ among taxonomic and functional
groups.

Specifically, Vespidae (paper wasps) increased at sites
with more urbanization, as measured by percent impervious
surface, while Araneae (spiders) decreased. Research indi-
cates that paper wasps preferentially choose human struc-
tures in built environments for hibernation (Reed &
Vinson, 1979), and that wasp workers are well-adapted to
high temperatures (Spiewok & Schmolz, 2006). Because
Vespidae are fruit pests as well as generalist predators that
feed on a variety of insects (Richter, 2000), the full implica-
tions of their increased abundance at urban farms remains
unknown. Our results related to spiders are congruent with
other studies that have found that generalist species are often
common in urban environments (Meineke, Holmquist,
Wimp, & Frank, 2017), especially irrigated greenspaces
(Bang & Faeth, 2011). However, some studies indicate a
decrease in abundance and diversity (Kaltsas, Panayiotou,
Chatzaki, & Mylonas, 2014). When abundance declines it
can indicate species loss (Meineke, Holmquist, Wimp, &
Frank, 2017; Shochat et al., 2010) related to habitat suitabil-
ity (Moorhead & Philpott, 2013). Because arthropods utilize
habitat in urban greenspaces (Delgado de la Flor, Burkman,
Eldredge, & Gardiner, 2017; Gardiner, Prajzner, Burkman,
Albro, & Grewal, 2014), the uniformity of remaining pest,
predator, and pollinator groups may reflect a widespread
availability of floral resources or a high dispersal rate of the
taxa monitored.
Fruit damage reduces potential of pollination
services

As a soft tissue fruit, strawberries are vulnerable to infec-
tion and infestation, which makes them prone to pathogen
and pest damage (Feliziani & Romanazzi, 2016; Har-
vey, 1978). For this reason, pesticides, including methyl bro-
mide and chloropicrin, have been heavily relied upon in
strawberry production (Samtani et al., 2019). With the more
recent phaseout of methyl bromide, which was a widely
used chemical for managing pathogens and pests in conven-
tional strawberry production, effective alternative treatments
are scarce (Carter, Chalfant, Goodhue, Han, & DeSantis,
2005; Subbarao, Kabir, Martin, & Koike, 2007). Compared
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with conventional systems, urban strawberry production
occurs on a much smaller scale, one that makes non-chemi-
cal pathogen and pest control more tractable. Further, a com-
mon way to limit damage in strawberry production for day-
neutral cultivars is to terminate plants after year one or two
and replace them with another crop that does not share
pathogens or pests (Njoroge, Kabir, Martin, Koike, & Sub-
barao, 2009; Poling, 2005; Subbarao et al., 2007).

In our study, pollination visitation appeared to improve
fruit weight but only when damage was limited. Such inter-
action effects have been observed in other studies. For
example, (Steffan-Dewenter, M€unzenberg, &
Tscharntke, 2001) demonstrated that positive effects of
flower visitors were only seen in the absence of seed preda-
tors. Similarly, it follows that, when pests are controlled,
fruit production increases (Grass, Bohle, Tscharntke, &
Westphal, 2018; Lundin et al., 2017). While past strawberry
research emphasizes the importance of pollination services
(Connelly, Poveda, & Loeb, 2015; Hodgkiss, Brown, &
Fountain, 2018; Klatt et al., 2014; MacInnis & Forrest,
2019), we show that it is necessary to understand the impli-
cations of insect pollination in imperfect systems, such as
organic urban farms, where pathogen and pest damage may
be higher compared with conventional agricultural systems
(Crowder, Northfield, Strand, & Snyder, 2010). Other stud-
ies in urban settings have shown that for certain crops, such
as cucumber and tomato, bee visitation results in higher fruit
productivity when wild bees are the dominant pollinators, as
was the case in our study (Lowenstein, Matteson, & Minor,
2015; Potter & LeBuhn, 2015).
Comparison of cultivar performance

Finally, we found that one strawberry cultivar (Seascape)
consistently outperformed another (Albion) across sites and
years. Albion showed consistently higher mortality and
lower production in our study area compared with Seascape.
Both cultivars were developed at the University of Califor-
nia, although they are commonly grown throughout the U.S.
and recommended for our region. Our findings are partially
supported by a trial experiment in the Upper Midwest that
demonstrated Seascape production was higher than Albion
production in year one (Petran, 2016). However, across
years, Albion had higher yields than Seascape in low tunnel
production in the Northeast (Orde & Sideman, 2019).
Together these studies, alongside ours, indicate that varia-
tion in cultivars is a key factor underlying production,
although performance may vary across locations and year,
without consistent cultivar effects.
Conclusions

A central goal of this research was to provide a better
understanding of how crop productivity might be influenced
by urbanization in order to help inform ecologically-based,
organic farming best management practices in urban agricul-
ture. By paying consideration to multiple environmental fac-
tors for the duration of the plant life cycle, we have
developed an appreciation for the challenges of growing
fruit on small to mid-sized farms which are vulnerable to
pathogen and pest outbreaks. We saw that, in the case of
Albion and Seascape strawberries, urbanization itself did
not reduce yields. Instead, our results showed that the collec-
tive effects of pathogens, pests, and pollinators, which had
no general relationship with urbanization, were most impor-
tant for fruit production. Furthermore, diseases and pests
altered fruit weight even more so than pollinator visitation.
For this reason, managing damage from pathogens and pests
is necessary to maintain consistent high crop yields.

Overall, our study reveals that strawberries have the
potential to produce high yields per unit area on small-scale
farms, particularly in peri‑urban settings in our study region,
and could be an important community crop for urban agri-
culture. Future research priorities include disentangling the
effects of pathogens and pests on strawberry productivity
and exploring the response of different crops and cultivars
to urbanization in a holistic manner. In particular, continuing
to focus on the combined outcomes of pathogens, pests, and
pollinators across multiple types of crops can uncover chal-
lenges otherwise ignored in urban food production. Addi-
tionally, this study demonstrates that incorporating
temperature into study designs is valuable for understanding
the limitations of productivity in cities. Studying a variety of
cultivars adapted to higher temperatures may be especially
valuable for informing crop selection given future scenarios
of climate change.
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