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Abstract: Agriculture has long been a part of the urban landscape, from gardens to small scale farms.
In recent decades, interest in producing food in cities has grown dramatically, with an estimated 30%
of the global urban population engaged in some form of food production. Identifying and managing
the insect biodiversity found on city farms is a complex task often requiring years of study and
specialization, especially in urban landscapes which have a complicated tapestry of fragmentation,
diversity, pollution, and introduced species. Supporting urban growers with relevant data informs
insect management decision-making for both growers and their neighbors, yet this information can
be difficult to come by. In this study, we introduced several web-based citizen science programs
that can connect growers with useful data products and people to help with the who, what, where,
and when of urban insects. Combining the power of citizen science volunteers with the efforts of
urban farmers can result in a clearer picture of the diversity and ecosystem services in play, limited
insecticide use, and enhanced non-chemical alternatives. Connecting urban farming practices with
citizen science programs also demonstrates the ecosystem value of urban agriculture and engages
more citizens with the topics of food production, security, and justice in their communities.

Keywords: eButterfly; iNaturalist; insect management; urban insect diversity; USA National
Phenology Network; Nature’s Notebook

1. Introduction

Urbanization is a major driver of land use change worldwide [1]. By 2030, more than 60% of the
global population will live in urban areas [2] and transform many suburban and rural agricultural
systems into urban environments [3]. Urban agriculture is defined as the production of crop and
livestock goods within cities and towns [4], generally integrated into the local urban economic and
ecological system [5]. It has emerged as a tool to address complex social issues, such as environmental
justice, food security, and income inequity [6]. Urban agriculture provides resources and shelter for
urban animals beyond humans, enhances biodiversity, and improves ecosystem services, making cities
more resilient and resistant to environmental change [7]. Cities are primarily viewed in terms of their
political value (i.e., where the voters are) rather than for their ecological value (i.e., where food, shelter,
water, and mates are) [8]. Urban environments are predominantly viewed by both scientists and
the general public as biodiversity deserts responsible for high rates of extinction [9,10] and reduced
abundance, especially of native species [11,12]. Yet, in many urban areas, the patchwork of formal
and informal green spaces provides viable and important habitat for a diverse selection of plants
and animals [13,14]. Managed green spaces, such as farms and gardens, provide space and resources
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are critical for the long-term preservation of urban wildlife, such as insects and birds, and enhance
local ecosystem services, improving water, air, and soil quality [15,16]. Urban farms and gardens also
present important opportunities to connect urban dwellers with nature and grow their appreciation for
their non-human animal and plant neighbors [17].

Insects play many roles in agriculture systems; they are categorized primarily as pest, benficial,
and pollinator. Pests are often defined as insects that harm yields and/or the quality of crops.
Beneficials include predators, parasitoids, and scavengers which indirectly benefit crops by consuming
pests or reducing waste. Pollinators fertilize crops by moving pollen from one flower to another
incidentally, as these insects collect pollen and nectar for their own consumption. A single insect
species may fill multiple categories, and designations may change throughout various life stages.
For example, a hawk moth may be a valuable pollinator as an adult, but a voracious pest consuming
a vast amount of crop leaves as a larva [18]. Identifying and monitoring the insect community in
agroecosystems is a critical component to success in farming, especially urban farming where farms
are hotspots for insect biodiversity [8].

Agroecosystems, including urban farms, benefit from insect diversity and phenology data to
inform management decisions. By developing shared knowledge of the presence of pests, urban
growers can make informed decisions and assess the efficacy of the treatments they apply. Correct insect
identification is critical for determining which control actions, if any, should be taken to minimize
damage from insect pests. Phenological information indicating when a pest is anticipated to be
found in an important life stage can further enhance management planning [19]. This phenological
perspective also supports management decisions such as applying a pesticide when it is least likely to
impact a pollinator [20,21] or planting flowering plant species that bloom during a gap in blooming,
where pollinators have reduced resources [20,22]. Data and tools offered by citizen science programs
can support urban agroecosystems in all of these ways.

2. Urban Insect Management Presents Unique Challenges and Opportunities

Urban farming presents both challenges and opportunities related to the environmental setting
and the demands of meeting multiple social and educational goals. The challenges include difficulty
accessing land, small and fragmented plots close to residences and businesses, soil contamination,
and insecure land tenure [23,24]. Insect management is challenging in urban settings from a social
standpoint, given the varying values and expertise levels of neighbors or community gardeners.
In addition, controlling urban insect pests requires limited pesticide use to ensure the health of humans
and animals. Excessive application of pesticides can degrade water, air, and soil quality, create pesticide
resistant insect populations, and be economically costly to the grower [7] and many broad-spectrum
management interventions for pests may have undesired non-target effects on pollinators and
beneficials [25]. For example, organophosphate application increases slug pest abundance and crop
loss because of decline in predaceous beetles [25]. Finally, given the reduced availability of native plants,
undergrowth, and connectivity among sites in urban landscapes, beneficial insect populations may be
harder to attract and sustain in urban areas, relative to rural agroecosystems [26]. The opportunities
include community building, awareness of food and agriculture, and access to healthy foods [27,28].
Similarly, urban agriculture’s popularity stems from its many benefits for the individual, community,
and city as a whole [6] such as improved physical activity and mental health [29], nutrition [30],
community engagement [31], and job training [32]. Urban agriculture has expanded by >30% in the
past 30 years, especially in under-served communities [33]. Urban agriculture can be productive,
providing an estimated 15%–20% of the global food supply [34,35], and cities can provide good
infrastructure, access to labor, and low transport costs for local food distribution [34].

Although public and scientific interest in urban agriculture has grown dramatically in the past two
decades, there are still significant challenges for integrating urban farming into the complex agriculture
support system in the United States and beyond [13]. The United States Cooperative Extension
System was developed when most of the population lived and farmed in rural environments [36]
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and agriculture research has and continues to be done primarily on rural farms [7]. Recent efforts
by Cooperative Extension have incorporated urban engagement and farming with success [37];
however, many of these efforts have focused on nutrition, food literacy, and youth leadership training
(e.g., 4-H), all of which are important community-driven issues for urban stakeholders, but not urban
farming pest management best practices [38]. Other countries with different systems of agriculture
support (e.g., Canada [39], Tanzania [40]) also struggle with the pace of urban farm implementation
without a concomitant investment in urban agriculture insect management research and best practices.
However complicated, urban farms provide important green space and food security to the benefit of
both humans [27] and insects [8].

Insect management resources and knowledge of best practices are fewer and less developed for
urban growers than those for rural growers [13]. A critical tool for reducing the impact of destructive
insects in agricultural systems is integrated pest management (IPM). IPM is a decision framework for
the selection and use of pest control tactics, coordinated into an overall management strategy based on
cost/benefit analyses that take into account the interests of and impacts on producers, society, and the
environment [41]. The implementation and adaptation of IPM in the socio-ecological context of urban
farming could provide a powerful framework for leveraging the strengths and mitigating the challenges.
This approach reduces the frequency and intensity of pest infestation by eliminating disruptive pest
control methods and enhancing ecosystem services that contribute to ecological resilience. In an IPM
framework, agriculture systems are managed as living systems [42]. Essential to this framework
is documenting where and when insect pests, beneficials, and pollinators are present on the farm
and in the surrounding area [42]; such data are increasingly available through a number of citizen
science resources.

3. Urban Insect Management Can Be Facilitated by Citizen Science

Citizen science relies on the participation of non-professionals in the practices of science, from
study design to data collection [43]. Most citizen science data are collected in urban areas (e.g., [44,45]),
and both urban farms and citizen science are conduits for community building and civic participation.
Additionally, citizen science aligns with many social media outlets to promote a farm with a variety
of stakeholders and potential customers. A number of powerful tools and platforms exist to build
the connections and collect data required for successful agroecosystem management in the urban
socio-ecological context. While there are many citizen science practices, we focused on web-based
programs which focus on biodiversity and serve to identify species, store data, and synthesize patterns
of diversity.

In this section, we highlighted three web-based tools providing measures of insect diversity
and phenology: eButterfly [46], iNaturalist [47], and Nature’s Notebook [48] (Figure 1). eButterfly is
designed for butterfly enthusiasts who photograph and checklist butterflies for recreation and it covers
North American species. iNaturalist is designed for biodiversity enthusiasts, those who photograph
and observe all organisms, including insects, across the globe. Nature’s Notebook, the phenology
observing system operated by the USA National Phenology Network, is designed for backyard
enthusiasts who wish to track the seasonality of organisms, such as when they are emerging, leafing
out, or flowering in the United States. Nature’s Notebook has a tailored list of plants and animals,
particularly amenable for observing phenological changes. Using these applications and their various
features can be facilitated by online and face to face trainings.

Urban growers can use these platforms to (1) support insect identification, (2) see what insect
species are in the surrounding area, (3) connect with local insect enthusiasts and experts, (4) store
insect data from the farm in one location, (5) contribute to the shared knowledge about urban insects,
(6) predict when insects will be present and abundant, relative to plant development, to guide
management decisions, (7) predict when insect pests will be most vulnerable to treatment, and (8)
demonstrate the value of urban farms to insect habitat (Figure 2). The exact approach will likely vary
by farm location, crops, and mission; however, we feel the greatest potential strength of these programs
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is to help growers to increase the presence of insect pollinators and beneficials through habitat on the
farm and in the community while simultaneously decreasing insect pests.Insects 2019, 10, x 4 of 10 

 

 
Figure 1. Comparison of iNaturalist, eButterfly, and USA National Phenology Network. Three citizen 
science platforms offer growers various tools, data, information, and social networks to improve the 
management of their farm insects, including beneficials, pests, and pollinators. 

Figure 1. Comparison of iNaturalist, eButterfly, and USA National Phenology Network. Three citizen
science platforms offer growers various tools, data, information, and social networks to improve the
management of their farm insects, including beneficials, pests, and pollinators.
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use citizen science platforms, across two axes: immediate and long-term usage (horizontal) and 
individual and communal actions among users (vertical). 

3.1. Citizen Science Provides and Organizes Identifications of Insects in the Farm, Neighborhood, and City 

Correctly identifying insect species can be an overwhelming process for the uninitiated, as 
insects are the most diverse group of animals on the planet, with over 800,000 described species. 
Traditionally, resources to support identifying insects in the United States included Cooperative 
Extension and entomological collections. Cooperative Extension provides insect-related expertise 
mainly to rural growers, though it has recently expanded into urban farming (e.g., [7]). Regional 
entomology collections located at universities, museums, and agriculture stations also offer 
identification opportunities [49]. Neither of these resources can provide instant identification 
feedback due to the multiple other commitments on the institution staff’s time, such as research, 
instruction, and/or outreach [49]. Furthermore, these resources may not hold expertise relevant to 
urban landscapes [36]. 

The human-computer networks offered by web-based citizen science projects enhances 
opportunities for urban growers to identify insect species. The iNaturalist web-platform and 
smartphone application [47] and the related Seek smartphone application [50] are the most versatile 
digital tools available for this purpose. Both of these applications employ artificial intelligence 
algorithms to identify a plant or animal from a photo. A grower can upload a photograph to their 
iNaturalist account and suggestions for the species are provided. In the case of the Seek application, 
a grower can simply point their smartphone camera at the plant or animal and receive a suggested 
identification. The algorithm originally developed for classifying organisms on iNaturalist is highly 
accurate, offering the correct identification among the top 5 suggestions between 87.5% and 88.2% of 
the time [51]. Complementing machine-learning algorithm identifications, iNaturalist relies on the 

Figure 2. Value schematic of citizen science web-platforms for urban growers. Collaborative citizen
science programs add value to urban farm mission and management by offering connection to experts,
customers, and community members. Here, we outlined the main ways that urban farms can use
citizen science platforms, across two axes: immediate and long-term usage (horizontal) and individual
and communal actions among users (vertical).

3.1. Citizen Science Provides and Organizes Identifications of Insects in the Farm, Neighborhood, and City

Correctly identifying insect species can be an overwhelming process for the uninitiated, as insects
are the most diverse group of animals on the planet, with over 800,000 described species. Traditionally,
resources to support identifying insects in the United States included Cooperative Extension and
entomological collections. Cooperative Extension provides insect-related expertise mainly to rural
growers, though it has recently expanded into urban farming (e.g., [7]). Regional entomology collections
located at universities, museums, and agriculture stations also offer identification opportunities [49].
Neither of these resources can provide instant identification feedback due to the multiple other
commitments on the institution staff’s time, such as research, instruction, and/or outreach [49].
Furthermore, these resources may not hold expertise relevant to urban landscapes [36].

The human-computer networks offered by web-based citizen science projects enhances
opportunities for urban growers to identify insect species. The iNaturalist web-platform and
smartphone application [47] and the related Seek smartphone application [50] are the most versatile
digital tools available for this purpose. Both of these applications employ artificial intelligence
algorithms to identify a plant or animal from a photo. A grower can upload a photograph to their
iNaturalist account and suggestions for the species are provided. In the case of the Seek application,
a grower can simply point their smartphone camera at the plant or animal and receive a suggested
identification. The algorithm originally developed for classifying organisms on iNaturalist is highly
accurate, offering the correct identification among the top 5 suggestions between 87.5% and 88.2% of
the time [51]. Complementing machine-learning algorithm identifications, iNaturalist relies on the
large citizen science community, including trained experts, to provide identification recommendations
linking to other observations and photographs. Half of all records of unidentified species that are
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uploaded and crowdsourced are identified in less than two days. eButterfly identifies butterflies
through a slightly different approach of human-computer interaction [46]. In the eButterfly app,
a series of filters based on current species distribution maps are coupled with regional experts to flag
whether a species listed in a checklist is expected at a specific location. Regional experts work with
citizen scientists to identify unexpected species from photographs and descriptions. While species
identification is not a primary feature of the Nature’s Notebook smartphone application, materials to
support species identification are offered on the Nature’s Notebook website.

In addition to serving as data collection and storage systems, these citizen science programs also
provide several easy-to-use dashboards for managing and visualizing data. Such visual representations
provide an accessible means of gauging insect and plant phenology at a local scale. iNaturalist offers
the ability to store and filter all insect data by location and date [47]. These data can be displayed in a
variety of ways, providing information important to management such as emergence time, diversity,
and abundance. Data from a single farm can be aggregated with other local observations to form a more
complete picture of the surrounding area. As in iNaturalist, data housed in eButterfly can be filtered by
location and date [46]. eButterfly data are presence-absence data of butterfly species (pollinators and
pests) while iNaturalist data are presence-only data of all insects (beneficials, pollinators, and pests),
providing different kinds of data for different kinds of information and decision making [46]. For both
iNaturalist and eButterfly, a grower can have their own account to record observation data and photos
across years at their farm and in the community. Nature’s Notebook displays data on a focal insect or
plant species and is particularly good for documenting an organism’s life cycle stage status over the
course of a season.

3.2. Citizen Science Provides Information on When Insects Will Be Active and Abundant

Phenology, or the seasonality of organisms, has been long viewed as a tool to understand the
best time to plant and harvest crops, as well as to anticipate when to manage for insect pests and
facilitate pollinator and beneficial insect health. In many systems, environmental conditions such as the
accumulation of heat units (i.e., growing degree days), can be utilized to predict when species of interest
will undergo phenological transitions, such as the hatching of caterpillars or the emergence of adult
leaf beetles (e.g., [52]). Resources such as the USA-NPN Pheno Forecasts offer daily maps and forecasts
up to six days in advance [53], which can be used by urban growers to anticipate the activity of insects
(Figure 3). iNaturalist and eButterfly provides seasonality estimates based on community-contributed
observations and allows users to indicate the life stage of organisms they observe, further guiding
proactive management practices. Additionally, participants in the Nature’s Notebook program can
provide their own observations of insect activity at their location by participating in the Pest Patrol
campaign [54] or Nectar Connector campaign [55]—allowing for the verification and improvement
of these predictive models. Ultimately, more data on a greater diversity of insect taxa will lead to
more accurate models that can account for variations in climate and geography and lead to improved
decision-making for urban growers.

By harnessing the power of citizen science programs, growers can be empowered within their
communities to better establish the spatial and temporal patterns of insects across urban and suburban
landscapes at scales not previously possible by scientific researchers. By participating in citizen science
programs, such as those described above, individuals join a collective effort to track both beneficial
and harmful insects which in turn helps inform best practices for enhancing growing environments.
Early work indicates that insect pest species tend to be more abundant in urban areas due to warmer
conditions [56] where some beneficial insects, such as wild bees, decline in urban areas [57]. Likewise,
species composition tends to shift along urban to rural gradients (e.g., [58,59]). In addition, urban
environments tend to have earlier and longer growing seasons, impacting the timing and magnitude
of the interactions between plants, pollinators, and herbivores [60]. Such patterns offer glimpses of
predicted impacts of climate change to communities and ecosystems [61], with more thoughtful urban
landscape design as an approach to buffer against some of these changes [62,63].
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region of the United States of America. Source: USA National Phenology Network, www.usanpn.org.

4. Digital Collaboration Creates Useful Information for Everyone

The three citizen science programs described here amplify the collaborative nature of urban
farming using online resources. Urban growers often engage with a large community to become
sustainable economic enterprises and to fulfill other missions, such as food literacy education [30]
and job training [32]. eButterfly, iNaturalist, and Nature’s Notebook allow urban growers to expand
their community to a larger audience, connect with experts in insect identification and management,
evaluate how local changes fit into a larger regional context, and help sustainably manage urban green
spaces as not only viable businesses but also as centers for biodiversity and green space. These citizen
science programs are available in a variety of languages (e.g., English, French, Spanish), depending on
the web-platform and smartphone application. In general, iNaturalist has the most languages with
over ten.

While most citizen science programs were originally designed to operate independently, there is
increasing integration among the various systems. Part of this integration is due to advances
in application programming interfaces (APIs) that afford easier sharing of data. For example,
iNaturalist sends “research grade” observations to the Global Biodiversity Information Facility [64] on
a weekly basis. Third-party citizen programs are using multiple platforms for monitoring diversity:
the Appalachian Mountain Club employs both iNaturalist and Nature’s Notebook platforms for data
collection. Coordinated efforts, including scavenger hunts and “BioBlitzes” improve biodiversity
knowledge of urban greenspaces, and urban farms could be easily interwoven into this network
through face-to-face and social media connections.

High-quality citizen science programs rely on feedback from participants; this includes feedback
on the web-based platforms discussed here. Urban growers should not hesitate to contact citizen
science directors to suggest new features for the web-platforms and smartphone applications. Indeed,
insect diversity dynamics unique to urban agroecosystems may necessitate qualitative or quantitative
changes to the way data are collected. Sometimes, these requests are very easy for web designers to
incorporate into their updates or new versions, while more complex changes may require more time or
be infeasible. However, these conversations improve the products and fosters a sense of community
between scientists, programmers and participants.

5. Conclusions and Recommendations

Recent trends show an increase of agricultural efforts within urban areas, in both developed
and developing nations [13]. Urban farming has significant potential to enhance local communities
in a variety of ways beyond food production [32]. Integrating urban agroecosystems into the local
greenspace matrix can support beneficial insect species, providing opportunities for people to appreciate
and connect with insects. Managing urban farms to increase insect pollinators and beneficials while
controlling the potential damage caused by insect pests will benefit through engagement with local
biodiversity enthusiasts. Capitalizing on citizen science efforts will greatly improve safe and effective

www.usanpn.org/data/forecasts
www.usanpn.org/data/forecasts
www.usanpn.org
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insect management practices on urban farms. As part of an urban integrated pest management
approach, we recommend that growers incorporate citizen science web-platforms such as eButterfly,
iNaturalist, and Nature’s Notebook into their farming approach. These tools provide growers with a
digital toolkit for promoting pollinators and beneficial insects, decreasing pest species, connecting
with entomology experts, and marking their farms as urban biodiversity hotspots.

Author Contributions: The authors worked collaboratively on this paper: conceptualization K.L.P., J.K.W., M.C.T.
and J.C.O.; writing—original draft preparation K.L.P., K.L.G. and A.R.; writing—review and editing K.L.P., J.K.W.,
M.C.T., K.L.G., A.R., T.M.C. and J.C.O.; visualization J.K.W. and J.C.O.; funding acquisition K.L.P.

Funding: Funding was provided by the University of Arizona Libraries and University of Arizona College
of Agriculture and Life Sciences to K.L.P. and by the U.S. Geological Survey to the University of Arizona by
Cooperative Agreement G18AC00135.

Acknowledgments: We would like to thank our reviewers and editors for helpful comments and suggestions,
and all those relentless volunteers in various citizen science programs, past and present, who contributed data for
the greater good.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Grimm, N.B.; Faeth, S.H.; Golubiewski, N.E.; Redman, C.L.; Wu, J.; Bai, X.; Briggs, J.M. Global change and
the ecology of cities. Science 2008, 319, 756–760. [CrossRef] [PubMed]

2. United Nations. Our Urbanizing World, Populations Facts; United Nations Department Economic Social
Affairs: New York, NY, USA, 2014; Available online: http://www.un.org/en/development/desa/population/

publications/pdf/popfacts/PopFacts_2014-3.pdf (accessed on 3 July 2019).
3. Brown, D.G.; Johnson, K.M.; Loveland, T.R.; Theobald, D.M. Rural land-use trends in the conterminous

United States, 1950–2000. Ecol. Appl. 2005, 15, 1851–1863. [CrossRef]
4. Zezza, A.; Tasciotti, L. Urban agriculture, poverty, and food security: Empirical evidence from a sample of

developing countries. Food Policy 2010, 35, 265–273. [CrossRef]
5. Mougeot, L.J. Agropolis: The Social, Political, and Environmental Dimensions of Urban Agriculture; IDRC:

London, UK, 2005; ISBN 978-1844072323.
6. Daftary-Steel, S.; Herrera, H.; Porter, C.M. The unattainable trifecta of urban agriculture. J. Agric. Food Syst.

Community Dev. 2015, 6, 19–32. [CrossRef]
7. Diekmann, L.; Bennaton, R.; Schweiger, J.; Smith, C. Involving Extension in urban food systems: An example

from California. J. Hum. Sci. Ext. 2017, 5, 70–90.
8. Hall, D.M.; Camilo, G.R.; Tonietto, R.K.; Ollerton, J.; Ahrné, K.; Arduser, M.; Ascher, J.S.; Baldock, K.C.;

Fowler, R.; Frankie, G.; et al. The city as a refuge for insect pollinators. Conserv. Biol. 2017, 31, 24–29.
[CrossRef] [PubMed]

9. Luck, G.W. A review of the relationships between human population density and biodiversity. Biol. Rev.
2007, 82, 607–645. [CrossRef] [PubMed]

10. McKinney, M.L. Effects of urbanization on species richness: A review of plants and animals. Urban Ecosyst.
2008, 11, 161–176. [CrossRef]

11. Hansen, A.J.; Knight, R.L.; Marzluff, J.M.; Powell, S.; Brown, K.; Gude, P.H.; Jones, K. Effects of exurban
development on biodiversity: Patterns, mechanisms, and research needs. Ecol. Appl. 2005, 15, 1893–1905.
[CrossRef]

12. Lin, B.B.; Fuller, R.A. Sharing or sparing? How should we grow the world’s cities? J. Appl. Ecol. 2013, 50,
1161–1168. [CrossRef]

13. Lin, B.B.; Philpott, S.M.; Jha, S. The future of urban agriculture and biodiversity-ecosystem services:
Challenges and next steps. Basic Appl. Ecol. 2015, 16, 189–201. [CrossRef]

14. Wang, J.W.; Poh, C.H.; Tan, C.Y.T.; Lee, V.N.; Jain, A.; Webb, E.L. Building biodiversity: Drivers of bird and
butterfly diversity on tropical urban roof gardens. Ecosphere 2017, 8, e01905. [CrossRef]

15. Alvey, A.A. Promoting and preserving biodiversity in the urban forest. Urban For. Urban Green. 2006, 5,
195–201. [CrossRef]

16. Goddard, M.A.; Dougill, A.J.; Benton, T.G. Scaling up from gardens: Biodiversity conservation in urban
environments. Trends Ecol. Evol. 2010, 25, 90–98. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.1150195
http://www.ncbi.nlm.nih.gov/pubmed/18258902
http://www.un.org/en/development/desa/population/publications/pdf/popfacts/PopFacts_2014-3.pdf
http://www.un.org/en/development/desa/population/publications/pdf/popfacts/PopFacts_2014-3.pdf
http://dx.doi.org/10.1890/03-5220
http://dx.doi.org/10.1016/j.foodpol.2010.04.007
http://dx.doi.org/10.5304/jafscd.2015.061.014
http://dx.doi.org/10.1111/cobi.12840
http://www.ncbi.nlm.nih.gov/pubmed/27624925
http://dx.doi.org/10.1111/j.1469-185X.2007.00028.x
http://www.ncbi.nlm.nih.gov/pubmed/17944620
http://dx.doi.org/10.1007/s11252-007-0045-4
http://dx.doi.org/10.1890/05-5221
http://dx.doi.org/10.1111/1365-2664.12118
http://dx.doi.org/10.1016/j.baae.2015.01.005
http://dx.doi.org/10.1002/ecs2.1905
http://dx.doi.org/10.1016/j.ufug.2006.09.003
http://dx.doi.org/10.1016/j.tree.2009.07.016
http://www.ncbi.nlm.nih.gov/pubmed/19758724


Insects 2019, 10, 294 9 of 10

17. Dearborn, D.C.; Kark, S. Motivations for conserving urban biodiversity. Conserv. Biol. 2010, 24, 432–440.
[CrossRef] [PubMed]

18. Madden, A.H.; Chamberlin, F.S. Biology of the Tobacco Hornworm in the Southern Cigar-Tobacco District;
Technical Bulletin 896; United States Department of Agriculture: Washington, DC, USA, 1945.

19. Walker, G.P.; Aitken, D.C.G.; O’Connell, N.V.; Smith, D. Using phenology to time insecticide applications
for control of California red scale (Homoptera: Diaspididae) on Citrus. J. Econ Entomol. 1990, 83, 189–196.
[CrossRef]

20. Loose, J.L.; Drummond, F.A.; Stubbs, C.; Woods, S.; Hoffmann, S. Conservation and management of native
bees in Cranberry. Tech. Bull. Maine Agric. For. Exp. 2005, 191, 1–27.

21. Larson, J.L.; Redmond, C.T.; Potter, D.A. Assessing insecticide hazard to bumble bees foraging on flowering
weeds in treated lawns. PLoS ONE 2013, 86, e66375. [CrossRef]

22. Nicholls, C.I.; Altieri, M.A. Plant biodiversity enhances bees and other insect pollinators in agroecosystems.
A review. Agron. Sustain. Dev. 2013, 33, 257–274. [CrossRef]

23. Opitz, I.; Berges, R.; Piorr, A.; Krikser, T. Contributing to food security in urban areas: Differences between
urban agriculture and peri-urban agriculture in the Global North. Agric. Hum. Values 2016, 33, 341–358.
[CrossRef]

24. Reynolds, K.A. Expanding technical assistance for urban agriculture: Best practices for extension services in
California and beyond. J. Agric. Food Syst. Community Dev. 2011, 1, 197–216. [CrossRef]

25. Hill, M.P.; Macfadyen, S.; Nash, M.A. Broad spectrum pesticide application alters natural enemy communities
and may facilitate secondary pest outbreaks. PeerJ 2017, 5, e4179. [CrossRef] [PubMed]

26. Olejniczak, M.J.; Spiering, D.J.; Potts, D.L.; Warren, R.J. Urban forests form isolated archipelagos. J. Urban Ecol.
2018, 4. [CrossRef]

27. Fox, J.; Colbert, S.; Hogan, M.; Rabe, M.; Welch, C.; Haught, S. Developing a community-designed healthy
urban food system. J. Ext. 2015, 53, 4IAW3.

28. Lelekacs, J.M.; Bloom, J.D.; Jayaratne, K.S.U.; Leach, B.; Wymore, T.; Mitchell, C. Planning, delivering, and
evaluating an Extension in-service training program for developing local food systems: Lessons learned.
J. Hum. Sci. Ext. 2016, 4, 1–19.

29. Armstrong, D. A survey of community gardens in upstate New York: Implications for health promotion and
community development. Health Place 2000, 6, 319–327. [CrossRef]

30. Algert, S.; Diekmann, L.; Gray, L.; Renvall, M. Community and home gardens increase vegetable intake and
food security of residents in San Jose, California. Calif. Agric. 2016, 70, 77–82. [CrossRef]

31. Glover, T.D.; Parry, D.C.; Shinew, K.J. Building relationships, accessing resources: Mobilizing social capital in
community garden contexts. J. Leis. Res. 2005, 37, 450–474. [CrossRef]

32. Vitiello, D.; Wolf-Powers, L. Growing food to grow cities? The potential of agriculture for economic and
community development in the urban United States. Community Dev. J. 2014, 49, 508–523. [CrossRef]

33. Alig, R.J.; Kline, J.D.; Lichtenstein, M. Urbanization on the US landscape: Looking ahead in the 21st century.
Landsc. Urban Plan. 2004, 69, 219–234. [CrossRef]

34. Hodgson, K.; Campbell, M.C.; Bailkey, M. Urban Agriculture: Growing Healthy, Sustainable Places;
American Planning Association: Chicago, IL, USA, 2011; ISBN 978-1-932364-91-0.

35. Ackerman, K.; Conard, M.; Culligan, P.; Plunz, R.; Sutto, M.P.; Whittinghill, L. Sustainable food systems for
future cities: The potential of urban agriculture. Econ. Soc. Rev. 2014, 45, 189–206.

36. Young, J.A.; Jones, K. Urban Extension: Reflections on the past, a look to the future. J. Hum. Sci. Ext. 2017, 5,
145–157.

37. Tiffany, J.S. Extension in the city: Meeting the challenges of scale. J. Hum. Sci. Ext. 2017, 5, 37–51.
38. Gaolach, B.; Kern, M.; Sanders, C. Urban Extension: Aligning with the needs of urban audiences through

subject-matter centers. J. Hum. Sci. Ext. 2017, 5, 126–144.
39. Valley, W.; Wittman, H. Beyond feeding the city: The multifunctionality of urban farming in Vancouver, BC.

City Cult. Soc. 2019, 16, 36–44. [CrossRef]
40. Magigi, W. Urbanization and its impacts to food systems and environmental sustainability in urban space:

Evidence from urban agriculture livelihoods in Dar es Salaam, Tanzania. J. Environ. Protect. 2013, 4, 1137.
[CrossRef]

41. Kogan, M. Integrated pest management: Historical perspectives and contemporary developments.
Annu. Rev. Entomol. 1998, 43, 243–270. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1523-1739.2009.01328.x
http://www.ncbi.nlm.nih.gov/pubmed/19775276
http://dx.doi.org/10.1093/jee/83.1.189
http://dx.doi.org/10.1371/journal.pone.0066375
http://dx.doi.org/10.1007/s13593-012-0092-y
http://dx.doi.org/10.1007/s10460-015-9610-2
http://dx.doi.org/10.5304/jafscd.2011.013.013
http://dx.doi.org/10.7717/peerj.4179
http://www.ncbi.nlm.nih.gov/pubmed/29302395
http://dx.doi.org/10.1093/jue/juy007
http://dx.doi.org/10.1016/S1353-8292(00)00013-7
http://dx.doi.org/10.3733/ca.v070n02p77
http://dx.doi.org/10.1080/00222216.2005.11950062
http://dx.doi.org/10.1093/cdj/bst087
http://dx.doi.org/10.1016/j.landurbplan.2003.07.004
http://dx.doi.org/10.1016/j.ccs.2018.03.004
http://dx.doi.org/10.4236/jep.2013.410130
http://dx.doi.org/10.1146/annurev.ento.43.1.243
http://www.ncbi.nlm.nih.gov/pubmed/9444752


Insects 2019, 10, 294 10 of 10

42. Bottrell, D.G.; Schoenly, K.G. Integrated pest management for resource-limited farmers: Challenges for
achieving ecological, social and economic sustainability. J. Agric. Sci. 2018, 156, 408–426. [CrossRef]

43. Shirk, J.L.; Ballard, H.L.; Wilderman, C.C.; Phillips, T.; Wiggins, A.; Jordan, R.; McCallie, E.; Minarchek, M.;
Lewenstein, B.V.; Krasny, M.E.; et al. Public participation in scientific research: A framework for deliberate
design. Ecol. Soc. 2012, 17, 29. [CrossRef]

44. Sullivan, B.L.; Wood, C.L.; Iliff, M.J.; Bonney, R.E.; Fink, D.; Kelling, S. eBird: A citizen-based bird observation
network in the biological sciences. Biol. Conserv. 2009, 142, 2282–2292. [CrossRef]

45. Prudic, K.L.; Oliver, J.C.; Brown, B.V.; Long, E.C. Comparisons of citizen science data-gathering approaches
to evaluate urban butterfly diversity. Insects 2018, 9, 186. [CrossRef] [PubMed]

46. Prudic, K.L.; McFarland, K.P.; Oliver, J.C.; Hutchinson, R.A.; Long, E.C.; Kerr, J.T.; Larrivée, M. eButterfly:
Leveraging massive online citizen science for butterfly conservation. Insects 2017, 8, 53. [CrossRef] [PubMed]

47. iNaturalist. Org Web Application. Available online: http://www.inaturalist.org (accessed on 30 June 2019).
48. Posthumus, E.; Crimmins, T. Nature’s Notebook: A tool for education and research. Bull. Ecol. Soc. Am.

2011, 92, 185–187. [CrossRef]
49. Danks, H.V. Museum collections: Fundamental values and modern problems. Collect. Forum 1991, 7, 95–111.
50. Seek Smartphone Application. Available online: https://www.inaturalist.org/pages/seek_app (accessed on

30 June 2019).
51. Van Horn, G.; Mac Aodha, O.; Song, Y.; Cui, Y.; Sun, C.; Shepard, A.; Adam, H.; Perona, P.; Belongie, S.

The iNaturalist species classification and detection dataset. In Proceedings of the 2018 IEEE Conference on
Computer Vision and Pattern Recognition, Salt Lake City, UT, USA, 18–22 June 2018; pp. 8769–8778.

52. Herms, D.A. Using degree-days and plant phenology to predict pest activity. In IPM (Integrated Pest
Management) of Midwest Landscapes; University of Minnesota Agriculture Experiment Station: St. Paul,
MN, USA, 2004; pp. 49–59.

53. USA National Phenology Network Forecast. Available online: http://www.usanpn.org/data/forecasts
(accessed on 15 July 2019).

54. USA National Phenology Network Pest Patrol Campaign. Available online: http://www.usanpn.org/nn/

pestpatrol (accessed on 15 July 2019).
55. USA National Phenology Network Nectar Connectors Campaign. Available online: http://www.usanpn.org/

nn/nectarconnectors (accessed on 15 July 2019).
56. Meineke, E.K.; Dunn, R.R.; Sexton, J.O.; Frank, S.D. Urban warming drives insect pest abundance on street

trees. PLoS ONE 2013, 8, e59687. [CrossRef] [PubMed]
57. Hamblin, A.L.; Youngsteadt, E.; Frank, S.D. Wild bee abundance declines with urban warming, regardless of

floral density. Urban Ecosyst. 2018, 2, 419–428. [CrossRef]
58. Bates, A.J.; Sadler, J.P.; Fairbrass, A.J.; Falk, S.J.; Hale, J.D.; Matthews, T.J. Changing bee and hoverfly

pollinator assemblages along an urban-rural gradient. PLoS ONE 2011, 6, e23459. [CrossRef] [PubMed]
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