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Abstract: Hedgerows, flowering strips, and natural areas that are adjacent to agricultural land
have been shown to benefit crop production, via the provision of insect pollinators that pollinate
crops. However, we do not yet know the extent to which bee habitat in the form of urban gardens
might contribute to pollination services in surrounding crops. We explored whether gardens might
provision pollinators to adjacent agricultural areas by sampling bees from gardens in the Portland,
Oregon metropolitan area, and estimating typical foraging distances in the context of commercial-
and residential-scale pollination-dependent crops up to 1000 m from garden study sites. We estimate
that garden bees could forage outside of the garden in which they were collected, and that when
pollination-dependent crops (commercial-scale or residential-scale) are nearby, 30–50% of the garden
bee community could potentially provide pollination services to adjacent crops, if urban bees readily
cross boundaries and forage among habitat types. Urban gardens might thus be well-positioned to
provision neighboring farms and food gardens with pollination services, or could serve as a refuge
for pollinators when forage is scarce or crop management practices are inhospitable. The actual
capacity of gardens to serve as a refuge for pollinators from agricultural fields depends upon the
extent to which bees forage across habitat types. However, relatively little is known about the degree
to which bees move among habitat patches in heterogeneous landscapes. We thus propose a research
agenda that can document the extent to which gardens contribute to pollinator health and pollination
services at the interface of urban, peri-urban, and rural landscapes. In particular, more data is needed
on how landscape context impedes or promotes garden bee movement between habitat types.

Keywords: native bees; suburban garden; urban garden

1. Introduction

Multiple, interacting stressors (e.g., habitat loss and fragmentation, pesticide exposure and the
spread of pathogens) have been identified as drivers of global bee decline [1–9]. Intensive agricultural
systems, in particular, appear at the nexus of many of these stressors, leading to homogenization of
wild bee communities and an increased reliance on managed species for pollination services [10],
even though managed bees appear less suitable for achieving high fruit sets in many systems [11].
Recent research has demonstrated that wild pollination services can be enhanced through the
retention or restoration of small fragments of natural habitat situated within broader agricultural
landscapes [6,7,12–14]. Ponisio and colleagues [14] hypothesize that, while agricultural landscapes
act as an “ecological filter” through which only a restricted group of generalist pollinator taxa can
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pass, diverse and mature bee habitat fragments act as refugia that not only result in greater spatial
heterogeneity in bee communities, but also more robust pollination service to agriculture [12]. As a
consequence, other researchers have observed that negative effects of intensive agriculture, such as
pesticide exposure, can effectively be reversed if bee habitat is retained in close proximity to agricultural
fields [15].

Researchers have confirmed that natural land [16], flower strips [13,17] or hedgerows [12,14]
can benefit crop yield via the local attraction of pollinators and the provisioning of pollination
services. However, there has been no research examining the implications of the growth of a
particularly prominent form of habitat fragment surrounding many crops: bee habitat in the urban
landscape. Urban bee habitat might, in fact, be well positioned to deliver significant value to U.S.
agriculture, since 90% of fruits, nuts and berries and 78% of vegetables and melons are now grown in
counties with significant urban encroachment [18]. The growing importance of the peri-urban zone
to pollinator-dependent crop yield is particularly acute in the Pacific Northwest, where, since the
mid-1990s, some cities have experienced a 45% expansion of the area planted for highbush blueberry,
a highly-pollinator dependent crop [19].

Although urbanization has also contributed to biodiversity loss in its own right [20],
paradoxically, urban areas have been shown to support surprisingly diverse, abundant and intact
bee communities [21–26]. In fact, the abundance and diversity of bees visiting urban gardens and
street trees have been observed to approach, and even exceed, numbers in adjacent wild land [27–30].
This is likely because cities, unlike intensive agricultural systems, can contain exceptionally rich small
patches of flowering plants [31], resulting in a high degree of plant species diversity within properties
(α-diversity) between properties (β-diversity), and in aggregate across the city (γ-diversity) [32–34].
High plant diversity results in a wide range of floral types, frequently producing considerable nectar
and pollen resources for bees across the entire year [35–37]. In addition, preliminary findings suggest
that the exposure of bees to pesticides in urban areas is considerably lower compared to agricultural
settings [38]. Moreover, urban areas appear to provide a diversity of nesting substrates that are
otherwise rare in agricultural settings [21,39]. All of these factors help explain observations that urban
areas have higher abundance and diversity of bees compared to adjoined agricultural areas [36,40],
and, at least in one E.U. study, higher rates of pollinator visitation to crops growing on peri-urban
farms [40].

While crop yields in peri-urban agriculture might be more connected to urban bee management
decisions than previously thought, there is considerable evidence to suggest that urban bees are
important to yields in the rapidly expanding field of urban agriculture [41–43]. Urban agriculture is
becoming a prominent activity in many cities, where there has been significant demand for local and
sustainable food [35,44]. Urban agriculture, be it in the form of community and backyard gardens or
urban farms, is well positioned to take advantage of abundant pollinator service flow, particularly
when coupled with the growth of urban beekeeping [45] as well as efforts to propagate other managed
solitary bee species in the city, particularly the orchard mason bee (Osmia lignaria) [46].

Whether or the extent to which the ecosystem service of pollination links urban gardens and
pollination-dependent crops via the movement of insect pollinators between habitat types has yet
to be established. Just because a bee is capable of flying among habitat patches does not mean
that it will. Previous studies have documented high levels of site fidelity and limited movement of
pollinators among habitat types, for pollinators foraging in landscape matrices composed of forest and
grassland [47] or agricultural land and grasslands [48]. Similarly, work in urban landscapes has shown
that aspects of the built, urban environment (e.g., roads and railroads) restrict, but do not eliminate
movement of pollinator movement between habitat patches [41,49].

However, the question of bee movement between habitat types is far from resolved. In particular,
work on bee movement among habitat fragments in urban landscapes has tended to be short term
(e.g., 3 weeks of less), with limited resampling for marked pollinators (e.g., across 5–6 days), and
limited sampling of nearby sites where marked pollinators could potentially travel (e.g., 4–12 adjacent
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habitat patches) [41,49]. More work is needed to better understand the potential contributions of urban
gardens to bees, at the peri-urban edge.

In this paper, we explore a preliminary question: are bees in urban and peri-urban gardens within
the flight range of properties growing pollination-dependent food crops? We predict that there is
significant overlap between the flight range of bees found in residential gardens, and the location
of pollinator-dependent food production in the surrounding landscape. We selected Portland as
a best case example to explore this question because there is significant food production proximal
to residential land [50]. We hope that data presented here stimulate discussion and research into
the potential role of urban gardens in provisioning pollinators to adjacent agricultural sites, and/or
providing refuge to pollinators from agricultural stresses.

2. Materials and Methods

2.1. Study Sites

Portland, Oregon is well-suited to explore the implications of pollinator movement between
residential gardens and surrounding agriculture. The region has several types of pollination-dependent
cropping systems in the urban- and peri-urban landscape, including tree fruits, berries, and vegetable
seeds [50]. Within the Portland city limits, school gardens, community gardens, and residential gardens
are ubiquitous [50].

In the summer of 2017, we sampled bees from 24 gardens within the Portland, Oregon
Metropolitan area (Figure 1). Study sites were selected based upon property owners’ willingness
to allow us to collect bees from their property. To increase the probability that we would collect as
diverse a bee assemblage as possible, gardens were also selected to represent a range of: landscape
contexts (e.g., urban, peri-urban), adjacent landscape features (e.g., golf course, river, forest, farm), and
gardening styles (e.g., native plant gardens, perennial gardens, edible gardens). Finally, to facilitate
efficient sampling, we selected gardens that could be mapped along a reasonably efficient driving
route. Site selection was not optimized to address the specific question of ecosystem service flow
between gardens and farms. However, because our sites were located in urban and peri-urban
landscapes, we were able to use data collected from these sites to conduct a post hoc examination of the
potential for ecosystem service flow from gardens to surrounding commercial- and residential-scale
agricultural land.

With the exception of one demonstration garden on city property, all gardens were privately
owned. Online real estate data was used to estimate lot size for each study garden [51].

We collected bees on three separate occasions within each garden (June, July, and August 2017),
using a combination of water pan traps and hand collecting. Water pan traps were constructed from
white plastic bowls (Greenbrier International Inc., Chesapeake, VA, USA) approximately 400 mL) that
were painted fluorescent yellow or fluorescent blue (Risk Reactor, Inc., Huntington Beach, CA, USA),
or that were left unpainted, as white. During each sampling event, two blue, two yellow, and two
white bowls were placed into each garden. Traps were placed near areas of noticeable bee activity.
Bowls were filled with a dilute soapy water solution, so that bees attracted to bowls would break
the surface tension of the water. After 24 h, traps were retrieved, and the contents poured through a
strainer (0.3 mm mesh size), rinsed with water and stored in Whirlpak bags in 90% ethanol.

On the day that water pan traps were placed into gardens, we also hand-collected bees for
10 person-minutes (i.e., one person collecting for 10 min, or two people collecting for five mins). Bees
were hand-collected from flowers using an aspirator attached to a vial (9 dram, for smaller bees) or
small jars (120 mL, for larger bees). Bees were aspirated or trapped while they were foraging on
flowers. We did not use nets to collect bees, in order to avoid and prevent damage to ornamental
plantings. Hand-collected bees were stored in a cooler until they could be transferred to the laboratory.
All specimens were placed into a freezer until they could be pinned and processed.
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In 2017, sampling events totaled approximately 72 h of pan trapping and 30 min of hand
collections, per garden. Data on bee richness and diversity will be reported in a subsequent paper.
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Figure 1. Location of study gardens, within the Portland Metropolitan area. The city boundaries mark
(from north to south) the cities of Portland, West Linn, Aurora, and Woodburn, Oregon.

2.2. Bee Size and Foraging Distance

To estimate typical foraging distance and maximum foraging distance, we measured the distance
between bee tegulae. Tegula are plates at the base of a bee’s forewings. Measuring the distance
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between forewing tegulae gives a reliable estimate of bee size [52]. We then used Equation (1) from
Greenleaf et al. [53] to estimate bees’ foraging range:

Y = log a + b log IT, (1)

where Y is typical homing range (in km), IT is intertegula distance (in mm), and a and b are constants.
For typical homing distance, log a = −1.643 and b = 3.242.

For each garden study site, we then determined the range of foraging capabilities, for bees
collected from a garden, as the minimum typical foraging distance (from the smallest bee collected
from a garden) and the maximum typical foraging distance (from the largest bee collected from a
garden). We also determined the proportion of each garden study site’s bee community that was
estimated to typically forage ≥250 m, ≥500 m, and ≥1000 m.

2.3. Agricultural Context

The agricultural context of sampled gardens was determined using ArcMap 6.1 (ESRI, Redlands,
CA, USA) [54]. Specifically, we determined the percent of pollination-dependent crop-land surrounding
each garden at a radius of 250 m, 500 m, and 1000 m. Buffers were calculated from the central GPS
point for each property. To do so, we obtained the 2017 USDA Cropland Data Layer for our area
of interest [55]. This provided a raster layer consisting of all types of agricultural cover, as well as
urban area and natural area. Using the “Reclassify” tool in the Spatial Analyst Toolbox of ArcMap
10.6, we created a new raster layer that excluded natural land, developed land, crops that are not
pollinator dependent, and crops not grown in Oregon. This new layer retained pixels representing
pollinator-dependent commercial crops grown in the region: sugarbeet (seed), onion, cucumber,
caneberry, clover/wildflower (seed), cherry, apple, pear, carrot, garlic, broccoli, plums, pumpkin,
blueberry, and cauliflower (seed) [56]. Of these, clover/wildflowers were most abundant across all
sites (266,400 m2 across all 1000 m buffers), followed by cauliflower (67,500 m2), greens (30,600 m2),
blueberries (29,700 m2), cherries (17,100 m2), caneberries (4500 m2), radish (4500 m2), sugarbeets
(3600 m2), onion (1800 m2) and apples (900 m2).

We imported the GPS coordinates of study gardens into ArcMap 10.6, and used the “Buffer” tool
in the Analysis Toolbox to create circular buffers around the gardens at distances of 250 m, 500 m,
and 1000 m. Using the “Zonal Statistics as Table” tool in the Spatial Analyst Toolbox, we counted the
number of pixels in our reclassified raster layer that were found within each individual garden-site
buffer. Each pixel represented land area of 30 m2. We could thus estimate the proportion of area within
each individual buffer that was occupied by agricultural land.

2.4. Residential Gardens

Several of our study gardens are located in densely-populated areas of Portland, where land
access is an impediment to commercial-scale, urban farms [57], and/or the Cropland Data Layer
resolution of 30 m2 [55] is too coarse to capture smaller-scale, urban farms. Within cities, residential
scale gardens are the most prominent form of urban agriculture [50,58], and nearly all crops grown
in these small-scale food gardens depend upon pollination to some degree, for fruit or seed sets [41].
To estimate the extent of residential-scale agriculture surrounding garden study sites within the city
of Portland, we used data from a separate analysis of residential food production within the city,
from 2012–2013 [59]. Briefly, Google Earth Pro (Google LLC, Mountain View, CA, USA) was used
to visually scan Portland tax lots (i.e., individually-owned properties), for any area over 1 m2 that
appeared to be a garden (i.e., clearly delineated beds or planting areas). Garden area was estimated
using ArcGIS, and adjusted to exclude paths, hardscape, or other non-productive areas. A combination
of Google Streetview, mailed surveys, and conventional ground-truthing was used to confirm the
accuracy of Google Earth Pro-identified gardens. For full details on the methodology, please refer to
McClintock et al. [55].
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We imported these data points into our ArcMap 10.6, and used the “Clip” tool to identify the
garden locations within the 250 m, 500 m, and 1000 m buffers surrounding our study sites. This allowed
us to sum the area of each of the included gardens to estimate the extent of residential agriculture
surrounding our study sites. One garden study site (site 102) was located within Portland city limits.
However, the buffers surrounding this garden fell outside of the range of our residential garden data.
Thus, this site was not included in analyses of residential garden number or land area. Altogether, we
estimated the extent of residential gardens in the surrounding landscape, for 13 of our 24 study sites.

2.5. Ecosystem Service Flow between Gardens and Surrounding Agriculture

We qualitatively estimated bee foraging ranges for each garden site, relative to the extent of
large-scale, commercial agriculture or residential-scale food gardening surrounding study gardens. Six
of our study sites did not have pollination dependent cropland in surrounding buffers, and/or they
were outside of the Portland City limits (where we did not have data on residential food production
by tax lot). These sites were dropped from subsequent analyses, leaving us with 18 total study sites.

To estimate the maximum distance, a bee would have to fly to leave each garden site (we used
ArcMap 10.6). Each garden was located on a satellite basemap via its GPS coordinates. The corresponding
addresses were then located on Google Maps in order to “ground-truth” the locations of the gardened
area of the yard via satellite imagery and Google Street View. Once the location of each garden area
was ascertained, the “Measure” tool was used in ArcMap to estimate the maximum distance from
the center of the garden that a bee would need to fly to leave the property. For gardens with long
backyard gardens, this was generally the distance from the center of the backyard to the back of the
property. For those with narrow front yard gardens, this was generally the half-width of the front yard.
For sprawling, rural properties, this was from the center of the gardened area to the edge of the property
via the longest straight path. We also considered the extent of pollination-dependent agricultural
land surrounding garden study sites (including commercial scale agriculture and residential-scale
food gardening), by comparing the percent of each garden bee community estimated to typically
forage up to 250 m, 500 m, and 1000 m from a central foraging point, to the land area planted to
pollination-dependent agriculture in buffers with radii of 250 m, 500 m, and 1000 m. Because it is
unlikely that garden bees reside at or exclusively forage from the center of each garden study site,
our estimate of bees’ ability to move into pollination-dependent crop land should be considered a
conservative estimate.

3. Results

Overall, we collected and measured 756 individual bees from garden study sites (range of 10 to
67 bees per site). Across all bees, mean typical foraging distance was estimated to be 760 m (±270 m
SD) and median foraging distance was 720 m. Of the bees that we collected, only 1% were so small
(IT distance ≤ 1.03 mm) that we estimate they would not typically forage 250 m from the garden.
Nearly all bees collected from garden study sites (mean = 99%, median = 100%) are estimated to
typically forage at least 250 m (Figure 2A). The majority of bees (mean = 83%, median = 83%) are
estimated to typically forage at least 500 m from garden study sites (Figure 2A). About a third of bees
collected from gardens (mean = 36%, median = 33%) are estimated to typically forage at least 1000 m
(Figure 2A).

Study gardens were situated on lots ranging from 167 m2 to 20,234 m2 (0.04 to 1.9 ha; Appendix A).
All gardens had an estimated maximum flight distance to leave of 135 m or less, well within the typical
flight range of even the smallest garden bee (190 m from a central foraging point; Appendix A). Only
seven of our 18 study sites (9, 38, 45, 61, 63, 102, 111) were located within 1000 m of commercial-scale,
pollination-dependent crops (Appendix A; Figure 1). The pollination-dependent crop area surrounding
these gardens at the 1000 m scale was fairly substantial (median = 78,300 m2; Figure 2B). Reducing the
buffer size around gardens reduced both the number of gardens and the area of pollination-dependent
cropland in the surrounding landscape (Figure 2B). Only four garden study sites (38, 45, 61, 111)
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had pollination dependent cropland within 500 m of the garden (median = 12,514 m2; Figure 2B)
and only three sites (38, 45, 61) had pollination-dependent cropland within 250 m of the garden
(median = 1800 m2; Figure 2B).

None of the eight gardens sampled in East Portland (sites 20, 35, 56, 58, 82, 91, 103, 104) had
large-scale, commercial cropping systems in the surrounding landscape. Some of the gardens sampled
in West Portland had few (site 63) or no (site 45) residential food gardens in the surrounding landscape.
For the rest of the 16 gardens within Portland City limits, there was an abundance of residential-scale
gardening within 1000 m (Appendix A; Figure 2C). At this scale, residential gardens in the surrounding
landscape covered a sizeable area (mean = 961 m2, median = 953 m2, respectively; Figure 2D) and
were numerous (mean = 50, median-35, respectively; Figure 2C). At 500 m and 250 m surrounding
study sites, the number of gardens (mean = 14 and 3, median = 10 and 2, respectively; Figure 2C) and
the combined area of surrounding gardens (mean = 291 m2 and 96 m2, median = 120 m2 and 27 m2,
respectively; Figure 2D) was much smaller. However, it is notable that all but two study sites (sites 45
and 63) had another residential, food-producing garden in the surrounding landscape, even at these
relatively small spatial scales.
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Figure 2. Box and whisker plots of (A) percent of garden bees with minimum, typical foraging distances
of 250 m, 500 m, and 1000 m; and (B) land area planted to pollination dependent crops (m2); (C) number
of gardens; and (D) land area planted as residential food gardens (m2) within circular buffers with
radii of 250 m, 500 m, and 1000 m surrounding study gardens. Box and whisker plots represent (from
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confidence intervals (error bars), and upper and lower 95% confidence intervals (points).
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4. Discussion

In this observational, post hoc study, we explored the possibility of pollination service
flow between urban, residential gardens, and adjacent agriculture. We found that when
pollination-dependent crops (commercial-scale or residential-scale) are nearby, 30–50% of the garden
bee community could potentially provide pollination services to adjacent crops. The potential value of
garden bees to commercial-scale, pollination dependent crops was largely restricted to the outlying
suburbs of the greater Portland metropolitan area. This is not surprising, given the region’s land-use
policies and Portland’s urban growth boundary (UGB), which was created to protect rural farmland [60].
In some places, these limits to development have pushed urban and suburban housing up to the inside
edge of the UGB, with farmland preserved on the outside edge [60]. In addition, the rise of non-farm
use permits within the region, for land zoned as ‘exclusive farm use’ has increased the number of
on-farm dwellings [61]. These phenomena create increased opportunities for the ecosystem service
flow between gardens and farms. For the gardens within Portland’s city limits, a large number of
residential-scale food gardens surrounded our garden study sites. Previous research suggests that
nearly all crops (92%) grown in small-scale, urban food gardens are dependent upon bee pollination
for fruit or seed sets [41].

Our results suggest that urban gardens might provision neighboring farms and food gardens
with pollination services, and/or those gardens could serve as a refuge for pollinators when forage or
nest sites are scarce, or management practices are inhospitable. However, the extent to which these
potential benefits of urban gardens are realized is dependent upon the degree to which bees actually
move across habitat boundaries, rather than their estimated ability to do so. Bee foraging is a complex
behavior, influenced by habitat area, habitat isolation, density and distribution of floral resources, and
physical barriers (e.g., trees, roads, buildings) [47–49,62–64]. Whether or not bees will cross boundaries
between gardens and agricultural land in an urban-suburban-rural landscape remains unknown.

Pollinators are highly mobile animals, and evidence suggests that they move between habitat
types, particularly at the interface of farmland and natural habitats. For example, natural habitat within
1000 m of organic farmland has been shown to benefit melon production in California [1]. Subsequent
research has found that pollination services are sensitive to natural upland habitat within 1 km–2.5 km
of farm sites [65]. However, even though bees may be capable of long-distance flight, studies suggest
that only a small proportion of individuals within a population are vagile, long-distance foragers [66].

Both honey bees and bumblebees were collected during our garden sampling efforts, and are
included in our estimates of minimum bee foraging distances. However, the equation that we used to
estimate bee foraging distances [53] typically underestimates the distance that these taxa can travel.
For example, our estimates of Apis mellifera minimum foraging distances ranged from 0.80–1.07 km,
with a mean of 1.01 km (±0.03SD), but foraging ranges of 6 km or more can be typical of honey bee
workers, particularly in complex landscapes [67]. Our estimates of Bombus sp. minimum foraging
distances ranged from 0.83–1.27 km, with a mean of 1.07 km (±0.06SD) (see Table S1 for data). Others
have shown that bumblebee workers have been shown to routinely forage 1.5 km from a central nest
site, even when suitable resources were available at shorter distances [68].

Honey bees and bumblebees might be particularly important to ecosystem service flow between
gardens and farms, given their extended foraging capabilities, their ability to cross landscape
boundaries, and the perennial nature of eusocial bee colonies. Together, these characteristics suggest
that these honey bees and bumblebees might be predisposed to utilize urban food resources that
are temporally complementary to those at farms [69]. We did not survey bumblebee nests within
gardens, but other studies have found that nest densities can be quite high in urban parks and
gardens [28,70,71], particularly for bumblebee species that are competitively dominant in urban
areas. In addition, although feral honey bee colonies are unlikely to be nesting urban gardens, there
has been explosive growth in residential beekeeping over the past decade, which has resulted in
relatively large densities of honey bees in some cities [45,72]. Gardens could potentially provide
important nectar and pollen sources to offset the relatively high colony losses observed in urban areas
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in Oregon [73], and, in turn, contribute to increasing colony strength and density for surrounding
pollinator-dependent food production. Currently, we know relatively little about insect movement
between urban gardens and adjacent sites, in part because of the difficulty of studying insect movement
in the urban environment [74]. In New York City, butterfly movement into community gardens has
been shown to vary with local floral abundance [74], which suggests that some butterflies can track
resources among habitat sites in an urban landscape. In Zurich, Switzerland, bees and syrphid flies
were found to be sensitive to greenspace at scales of up to 200 m from study sites [75].

Foraging theory predicts that pollinators should adopt a strategy that maximizes (or at least
enhances) resource collection and minimizes foraging movements [76]. Given the abundance and
diversity of floral and nesting resources present in urban and suburban gardens [77,78], it is possible
that many bees do not forage beyond garden boundaries, in which case, ecosystem service flow to
adjacent agricultural sites would be negligible. Indeed, mark-recapture experiments on bees from
urban gardens failed to document bee movement between gardens in New York City, even though
bees were anecdotally observed leaving gardens after a foraging bout [41]. In Sao Carolos, Brazil, less
than 1% of 870 marked bees were recaptured in a different site than where they were marked [79].
Bees have been shown to reduce their foraging range in urban landscapes [80]. However, variable
environments are also known to influence pollinator foraging strategy [80] and evidence suggests that
the floral abundance that characterizes urban gardens might promote bee movement from adjacent
areas into garden habitats [81]. In this case, gardens might negatively affect crop pollination, by
drawing pollinators away from pollination-dependent crops, and into garden habitats.

Understanding the influence and interplay of floral resources in gardens and agricultural fields
on bee foraging behavior is key but will be a challenge to study. Previous mark–recapture studies
(e.g., [41,49,79]) were likely looking for pollinator movement among habitat types at too small a spatial
scale (e.g., 4–18 sites), over too short a time period (e.g., 2–4 weeks). Longer-term, landscape-levels
studies are needed to better assess the extent to which pollinators move among habitats within an
urban landscape matrix.

Developing a better understanding of the extent to which bees move between gardens and farms
has the potential to yield benefits beyond pollination service flow. With the expansion of the urban
built environment and related land uses into rural agricultural areas, conflicts are fairly common at the
urban-rural interface [82]. For example, when farms are adjacent to residential developments, inputs
of pesticides and fertilizers are often formally (i.e., by law) or informally (i.e., by social norms and
expectations of non-farmers) restricted. Neighbors may complain about the impact of farm activities
and animals on quality of life. Given that both farmers [83] and non-farmers [78,84] recognize the
importance of pollinators to economic and environmental health, demonstrating mutually-beneficial
ecological linkages between gardens and farms, mediated by pollinators, might be one way to help
bridge an urban-rural divide.

Given the potential benefits of—yet general lack of clarity on—bee movements between gardens
and farms, we suggest a research agenda for documenting the extent to which gardens contribute to
on-farm pollinator health and pollination services. Specifically, we propose an agenda focused on
answering five questions:
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1. What is the extent of pollinator movement between urban gardens and urban and
peri-urban farms?

2. Could management of urban bee habitat, in the form of residential gardens, parkland, and other
managed green spaces within the city, positively influence pollinator movement between gardens
and farms, to improve peri-urban and urban crop production?

3. How far could the effects of urban land management extend out to agriculture in the surrounding
peri-urban landscape, and what is the extent that current agriculture is benefitting from
these services?

4. How do effects of urban land management influence wild bees, versus managed bees?
5. What is the spatial and temporal extent (i.e., quantity) and importance (i.e., quality) of urban

gardens, relative to other forms of pollinator habitat (e.g., natural areas, other agricultural land)
surrounding farms?

Addressing these questions will take a combination of field work and geographic spatial analyses,
as well as prolonged efforts to quantify insect movements across habitat patches in complex landscapes.

The growing importance of peri-urban and urban agriculture represents a major restructuring
of the U.S. agricultural landscape [18]. However, there is a general lack of research examining the
implications of urbanization and associated habitat fragmentation on bee communities and pollination
services at the peri-urban boundary. As urbanization continues, landscapes are predicted to become
increasingly more diverse in land use, more fragmented in structure, and more complex in shape [85],
and these changes are expected to impact biodiversity [86,87] and ecosystem function [34,85,88,89].
In order to protect pollinator health, promote best management practices for pollination services,
and ultimately improve sustainability in U.S. agriculture in the face of rapidly changing landscapes,
there needs to be a better understanding of effective strategies for managing urban bee habitat and
pollination services across the peri-urban interface.
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Appendix A

Garden study sites, site size (m2), maximum distance (m) a bee must fly to leave a garden, number of bees collected and measured from each site, minimum
and maximum estimated foraging range of the bee community from that garden (calculated using the equation provided by Greenleaf et al. [53]), land planted
to pollination-dependent crops (m2), as residential food gardens (m2), and number of residential food gardens, surrounding garden study sites, in circular
buffers with radii of 250 m, 500 m, or 1000 m. Estimates of land area as residential food gardens and number of residential food gardens were derived from the
Cropland Data Layer of McClintock et al. [59].

Site #
Site Size

(m2)
Max. Site

Distance (m)
# of Bees

Collected and
Measured

Min.–Max. Foraging
Range (m) of Bee

Community

Land Area Planted to Pollination
Dependent Commercial Crops (m2)

Land Area Planted as Gardens
(m2) Number of Gardens

250 m 500 m 1000 m 250 m 500 m 1000 m 250 m 500 m 1000 m

6 688 11 16 440–1120 0 0 0 19 59 329 1 7 19
9 20,234 60 51 190–1140 0 0 900 n.c n.c n.c n.c n.c n.c

20 581 7 22 200–1270 0 0 0 606 1237 2697 15 39 73
22 1982 25 21 360–1030 0 0 0 62 99 230 3 5 15
35 486 9 12 350–1160 0 0 0 267 868 1,724 8 41 93
38 929 18 26 480–1250 3600 21,600 78,300 n.c n.c n.c n.c n.c n.c
45 18,939 37 67 310–1120 1800 41,400 108,000 0 0 0 0 0 0
56 465 7 60 330–1070 0 0 0 153 403 953 8 23 61
58 445 5 16 270–1140 0 0 0 0 86 537 0 7 33
61 2670 29 41 460–1270 900 2,700 142,200 n.c n.c n.c n.c n.c n.c
63 13,273 20 10 380–1080 0 0 8100 0 0 17 0 0 1
82 445 7 16 470–1130 0 0 0 27 304 1,270 2 20 91
88 1295 20 46 260–1190 0 0 0 5 99 298 1 4 11
91 51,894 135 48 210–1150 0 0 0 21 281 1,816 2 18 122

102 1740 22 22 460–1120 0 0 900 n.c n.c n.c n.c n.c n.c
103 445 12 26 210–1110 0 0 0 47 120 1,074 2 10 35
104 167 8 36 350–1160 0 0 0 47 224 1,549 3 20 92
111 441 7 15 470–1110 0 2,700 81,000 n.c n.c n.c n.c n.c n.c

n.c.: Not Calculated. We did not calculate land area planted as garden, or number of gardens for study sites that were outside of Portland city limits (Figure 1).
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