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a b s t r a c t
Arthropods are responsible for pollinating the majority of food and fuel crops worldwide. However, global declines in bee populations threaten the delivery of pollination services in both managed and natural ecosystems.
Alternative pollinators such as ﬂies, butterﬂies, beetles, and wasps may provide a buffer that protects agriculture
from bee population declines. Flower-visiting ﬂies are abundant in both rural and urban agricultural settings, and
in some cases may pollinate plants avoided by bees. Here we explored the structure of plant-pollinator networks
for both bee and non-bee pollinator communities across rural and urban farms in western Washington State,
USA. We identiﬁed several broad groups of pollinators comprising 13 morphogroups of insects and arthropods.
While bees were the pollinators observed on reproductive parts of ﬂowers most frequently, syrphid ﬂies contributed to a high number of arthropod-ﬂower visits. We also found that syrphid ﬂies visited four plant types not visited by bees, and that urban and rural farm settings were characterized by different syrphid ﬂy communities.
When comparing the networks of plant-arthropod interactions, urban farm settings had more diverse networks
overall, with a greater richness of plant-arthropod interactions for both bee and non-bee pollinators. These ﬁndings underscore the need for greater focus on alternative pollinators as contributors to pollination services, particularly in urban settings where pollination services may be more impacted by bee declines and habitat loss. Our
work will inform speciﬁc pollinator conservation efforts in the Paciﬁc Northwest region and more broadly across
the United States.
n 2021 Elsevier Inc. All rights reserved.

1. Introduction
Arthropods pollinate the majority of fruit, vegetable, and nut crops
consumed around the world (Klein et al., 2007). Honey bees (Apis
mellifera) are key pollinators in agriculture because they can be managed within large colonies, and they effectively pollinate many crops
(Garibaldi et al., 2013). However, the number of honey bee colonies
has dramatically declined in recent years due to factors such as agricultural intensiﬁcation, habitat loss, and disease (Tylianakis et al., 2007;
Goulson et al., 2015). In turn, researchers have increasingly begun to assess the importance of alternative pollinators, although nearly all of this
research has focused on wild bee species (Rader et al., 2009; Garibaldi
et al., 2013). Unfortunately, wild bee species have also experienced
widespread declines in abundance and diversity (Tylianakis, 2013;
Goulson et al., 2015).
The drastic decline in bee populations threatens global food security
and sustainable agriculture. Accordingly, an increased understanding of
the role that non-bee arthropods play as pollinators on farms may
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beneﬁt agricultural productivity and inform conservation efforts.
Many species of ﬂies (Diptera), moths and butterﬂies (Lepidoptera),
wasps (Hymenoptera), and beetles (Coleoptera) can function as pollinators in certain crop systems (Listabarth, 2001; Rader et al., 2012). If
non-bee arthropods provide effective pollination services, they could
promote sustainable crop pollination while providing insurance against
ongoing bee losses. It is worth noting that populations of non-bee pollinators are also declining, but they are present in many different types of
ecosystems and a number of studies have shown that pollinatorfriendly habitats support non-bee arthropods as well as bees (Bates
et al., 2011; Winfree et al., 2011; Rader et al., 2016). Few studies, however, have examined the role of non-bee pollinators or their impacts
in real-world farming systems.
In addition to pollinating crops, non-bee arthropods may provide
complementary pollination services to bees in space or time (Rader
et al., 2012). Wild bees often complement honey bees by pollinating different crops, and can promote pollination efﬁciency when they encourage competition with honey bees. The presence of wild bees has been
shown to increase honey bee movement through crops (Garibaldi
et al., 2013). If non-bee species similarly complement bees by increasing
overall pollinator visitation, or increasing bee pollination through
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competition, their presence could promote sustainable crop pollination.
Non-bee arthropods might also indirectly affect pollination services by
mediating bee behavior. This could serve as another form of competition, through the use of resources. For example, bees use olfactory
cues to detect whether a ﬂower has already been visited by another
bee or ﬂy in an effort to determine if the nectar resources are already depleted and thus increasing the efﬁciency of their foraging trip, known as
exploitive competition (Goulson et al., 2001; Reader et al., 2005).
Patterns of insect-plant interactions are often indirectly impacted by
landscape factors, such that landscape context might communities of
bees and non-bee pollinators (Bloom et al., 2019). For example, while
urban areas typically have less habitat and nesting sites for ground
dwelling bees, landscaped areas and community gardens often provide
a rich diversity of different types of ﬂowers throughout a season (Ahrné
et al., 2009; Bates et al., 2011). More diverse ﬂower communities could
drive increased diversity in arthropod communities (Fründ et al., 2010).
In contrast, rural areas often provide less diversity, but greater overall
ﬂoral resource availability, particularly in areas with mass-ﬂowering
crop ﬁelds (Bates et al., 2011). These areas also tend to offer more
nesting sites due to reduced paved areas, but ﬂoral resources in less
rich plant communities may only available for short time periods
(Choate et al., 2018) . Each of these settings may thus support different
arthropod communities (Ahrné et al., 2009), where urban areas with
higher ﬂoral diversity may support a greater number of specialist arthropods, whereas rural areas with a ﬂush of food resources may support a higher diversity of generalists. Interactions between bees and
non-bees might thus differ across urban and rural landscapes due in
part to the potential interactions being different solely based on the
makeup of insect and plant communities. Characterizing plantpollinator networks across various landscape contexts can be used to
assess the relationships between plants and pollinators, where networks with more unique links and more complementary links are
more robust (Ibanez, 2012).
Here, we compared communities of pollinating arthropods, and
plant-pollinator network structure, in urban and rural farming systems.
Our work was conducted in collaboration with a network of organic diversiﬁed vegetable farms in western Washington State, USA. These
farms support diverse communities of bee and non-bee pollinators
(Crowder et al., 2012; Bloom et al., 2019). As the demand for organic
food increases globally (Kristiansen et al., 2006), a better understanding
of bee and non-bee pollinators on organic farms could help guide development of sustainable crop pollination strategies. Because the majority
of farms in our study system require pollination of many different plant
types during a season, stable pollinator communities are essential.
Based on the dynamic availability of resources on these different farm
types, we hypothesized that urban farms would support a higher richness of pollinating arthropods due to the increased ﬂoral richness,
while rural farms would support a higher abundance due to increased
ﬂoral abundance. Further, we expected these farms to support different
communities based on the different availabilities of habitat and food resources. Finally, we anticipated strong differences in the networks of
non-bee arthropods and plants in these different farm types, again
being driven by the differences in plants and arthropods at each
landscape type.

Fig. 1. Map of the Puget Sound study region showing the locations of study farms and their
designation as urban or rural sites. City codes show landmark cities for reference in the
sampling region (Mt. Vernon in the North, Seattle south of that, and Olympia as the
furthest south city).

Table 1
Codes of Syrphid ﬂies used in NMDS ordination.
Syrphid

NMDS syrphid Code

Chryosyrphus sp.
Epistrophe sp.
Eristalinus aeneus (Scopoli, 1763)
Eristalis arbustorum (Linnaeus, 1758)
Eristalis hirta (Loew, 1866)
Eristalis tenax (Linnaeus, 1758)
Eumerus sp.
Helophilus sp.
Merodon equestris (Fabricius, 1794)
Platycheirus sp. 1
Platycheirus sp. 2
Scaeva pyrastri (Linnaeus, 1758)
Sphaerophoria cf. novaeangliae (sp. 1)
Sphaerophoria sp. 2 (scripta group)
Sphaerophoria sp. 3 (sulphuripes group)
Syritta pipiens (Linnaeus, 1758)
Toxomerus marginatus (Say, 1823)
Toxomerus occidentalis Curran, 1922

CHR
EPI
ERA
ERR
ERH
ERT
EUM
HEL
MEE
PLA
PLT
SCA
SP1
SP2
SP3
SYP
TOM
TOO

2. Material and methods
each of Brassica oleracea (broccoli, kale, cabbage), Cucurbita pepo (summer squash, winter squash, pumpkin), and Solanum lycopersicum
(garden tomato).
To classify farms as rural or urban, we used Geographical Information
Systems software and the Cropland Data Layer (2015, 2016) to determine the land cover type surrounding each farm. We measured the
total area of each land cover type in a 2 km buffer around each farm
(“farm border land”). Any land cover type that fell into any of CropLand's
“developed” categories (developed- open space, developed- low,
developed- medium, developed- high) was considered to be developed

2.1. Farm selection
We conducted our research on 24 diversiﬁed produce farms in 2015.
In 2016, we resampled 22 of those 24 farms, and we added an additional
13 farms in 2016, for a total of 35 farms in 2016, and 37 unique farms
across both years across urban and rural landscape types in western
Washington State, USA (Fig. 1). Each farm was less than 10 ha and either
certiﬁed organic or used only practices associated with organic production (i.e., no synthetic inputs). Each farm produced at least one variety
2

R.L. Olsson, M.R. Brousil, R.E. Clark et al.

Food Webs 27 (2021) e00194

diversity index of pollinators. Bees were identiﬁed to one of ﬁve bee
morphogroups (honey bee, bumble bee, green bee, small bee, other
large bee). Other morphogroups of arthropods were identiﬁed to
Order on the broadest scale (Araneae, Hemiptera, Coleoptera,
Neuroptera, etc) or a subset within Order (Hymenoptera: Wasp, Hymenoptera: Ant). In the lab, hoverﬂies (Diptera: Syrphidae) were identiﬁed
to species using several keys (Hine, 1923; Telford, 1970; Vockeroth and
Thompson, 1987; Vockeroth, 1992; Miranda et al., 2013; Young et al.,
2016). During analysis, we used all ﬂies collected as part of our
non-bee pollinator specimen group. We identiﬁed syrphids to species
because the sample size was large enough for us to draw statistical conclusions about their communities when comparing urban and rural
landscapes.

area. Farms comprised of 50% or more border land in development were
considered to be urban, while farms that had less than 50% of border land
in development were considered to be rural. The CropLand Data Layer
deﬁnes developed space following the Multi-Resolution Land Characteristics Consortium, outlined in the National Land Cover Database 2016
(NLCD2016) Legend (Consortium, 2016). In summary, developed land
is land that has been altered by human activity, or has impermeable surfaces (pavement, concrete) or structures built onto it. The amount of
space covered by an impermeable surface or structure would then constitute the level of development. For example, the area where a shopping
mall is placed would be developed-high, whereas a farm with a number
of paved farm roads or buildings might be considered developed- low,
and an area that has been prepared for development by clearing away
topsoil and leveling the ground but hasn't had cement poured or structures built could be considered developed-open space. One farm was
very close to the 50% cutoff (50.18% developed). We categorized this
farm as rural, because the surrounding area of this farm was heavily
rural. In total, there were 19 rural farms and 17 urban farms. We
attempted to locate farms that were at least 3 km apart from each
other, however this was not always possible for urban farms. The farms
were located from as far south as Rochester, WA (46.829, −123.077)
to as far north as Bow, WA (48.563, −122.412) all located along the
Puget Sound Corridor of western Washington state.

2.3. Data analysis
Our data analysis was composed of three steps: 1) Assessing the relationship between syrphid diversity, ﬂoral diversity, and urban or rural
landscape type across both sampling years; 2) comparing community
composition between rural and urban environments for syrphids
(2015 + 2016) and the entire arthropod community (2015); and 3) exploring differences in plant-pollinator networks across rural and urban
environments in 2015. We selected only 2015 data for analyses covering
all sampled taxa because this was our most complete sampling year.
Syrphid ﬂy data was robust across both sampling years, and as such,
we performed syrphid-speciﬁc analyses using both 2015 and 2016 data.
To assess the relationship between syrphid diversity, ﬂoral diversity,
and landscape type, we ﬁrst calculated Shannon diversity indices from
our 0.5 m × 0.5 m plots for each farm for use in two subsequent analyses. We then then compared diversity indices across urban and rural
sites using two-sample t-tests and further modeled the relationship between syrphid abundance, ﬂoral diversity, and the landscape type using
a negative binomial generalized linear model with the MASS package in
R (Venables & Ripley, 2002; R Core Team 2019). We chose this analysis
type due to its ability to handle non-normal count data. In this analysis,
syrphid abundance at each of the 22 farms that were visited in both
years was the response, and landscape type (urban vs rural), plant diversity (Shannon index), and their interaction were ﬁxed variables.
Year was included as an additional ﬁxed effect to account for differences
between 2015 and 2016.
To assess community composition between rural and urban environments, we employed NMDS. This ordination technique employs a
dissimilarity index to evaluate effects of environmental differences in
plant and animal communities (Del Toro et al., 2017). Ordination plots
of communities group samples together if they are more similar in composition, and groups will be distant in ordination space if they are significantly different. We used the vegan package with default settings and
with dissimilarity of communities calculated using the Bray-Curtis
index (Oksanen et al., 2019). To test the hypothesis that syrphid ﬂy
communities differed between landscape types, we ran a permutation
test comparing all rural and all urban sites (permutations = 999). We
combined survey locations in proximity or connected by a shared
greenspace into survey clusters. We combined these farms into clusters
to be better able to visualize the responses output by the ordination, and
to reduce the “noise” when observing results that include a lot of sampling points. We combined some sites that were located within 2 km
of each other, or within 3 km and connected by green space for a total
of 28 survey clusters (13 urban and 15 rural). We chose these clustering
units based on the ﬂight ranges of bees in comparison to body size and
forage availability, where most bumble bees (the largest bees in our
study) will ﬂy at least 1.5 km from their nest to forage (Osborne et al.,
2008), honey bees (medium sized bees) will ﬂy around 0.6 km from
their colony to ﬁnd forage, but will ﬂy much further if a source of food
is found and communicated within the colony (Ribbands, 1951), and
other small bodied bees will ﬂy up to 0.5 km to ﬁnd food (Greenleaf
et al., 2007). We felt that less than 2 km if not connected by greenspace,

2.2. Arthropod and plant community sampling
We surveyed plants and pollinating arthropods three times each
year (May, July, and September) in 2015 and 2016. One farm was visited
per day by one researcher, so the sampling occurred over about one
month. To account for climatic differences in the southern part of the
sampling region compared with the northern region, we always began
our sampling in the southern part of our sampling locale and moved
north in our study region We recorded visual observations of all pollinators in 2015 but in 2016 we focused our visual monitoring efforts
(i.e., non-collecting) on non-bee pollinators. Bee pollinators were collected in traps during both years. We sampled on rain-free days with a
minimum temperature of 13 °C and minimal wind speeds (< 15 km
per h) using pan traps (Solo cups painted blue, yellow, or white), blue
vane traps, and aerial nets. We found that pollinators were often ﬂying
at temperatures cooler than 13 °C, but chose this temperature as a
threshold for consistency. On sample days at 07:00, six pan traps (2 of
each color) and three blue vane traps were placed along the length of
~20 m transects (Fig. S1) with 10 m between each blue vane trap, and
bee bowls spaced evenly between them. Traps were placed in an easily
accessible location that was out of the way of farming activities, away
from irrigation systems, and within 10 m of ﬂowering crops. We collected traps after ten hours. We spent one hour each visit collecting ﬂoral diversity data by haphazardly placing a 0.5 × 0.5 m square in a row of
plants and counting all ﬂowering plants within the square, following a
serpentine pattern around the farm, through ﬁelds and along path
edges in areas dominated by planted crops. Each plant was identiﬁed
to common name.
For the plant-pollinator interaction data, we spent 30 min, twice a
day at 09:00 and 13:00, making visual observations of arthropods on
ﬂoral reproductive structures without physically collecting specimens.
These visual observations were done while the researcher walked
slowly through garden or farm paths and making note whenever they
observed an insect on the reproductive structure of a plant, noting the
arthropod group and the plant type. To enhance our understanding of
the speciﬁc insects at each location, specimens were collected through
aerial netting twice a day by walking in a serpentine pattern throughout
farm paths for 30 min and netting all arthropods observed on ﬂoral reproductive structures.
Plants were identiﬁed to common name based on the plant diversity
survey conducted, while arthropods were identiﬁed in the ﬁeld to
morphogroup to determine richness, abundance, and the Shannon
3
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rural and urban landscapes, we were best able to discern patterns within
the insect communities across these two landscape types. Though we
attempted to have farms spaced apart from each other, many of the
farms were within 3 km and connected by green spaces, both factors
allowing arthropods to easily travel between them. These closely distanced farms were more prominent in urban locations, but many of the
rural farms had very close borders as well.
We recognize that our methods could not possibly capture every relationship between plant and pollinator that exist on these farms.
Under-sampling is a known issue in network and community research
(Chao et al., 2009; Henriksen et al., 2019), and we understand that the
six hours monitoring during the day at each farm location will leave
out any interactions that happened outside of our sampling periods.
However, these monitoring hours took place during the warmest part
of the day when pollinators were most likely to be visiting ﬂowers
(Chambó et al., 2017).
We analyzed the diversity of each of the networks using the
networklevel function in the ‘bipartite’ package in R (Dormann et al.,
2008; Campbell et al., 2011; Mariani et al., 2019), which calculates several diversity interaction metrics within the network. Unlike ecological
diversity metrics that measure the diversity of species in a community,
this package uses the interaction between each pollinator and plant as
the unit of analysis. This allowed us to further understand the diversity
of the morphogroup community and the types of interactions happening between groups, in this case pollinators and plants. When comparing the community differences between different networks, we used
the betalinkR function. betalinkR measures beta diversity on the network
links, and allowed us to assess the types of interactions happening at
each location, and what sorts of interactions drive overall community
function (Mariani et al., 2019). To explore network structure across different groups of pollinators, we created separate networks that grouped
and subsetted different arthropod visitors (see earlier text) (Poisot et al.,
2012). We did not conduct networklevel or betalinkR analyses on the ﬂyonly networks, however, because ﬂies were the only pollinator group
and the interactions would have no comparison within pollinator
groups.
The networklevel function calculates multiple measurements
reﬂecting the structure of each bipartite network: (i) connectance, (ii)
links per species, (iii) nestedness, (iv) Fisher's α, and (v) Shannon's diversity index. First, connectance takes the number of observed interactions, in our case between pollinators and plants, and divides by the
number of possible interactions. Higher ratios indicate that the majority
of pollinators are interacting with the majority of the available plants,
whereas lower connectance values indicate that the interactions between pollinators and plants are limited. The maximum connectance
is 1, indicating that every pollinator taxa visited every plant taxa,
whereas the minimum connectance of 0 indicates that no pollinator
taxa visited any plant taxa. The second metric, links per species, is the
average number of interactions between all pollinators and plants. For
example, if honey bees are seen visiting eight different types of plants
on average across sites, and clover is visited by four different types of
pollinator on average across sites, the value for honey bees and clover
would be eight and four, respectively. The number of interactions for
each species is calculated and averaged across the total species in both
pollinator and plant categories to get links per species. Third, nestedness
describes the trend of specialists interacting with generalists (plants or
pollinators in either role) rather than the specialist they are associated
with. If honey bees were seen on eight plant types, and bumble bees
were seen on four of those same plants, the nestedness value would
be 50% (assuming these are the only two species). However, if bumble
bees were seen on two other plants not shared by honey bees, the
nestedness value would be reduced. Fisher's α is an index of the number
of species in a sample compared with the number of individuals. A
higher α value indicates a larger diversity of species within the sample
relative to the number of individuals collected (Fisher et al., 1943). The
Shannon diversity index is a proportional index of species diversity in a

or within 3 km if patches were connected by greenspace would allow
insect movement between spaces enough that the insect communities
would likely be similar enough to cluster. We ran additional ordination
analyses on the entire arthropod community observed on ﬂowers from
2015 in 8 rural clusters and 9 urban clusters. This entire arthropod community analysis included major orders and several functional groups of
pollinators: Araneae (coded as ARA), coleoptera (COL), diptera (DIP),
hemiptera (HEM), bumblebees (BUM), green bees (GRB), honeybees
(HOB), other large pollinating hymenoptera (LPH), small bees (SBE),
true wasps (WAS), lepidoptera (LEP), neuropteran (NEU), and odonates
(ODO). This broad-scale analysis provides a contrast to the ﬁne-scale
analysis examining one single family of arthropod pollinators
(Syrphids). Functional groups were deﬁned as organisms with similar
taxonomic grouping (WAS, BUM, HOB) at a ﬁner level than orders.
To explore differences in plant-pollinator networks across rural and
urban environments, we created bipartite networks of plant and pollinator species interactions using the bipartite package in R (v. 2.13,
Dormann et al., 2008). A bipartite network is a tool used to analyze
and visualize interactions between two organism types, in our case
plants and pollinators. These networks allow us to understand richness
of both organism types as well as the interaction frequency between
both types. For this study, bipartite networks were created using the
2015 data of visual counts of visitation between an arthropod and the
ﬂowering structure of a plant. To construct plant-pollinator networks,
we calculated the number of unique links between plants and pollinators where each data point is one observation of a pollinator individual
visiting a ﬂower on one plant. If multiple ﬂowers were visited on the
same plant, these were not counted as separate observations. In this
way, some of the interactions might be quite rare, with only one or
two observations of an arthropod morphogroup visiting a plant type
(e.g., beetle visiting dandelion), whereas other interactions are much
more common, making up a larger contribution to the network
(e.g., bumble bee visiting wild mustard). The resulting networks visualize the number of unique relationships between pollinator and plant
types, allowing for testing hypotheses about visitation and pollinator diversity across the two main habitat types (urban and rural).
In total, using the full dataset from 2015, we constructed twelve different plant-pollinator networks that were comprised of different subsets of our data, moving from broad taxonomic groups (all pollinators)
to narrow (syrphid ﬂies only). The ﬁrst network included the complete
set of arthropod and plant interactions over our entire sampling period,
pooled across urban and rural sites. We then separated networks by
landscape setting so that we might compare the diversity of all
plant-pollinator interactions in urban and rural settings independently.
Following this, we created three networks that separated bees from
non-bees, in (i) the full scope of our sampling area (both urban and
rural sites), (ii) urban settings only, and (iii) rural settings only. Next,
we constructed three networks where bees were removed, and ﬂies
were examined separately from all other non-bee ﬂower visitors in the
full scope of (i) the entire sampling area (both urban and rural sites),
(ii) urban settings only, and (iii) rural settings only. Finally, we examined
the networks where ﬂies were the only pollinator group across the full
scope of (i) our entire sampling area (both urban and rural sites), (ii)
urban settings only, and (iii) rural settings only. These progressively
smaller networks allowed us to test network structure for (i) all pollinator groups, (ii) bees and non-bees separately, and then for (iii) all nonbees and (iv) syrphid ﬂies. This allowed us to determine how different
groups of pollinators responded in similar or different ways to landscape
context. The goal of splitting the networks in this way was to improve visualization and potentially allow us to spot patterns in the data that
might not have otherwise been clear. We chose to pool our sampling
and create networks by landscape type rather than creating individual
networks by farm type because although we designed the experiment
to have some constants for comparability (crops grown, overall size),
we felt that many of the farms were too close together to reliably be considered distinct. We also felt that by combining our farming systems into
4
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t55 = 4.50, P < 0.0001). Syrphid abundance was not affected by landscape type (Z = −0.88, P = 0.38), although syrphids were more abundant in 2015 compared to 2016 (Z = −2.07, P = 0.039).

community, taking both species abundance and evenness into account
(Hurlbert, 1971).
The betalinkr function in the ‘Bipartite’ package calculates additional
metrics reﬂecting dissimilarity between community makeup and interactions within two networks (Poisot et al., 2012). These metrics, which
include (i) β.s, (ii) β.os, (iii) β.wn, and (iv) β.st, each have values between 0 and 1, where 0 would indicate no dissimilarity, or completely
identical networks, and 1 would indicate complete dissimilarity between
networks analyzed. The ﬁrst metric, β.s. describes the dissimilarity in the
species makeup of a community across two networks, where a value of 0
would indicate a completely identical species community, and 1 would
be a completely different species community. For example, if urban and
rural sites both had honey bees and green bees, and both had clover
and strawberry ﬂowers, the β.s. would be 0. The second metric, β.os describes the dissimilarity of interactions between pollinators and plants
where both plant and pollinator type exist in each location. For example,
if green bees only interacted with clover in urban farms, and strawberry
in rural farms, but clover and strawberry both existed on each farm type,
the interactions between pollinator and plant would therefore be dissimilar across the two networks. The third metric, β.wn goes a step further
and describes dissimilarity of interactions across networks including
shared species and species not shared across networks. For example,
this metric takes into account interactions for pollinators that are not
present at each landscape type. For example, if a bumble bee interacts
only with a rosemary ﬂower on a rural farm, and a megachilid bee only
interacts with a tomato on an urban farm, this is considered dissimilarity.
This metric thus considers interactions that may not be shared across site
types, but which are each contributing to the overall interaction diversity
of their own network. Finally, β.st describes the dissimilarity of interactions between networks caused by the species turnover within each of
two networks. For example, if in the prior example the bumble bee and
rosemary are not present on the urban farms, the dissimilarity can be described by species turnover. However, if bumble bees and rosemary are
present on urban farms, but are not interacting in that site type, the dissimilarity cannot be described by species turnover. All of these metrics
were calculated using the betalinkR package in R, following methods described by Poisot et al. (2012).

3.2. Understanding the impact of ﬂies in pollinator communities
To measure non-bee effects on pollination, in 2015 we recorded all
arthropods seen on the reproductive structures of ﬂowers and noted
811 ﬂy (order Diptera, Fig. S3) visits on 38 of the 46 recorded ﬂowering
plants. Bees were seen 1458 times on 41 of the 46 plants (Fig. S3). Notably, four of the plants not observably visited by bees were visited by
syrphid ﬂies (Fig. S3). Three of these were crop plants being grown as
food or horticultural plants (kale, lily, and pea), with only one that has
established beneﬁts from arthropod pollination (pea). The fourth
plant was unable to be visually identiﬁed but was characterized as a
ﬂowering weed seen only at a single site.
3.3. Community composition across landscape types
We expected to see differences in the community composition of
syrphid ﬂies at farms based in urban compared with rural landscape settings. Using NMSD ordination, we found that there were signiﬁcant differences in overall pollinator community composition among urban and
rural sites (P < 0.001, R2 = 0.41, Fig. S4). We also found that syrphid
community composition differed signiﬁcantly between urban and
rural environments (P = 0.002, R2 = 0.27, Fig. 2). Several syrphid species contributed to this split in community composition, due to being
primarily found in one habitat type (indicated by the distance of a species in ordination from center of plot). For example, Platycheirus sp. was
primarily observed in rural environments, with Syritta pipiens primarily
found in urban environments.
3.4. Comparing plant-pollinator interaction networks using bipartite
networks
The Bipartite package in R allows us to create visual representations
of these plant-pollinator interactions and also allows us to quantify

3. Results
3.1. Characterizing the plant and arthropod communities in rural and
urban farms
In 2015, we extensively sampled the entire pollinator community
and recorded a total of 2405 arthropod visits to the reproductive structures of ﬂowers. Bees of all morphogroups made up ~61% of these visits,
followed by ﬂies with ~35% of the visits. Visits by other groups of nonbee arthropods including wasps, lacewings, spiders, butterﬂies, dragonﬂies, beetles, and ants were relatively rare, making up the remaining
~4% of visits. We recorded a total of 46 different types of ﬂowering
plants on the farms sampled (Fig. S2). Because the total visitation by arthropod groups other than bees and ﬂies were extremely low (only 136
out of 2405 visits observed ~4%, Fig. S3), we focused primarily on ﬂies
for our study in 2016. Syrphid ﬂies made up the vast majority of the
ﬂies seen on ﬂowers, with only a few observations of other ﬂy types visiting the reproductive structures of the ﬂower; therefore, we further
narrowed our focus to syrphid ﬂies.
Over the 2015 and 2016 sampling seasons, we observed 18 different
species of syrphid ﬂies at our sites. Increased ﬂoral diversity was associated with a decrease in syrphid abundance (Z = −2.26, P = 0.024). We
found signiﬁcant ﬂoral abundance and diversity differences between
urban and rural landscapes (Fig. 3, Shannon diversity index, mean difference 0.54, t55 = 4.50, P < 0.0001). The average ﬂoral abundance
was higher in rural areas, but ﬂoral richness and diversity of plant
types was greater in urban settings (ﬂoral richness mean diff = 165.2,
t55 = 2.57, P = 0.006; Shannon diversity index, mean diff = 0.54,

Fig. 2. Ordination plot for NMDS (k = 2 dimensions) of Syrphid ﬂy community
composition categorized by rural and urban environments shown in grey. Three-digit
codes (Table 1) indicate the 12 most frequently observed species (visitation
observations >5). We did not include the labels for the 6 less frequently observed
species because they overlapped in the ﬁgure and made it difﬁcult to read.
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network. This suggests that the urban sites were contributing more of
the unique species of arthropods and plants, and thus the interactions
between organisms (Table 3). We saw much higher abundance of
plant-arthropod interaction in those urban sites (Fig. 4), so it can be surmised that the urban sites were contributing more heavily to the full
landscape community than the rural sites, though the rural sites should
not be overlooked.
Finally, comparing ﬂoral interactions of bees to non-bees (Figs. S6S8), non-bees make up 35%. This visual representation of plantpollinator interactions also shows there are certain types of ﬂowers
that bees are not visiting, but the non-bees are (Fig. S6). When bees
are removed from the network and we examine the ﬂies and other
ﬂower visitors, we see that ﬂies are making up the signiﬁcant majority
(94.8%) of the non-bee visits to ﬂowers (Fig. 5, Fig. S9). In all sites,
ﬂies were seen visiting a total of 38 different plant taxa (Fig. S10).

these interaction networks. The results below refer to both visual networks and quantiﬁed analysis.
Pollinator networks varied between rural and urban areas (Figs. 3-5,
Table 2). Urban environments contained more diverse interaction networks, with a greater variety of pollinators and plants than rural environments. Networks also showed that ﬂies composed a substantial
portion of the overall pollination interactions in both urban and rural
settings (Fig. 4). Within both landscape types, non-agricultural plants
made up the largest proportion of ﬂy-plant pollination interactions,
with plants in the Brassicaceae family as the numerically dominant
non-agricultural pollinator resources. While the Brassicaceae family
contains many agriculturally important species, in this case we found
ﬂies visiting primarily non-agricultural weedy mustard plants.
Using the bipartite networks we constructed, we were able to examine the overall levels of diversity within arthropod groups and across
landscapes. Overall, the diversity of interactions was generally higher
in urban than in rural sites (Table 2). Though we were unable to run statistical comparisons on the network measurements because we only
have one network of each landscape type, qualitative differences in network metrics indicate that several diversity indices differed meaningfully between urban and rural sites. While connectance values were
generally similar for overall networks (both urban and rural sites),
urban sites, and rural sites, the number of links per species was higher
in urban compared to rural sites (Table 3). This was particularly true
for the overall networks with all pollinators (urban.full vs. rural.full,
Table 3) and when comparing non-bees across urban and rural sites
(urban.nb vs. rural.nb). The rural sites were far less ﬂorally rich, and
nearly all the ﬂoral species in rural sites were also found in urban
sites. Similarly, we found strong dissimilarity in urban sites compared
with rural sites (Table 3).
Urban sites also had higher Fisher's α (49.60) and Shannon's diversity (4.44) compared to rural sites (11.10 and 3.14, respectively) when
comparing all pollinators across landscape types. Nestedness values,
however, differed only by small amounts in urban vs. rural sites, except
for the overall pollinator community that was more nested in urban
sites (Table 3). The urban plant-pollinator network was very similar to
the full network, but very different from the rural plant-pollinator

4. Discussion
We observed support for the hypotheses we tested in this study, seeing greater richness and diversity of ﬂowers and pollinators on urban
farm sites, but greater abundance of ﬂowers and pollinators on rural
farms. Our study showed that the ﬂoral communities are different on
urban and rural farms, and thus should promote different pollinator
communities. We saw vastly different ﬂy communities between the
two landscape types, which we expected based on the differences in resources available, and relatedly, we saw different network constructions
of plant-pollinator interactions between these two types of farms. Our
data collected in 2015 support previous community analyses that suggest that syrphid ﬂies are dominant non-bee pollinators that may contribute considerably to pollination services (Fründ et al., 2010; Orford
et al., 2015; Rader et al., 2016). Many previous studies have demonstrated that alternative pollinators can directly enhance crop yield
through pollination (Kremen et al., 2007; Garibaldi et al., 2013), while
others contribute indirectly by increasing bee productivity through
competition (Lonsdorf et al., 2009; Kennedy et al., 2013). Our study suggests that non-bee arthropods should be similarly examined for their effects on pollination and interactions with bees. Yet, as seen in other

Fig. 3. Floral abundance is signiﬁcantly higher in rural landscapes when compared with urban landscapes (two sample t-test, mean difference = 165.2,±128.75, t55 = 2.57, p = 0.013.
Mean ﬂoral richness by landscape type in our study system showed higher richness in urban landscapes. Mean diff = 15.02, t55 = 5.41, p < 0.0001. Floral diversity (using the Shannon
diversity index) is signiﬁcantly higher in urban landscapes when compared with rural landscapes (two sample t-test, mean difference = 0.52 ± 0.24, t55 = −4.50, p < 0.001).
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Fig. 4. (A) Bi-partite network of all pollinators and all ﬂowers visited in urban sites (Urban.Full) and (B) bi-partite network of all arthropod visits made to ﬂowers in rural settings
(Rural.Full).
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Fig. 5. (A) Bi-partite network of urban sites with bees removed and all ﬂies were grouped separately from all other ﬂower visitors (Urban.NB). (B) bi-partite network of rural sites with bees
removed and ﬂies grouped separately from all other ﬂower visitors (Rural.NB).
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Fig. 6. (A) Bi-partite graph of ﬂy visits to ﬂowers in urban environments (urban.ﬂies) and (B) bi-partite network of ﬂy visits to ﬂowers in rural environments. (rural.ﬂies).

in urban compared to rural landscapes. This makes sense, as there are
more potential ﬂowers to visit, allowing for more different relationships
between plants and pollinators. There are many studies on how specialist and generalist arthropod populations might maintain pollination services while bee species are declining (Memmott et al., 2004), and our
data further supports that ﬂies are important members of pollinator
communities, making up around a third of ﬂoral visits in both urban
and rural settings. Moreover, ﬂies visited a wide diversity of ﬂower
types in both of the landscape types we observed. Given that many
syrphid ﬂies are also predatory against pests such as aphids during juvenile life stages, their impacts on farms could be vast (Haenke et al.,
2014).

studies, our work shows that landscape context can strongly mediate
pollinator communities, with little similarity in plant-pollinator networks across urban and rural sites (Carvell et al., 2006; Matteson
et al., 2008; Harrison and Winfree, 2015; Martins et al., 2017).
We saw higher diversity in plant-pollinator interaction networks in
urban compared to rural areas. This is likely due to the more complex
and more diverse ﬂoral abundance in urban sites, as more links can be
made with a larger pool of plant types (Fig. 3, Fig. S5). It should be
noted, however, that connectance values were similar across urban
and rural sites generally (Table 2). Given that urban landscapes had
more links per species than rural landscapes, but similar connectance
values, our study suggests pollinators visited more ﬂowering species
9
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Table 2
Measurements of network diversity between pollinators and plants and the interactions they have in individual networks.
Network

Connectance

Links per species

Nestedness

Fisher's Alpha

Shannon Diversity

1. Urban and rural, all arthropods
2. Urban only, all arthropods
3. Rural only, all arthropods
4. Urban and rural, bees and non-bees
5. Urban only, bees and non-bees
6. Rural only, bees and non-bees
7. Urban and rural, non-bees only
8. Urban only, non-bees only
9. Rural only, non-bees only

0.321
0.330
0.302
0.880
0.875
0.833
0.625
0.771
0.625

3.254
3.208
1.815
1.688
1.667
1.500
1.111
1.459
1.111

13.584
14.356
9.905
17.161
19.482
20.750
12.147
11.008
12.147

49.079
49.599
11.097
16.172
15.276
5.963
4.462
15.042
4.462

4.433
4.442
3.1401
3.764
3.751
2.599
2.238
3.368
2.238

1–3 show the full arthropod networks when combined, and separated into urban (Fig. 4a) and rural (Fig. 4b) landscape types. 4–6 compare the networks where bees were separated from
all other arthropods (Fig. 5a, b), and 7–9 show just the non-bee networks (Fig. 6a, b).

A large amount of work has examined the relationship between
urban-rural landscapes and ﬂoral resources available to pollinators
(Memmott, 1999; Tscharntke et al., 2005; Goulson et al., 2015). This
work has demonstrated that the variation in ﬂoral traits in urban environments, whether it is ﬂower color, shape, size, or temporal pattern,
is much higher because urban growers are more typically growing for
pleasure, home gardening, and with a goal of having a wide variety of
ﬂowers, fruits and vegetables available throughout their growing season. Farmers in more agricultural regions depend on the consistency
of plant traits to improve efﬁciency of planting, growing, and harvesting
for maximum proﬁt yield, so having a wide variety on a farm is far less
desirable in an agricultural setting. However, we must not overlook the
high ﬂoral abundance available in rural settings. These larger scale
blooms can provide a large amount of food for a generalist pollinator
population over a short period of time, and potentially allow those individuals to increase their colony size or offspring count signiﬁcantly
enough to have an overall impact on the number of available pollinators
in the region. Further, though the crop blooms in rural settings generally
provides a short window of high ﬂoral availability, weedy species are
much more abundant in ﬁeld margins and on larger scale farms when
compared to the backyard or community gardens, because the urban
gardens typically have individuals caring for a very small, manageable
section of ground, thus reducing weedy species overall. Yet, our results
show that the differences in ﬂoral communities across urban and rural
sites can strongly mediate the structure and diversity of plantpollinator networks for both bee and non-bee pollinator and these networks could be affected by weeds in both settings.
Our results are relevant to agricultural production and conservation
of pollinators in the Puget Sound region. In our study, ﬂies were the only
observed pollinators of kale, lily, and pea (Fig. 4). While kale and lily
may only require pollination for seed production, pea beneﬁts from arthropod pollination for fruit production (e.g. pollination increases
yield). Vegetable pea production is a signiﬁcant market in Washington
state, where approximately 70% of the total harvested peas are grown
in the United States (USDA-NASS, 2019). The pollination of kale may
also be highly important, as Western Washington is home to one of
the most important organic brassica seed growing regions in the country with favorable climate and low risk of contamination by genetically
modiﬁed pollen. Effective pollination services provided by native arthropods contribute to the economic livelihood of the growers in this
region through increased seed yield (Mcmoran, 2018). In all, this provides evidence that ﬂies are contributing to pollination where bees
may be absent, and that this important pollinator group should be included in pollinator conservation efforts. We recommend continued
monitoring and comparing in these urban and rural settings to follow
the patterns of arthropod populations over the increased development
intensiﬁcation in urban areas. More broadly, our work suggests that
assessing the overall pollinator community, and not just bees, can potentially guide conservation strategies that promote pollination services
in both urban and rural farm settings as well as natural habitat.

Table 3
Comparisons of species diversity, interaction diversity, and community dissimilarity
between network pairs.
Network Pair

β.s

1. Combined Urban and Rural
2.Combined Urban and Rural, Bees and non-bees
separate
3.Combined Urban and rural, all non-bees
4.All Urban
5. All Rural
6.Urban, Bees and non-bees separate
7.Rural, Bees and non-bees separate
8.Urban, all non-bees
9.Rural, all non-bees

0.475 0.413 0.753 0.340
0.548 0.095 0.620 0.525
0.527
0.054
0.372
0.067
0.412
0.564
0.056

β.os

0.212
0.017
0.246
0.007
0.048
0.048
0.000

β.wn

0.649
0.061
0.593
0.073
0.459
0.729
0.250

β.st

0.437
0.043
0.347
0.066
0.412
0.682
0.250

1–3 compare the urban and rural networks to each other, based on pollinator grouping.
Pairs 4–9 compare the urban or rural network to the full sampling area based on pollinator
grouping.

When we compared the communities of pollinators in urban and
rural landscape types, we saw that bees and non-bees responded differently to these site types. Where bee communities in urban areas tended
to mimic the overall community, non-bee communities were very dissimilar in urban areas. This suggests that landscape type does play an
important role in the way bee and non-bee communities assemble,
but that bees and non-bees do not respond in the same ways. One reason for this could be the food requirement differences between bees and
non-bees. While bees feed on pollen and nectar as adults, non-bees encompass a wider diversity of diet (Nicolson, 2011; Polidori et al., 2012;
Swink et al., 2013; Stabler et al., 2015). Some syrphid ﬂies are pollen
and nectar foragers, while others consume leaves, and others yet are
predatory (Holloway, 1976; Nelson et al., 2012). Our visitation monitoring was focused on arthropods that were seen directly visiting a ﬂower,
but the individuals that were collected through trapping and netting
were more broadly sampled and could have been consuming more
than just pollen and nectar (Haenke et al., 2014). It is also worth noting
that although our study looked at urban and rural sites, many of the locations in both site types had patches of large trees, or even forest very
close by. Western Washington is notorious for its Evergreen dominated
landscape, and many of the sites classiﬁed as urban near Olympia, and
further south in our sampling range, had forest patches on the farm or
within ﬂight range of many species we collected. These diverse landscape types offer such a wide variety of habitat, but generally lower ﬂoral abundance than the more urban spaces due to the low amount of
light that hits the understory area (Burkle et al., 2019). Urban spaces
are generally more cleared and might offer ﬂoral resources in the way
of landscaping and home gardening (Williams and Winfree, 2013). Arthropods that have more varied diets could beneﬁt from the additional
resources provided by forested areas in ways bees might not as successfully use, which could explain a bit about why bee and non-bee communities responded so differently to the different landscape types.
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