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Abstract

Apocephalus borealis phorid flies, a parasitoid of bumble bees and yellow jacket wasps in North America, was 
recently reported as a novel parasitoid of the honey bee Apis mellifera Linnaeus (Hymenoptera: Apidae). Little is 
known about the ecology of this interaction, including phorid fecundity on bee hosts, whether phorid-bee parasitism 
is density dependent, and which local habitat and landscape features may correlate with changes in parasitism rates 
for either bumble or honey bees. We examined the impact of local and landscape drivers and host abundance on 
phorid parasitism of A. mellifera and the bumble bee Bombus vosnesenskii Radoszkowski (Hymenoptera: Apidae). We 
worked in 19 urban gardens along the North-Central Coast of California, where phorid parasitism of honey bees was 
first reported in 2012. We collected and incubated bees for phorid emergence, and surveyed local vegetation, ground 
cover, and floral characteristics as well as land cover types surrounding gardens. We found that phorid parasitism 
was higher on bumble bees than on honey bees, and phorids produced nearly twice as many pupae on individual 
bumble bee hosts than on honey bee hosts. Parasitism of both bumble and honey bees increased with abundance of 
honey bees in a site. Differences in landscape surroundings did not correlate with parasitism, but local factors related 
to bee resource provisioning (e.g., tree and shrub abundance) positively correlated with increased parasitism. This 
research thus helps to document and describe conditions that may have facilitated phorid fly host shift to honey bees 
and further elucidate how resource provisioning in urban gardens influences bee–parasite interactions.

Key words:  Apocephalus borealis, California, urban agriculture, insect–parasite interaction, bee decline

Honey and bumble bee populations are declining in several regions, 
with negative implications for ecosystem services (Potts et al. 2010). 
In 2014–2015, commercial beekeepers lost 42.1% of managed honey 
bee (Apis mellifera Linnaeus [Hymenoptera: Apidae]) hives, an 
increase from the losses of 2013–2014 and the second highest annual 
loss to-date (USDA 2015). Bee decline is troublesome because bees 
are critical pollinators in many agricultural ecosystems, with 35% of 
global crops depending on pollination (Klein et al. 2007). With the 
mounting concern around honey bee losses, many have looked to wild 
and domesticated bee species (such as bumble bees, Bombus spp.) for 
insurance against pollination losses (Buchmann and Nabhan 2012). 
Domesticated bumble bees are widely used in commercial agricul-
ture and for some crops are more efficient pollinators than honeybees 
(e.g., Stubbs and Drummond 2001, Li et al. 2006). However, bumble 
bee populations are also declining. In Europe, many bumble bee spe-
cies have experienced range contractions and localized extinctions 
(Kosior et al. 2007, Goulson et al. 2008). In North America, formerly 
abundant and widespread bumble bee species have declined since 
the late 1990s, with some species presumed extinct (Williams and 
Osborne 2009, Grixti et al. 2009). There is also evidence of bumble 

bee population decline and species richness loss in South America 
(Schmid-Hempel et al. 2014), China (Xie et al. 2008, Williams et al. 
2009), and Japan (Matsumura et al. 2004, Inoue et al. 2008).

Bumble bee and honey bee decline can be attributed to an over-
lapping set of stressors including parasites, pathogens, and land-use 
change (Grixti et al. 2009, Potts et al. 2010, Goulson et al. 2015). 
Bees host a broad range of parasites and parasitoids that can nega-
tively affect their populations. Several parasites (including Nosema 
spp., Apicystis bombi, and Crithidia spp.) are implicated in the 
decline of honey bees and commercial Bombus terrestris (Cameron 
et al. 2011, Graystock et al. 2013). While honey bee parasites have 
received attention for their role in colony loss (e.g., Cox-Foster et al. 
2007, Nazzi et  al. 2012), our knowledge of parasites and parasi-
toids for wild bee species is more limited. Nevertheless, information 
about honey bee parasites and parasitoids may be relevant to under-
standing wild bumble bee declines because many honey bee parasites 
such as Nosema ceranae (Graystock et al. 2013) infect both honey 
bees and bumble bees (Fürst et  al. 2014, McMahon et  al. 2015). 
Furthermore, infection by parasites and parasitoids has been shown 
to impact bumble bee foraging patterns, behavior, and physiology 
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(König and Schmid-Hempel 1995, Müller 1994, Schmid-Hempel 
and Schmid-Hempel 1998).

In addition, land-use change at local and landscape scales may 
negatively impact bee populations. Several qualitative syntheses sug-
gest that agricultural intensification and habitat fragmentation neg-
atively affect bee abundance and diversity (e.g., Ricketts et al. 2008, 
Winfree et al. 2009). This is because changes in urban cover, natural 
woodlands, or open space within a landscape, as well as changes 
in vegetation structure within a site, can alter the habitat and food 
resources available to bees with population-level impacts (Kremen 
et al. 2007). Interactions between land-use change and parasites and 
pathogens may be important for bee decline (Paxton et  al. 2016, 
Botías et al. 2017). When landscape processes such as urbanization 
or conversion of natural habitat to intensive agriculture alter the 
availability of food and habitat resources of a host, there can be one 
of two outcomes for parasitism: dilution or amplification (Becker 
et al. 2015). Dilution may occur when land-use change increases the 
quality and quantity of food and habitat resources for a host, result-
ing in higher immunity or defense against parasitism. Amplification 
may occur if increase in resources in the landscape results in host 
aggregation, increasing parasite transmission between individuals 
(Becker et al. 2015). Resource mediated dilution has been observed 
in lace monitor reptiles for which increased access to urban waste 
improves nutrition and lowers parasite intensity (Jessop et al. 2012), 
in long-tailed macaques with higher access to nutrition and lower 
Giardia infection (Lane et al. 2011), and in other non-arthropod sys-
tems (Becker et al. 2015). Amplification due to resource provisioning 
has been observed for infection of Elk by Brucella abortis (Cross 
et  al. 2007) and infection of white-tailed deer by Mycobacterium 
bovis (Miller et  al. 2003). Yet, very little is known about how 
resource or habitat changes alter bee–parasite interactions.

Urban gardens provide a unique environment to study how land 
use change and parasitism influence bees. Urban spaces are charac-
terized by increases in impervious cover, structural simplification of 
vegetation, and a heterogeneous mosaic of land-use (Marzluff and 
Ewing 2001, Thompson et al. 2003). However, local and landscape 
features of urban gardens provide habitat and food resources for 
biodiversity, supporting pollinator populations and other beneficial 
insects (Goddard et al. 2010). Across multiple studies, floral abun-
dance and richness in urban gardens promotes higher bee diversity 
(Tommasi et al. 2004, Wojcik et al. 2008, Pardee and Philpott 2014, 
Quistberg et al. 2016). In a review of urban bee ecology, Hernandez 
et al. (2009) found a negative correlation between bee species and 
urban development, although the effect of landscape variation can 
differ across scales (Pardee and Philpott 2014, Quistberg et  al. 
2016). These local and landscape characteristics of urban gardens 
may also impact insect–parasite and insect–parasitoid interactions. 
Urbanization-mediated resource shifts may result in changes to para-
site and host geographic ranges and population densities, potentially 
leading to the emergence of key parasites and parasitoids, altered 
behavior for hosts, parasites, and parasitoids, and potentially higher 
infection rates (Bradley and Altizer 2007, Keesing et al. 2010, Becker 
et  al. 2015). If urbanization results in biodiversity losses, shifts in 
species composition may also influence parasitism.

Here, we investigate parasitism of bees by Apocephalus borealis 
(Diptera: Phoridae), a phorid fly native to North America (Brown 
1993). A. borealis phorids can reduce bee worker lifespan by up to 
70% in the native host, the bumble bee (Bombus spp.) (Otterstatter 
et al. 2002). It is also a native parasitoid of the yellow jacket wasp 
(Vespula spp.) (Ennik 1973). Phorids in the genus Apocephalus 
are called ‘decapitating flies’ and commonly have host associations 
with ant species (Brown 1997). Recently, researchers documented 

A. borealis phorids parasitizing honey bees (A. mellifera), a novel 
host-parasitoid interaction (Core et al. 2012). Phorid-infected honey 
bees are described as ‘zombie bees’ because they may show hive aban-
donment behavior at night. Multiple phorid larvae develop from 
each bee host, feeding on thoracic flight muscle (Ennik 1973). Larve 
then emerge to pupate, although this has only been observed in vitro 
(Core et al. 2012). The dispersal range of A. borealis is unknown, 
although phorid in the genus Pseudacteon have been shown to dis-
perse 650 m away from hosts (Morrison et al. 1999). Research on 
phorid parasitism of honey bees and bumble bees is limited to a few 
studies examining prevalence and mortality rates in bees (e.g., Core 
et al. 2012, Otterstatter et al. 2002) and an on-going citizen science 
project (zombeewatch.org) examining the distribution of phorid 
parasites in bees across the United States.

One of the unknowns about phorid–bee interactions is whether 
honey bees are a native host previously undiscovered for A. borea-
lis or whether A. borealis phorid flies have recently extended their 
host range to include honey bees. Understanding host choice is 
important because changes in host size for other arthropod parasites 
influences behavioral, morphological, and life history traits of the 
parasitoid (Messina 2004). Another unknown about this system is 
whether parasitism is spatially density dependent. While it is com-
monly assumed that parasitism rate and host density are positively 
correlated, this it not always the case because of limits to parasitoid 
ability to search for and handle hosts (Walde and Murdoch 1988). 
Understanding the ecology of this novel parasitoid–host system is 
important for diagnosing what factors mediate parasitism rates in 
vulnerable bee populations.

In this study, we examined bee–phorid interactions in an array 
of urban gardens that differ in bee abundance, local habitat condi-
tions, and landscape surroundings. We examined if bee abundance 
influences parasitism by the phorid fly. We also asked if parasitized 
honey bees are host to a greater number of phorid pupae than bum-
ble bees. To determine if resource provisioning influences parasitism 
rates, we examined the influences of local vegetation change and 
landscape-level land-cover change on parasitism of A. mellifera and 
B. vosnesenskeii by phorid parasitoids. For some phorid–host inter-
actions (e.g., with ant hosts), effects on hosts may differ with land-
use change (e.g., agricultural management) (Pardee and Philpott 
2011, De la Mora et  al. 2015), but little is known about how 
land-use change may alter bee–phorid interactions, specifically. We 
asked, 1) Does the number of pupae emerging from A. mellifera and 
B. vosnesenskeii individuals differ? 2) How do parasitism rates of 
A. mellifera and B. vosnesenskeii differ depending on the abundance 
of honey bees and bumble bees within garden sites? 3) Which local 
and landscape level factors influence parasitism rates in honey bees 
and bumble bees? We expected more pupae in B. vosnesenskeii hosts 
because they are large-bodied bees, and a native host of the phorid. 
We expected more phorid infection in sites with more honey bees 
and bumble bees because phorids and other parasitoids often exhibit 
density dependence with hosts (e.g., Philpott et al. 2009). Finally, we 
expected lower phorid parasitism in sites with higher local vegetative 
diversity and lower urban landscape cover due to potential nutrition 
benefits to bees and subsequent dilution effects.

Materials and Methods

Characterization of the Study Sites
Between June and October 2014, we examined local and landscape 
characteristics of 19 urban gardens, ranging in size from 444 m2 to 
15,525 m2, each separated by 2 km, across three counties (Monterey, 
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Santa Clara, and Santa Cruz) in the California central coast (Fig. 1). 
We measured local habitat characteristics (e.g., vegetation and 
ground cover) five times within a 20 × 20 m plot placed at the center 
of each garden. We measured canopy cover with a convex spherical 
densitometer at the center of the plot, and 10 m to the N, S, E, and 
W.  We counted and identified all trees and shrubs and noted the 
number of individuals in flower. In each plot, we randomly selected 
four 1 × 1 m plots within which we identified all herbaceous plants 
(except grasses) to morphospecies, measured the height of the tallest 
non-woody vegetation, counted flowers, and assessed percent ground 
cover from bare soil, grass, herbaceous plants, leaf litter, rocks, and 
mulch. In a 100 × 100 m plot surrounding each garden, we counted 
all trees and quantified percent area with concrete and buildings, 
mulch, lawn, woody vegetation, weedy or non-woody vegetation, 
and bare ground. For analysis, values were averaged across the five 
sample dates. We also estimated the total garden size. Overall, we 
measured 21 local habitat variables (Table 1).

At the landscape scale, we classified land cover types within 2 km 
buffers surrounding each garden with data from the 2011 National 
Land Cover Database (NLCD, 30 m resolution) (Homer et al. 2015). 
We selected 2 km buffers as most bees forage within 2 km from a 
nesting site (Kremen et al. 2004). While honey bees have a large 
maximum foraging distance, foraging distance varies as a function 
of landscape context (Steffan-Dewenter and Kuhn 2003) and mean 

foraging distances for honey bees have been reported at approxi-
mately 1 (Waddington et al. 1994, Beekman and Ratnieks 2000, 
Schneider and Hall 1997) and 2.3 km (Visscher and Seeley 1982). 
B. vosnesenskii has a predicted maximum foraging distance of 2.1 
km (Greenleaf and Kremen 2006), and some fly parasitoids in the 
family Phoridae are known to disperse under 1 km (Morrison et 
al. 1999). We created four land-use categories: 1) natural habitat 
(deciduous [NLCD number 41], evergreen [42], and mixed forests 
[43], dwarf scrub [51], shrub/scrub [52], and grassland/herbaceous 
[71]), 2) open (lawn grass, parks, and golf courses [21]), 3) urban 
(low [22], medium [23], and high intensity developed land [24]), and 
4) agriculture (pasture/hay [81] and cultivated crop [82]). Other land 
cover types covered <5% of the total area and were not included. 
We assessed land cover with spatial statistics tools in ArcGIS v. 10.1.

Bee Collection and Parasitism Assessment
We collected bees (B. vosnesenskeii and A. mellifera) at each site and 
incubated bees in the lab to assess phorid emergence. We netted bees 
along walking transects in 20 × 20 m plots (and within 20 m of plots) 
for 30 min every 3 wk between mid-June and early-October 2014, 
for a total of six sampling periods. Bees were captured alive, placed 
in individual rearing containers, and observed for pupae to determine 
parasitism. Bees were held at in terrariums under heat lamps between 

Fig. 1. Map of urban garden field sites in along the central coast of California. Each dot represents an urban garden field site in which there was no parasitism, 
parasitism of A. mellifera bees, or parasitism of B. vosnesenskii.
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72 and 74°F and monitored daily for 10 d for phorid emergence. We 
recorded number of pupae that emerged from each infected bee.

Data Analysis
Because many explanatory variables measured may be correlated, 
we divided most variables into four biologically relevant groups 
(ground cover in 20 × 20 m plots, ground cover in 100 × 100 m 
plots, tree and shrub characteristics, and landscape characteristics) 
and ran Pearson’s correlations to identify correlated (P < 0.01) vari-
ables within groups. We selected variables that were correlated with 
the largest number of other variables in that group for subsequent 
analysis (Table 1). Four variables (number of flowers, height of tall-
est vegetation, herbaceous plant richness, and garden size) were not 
put into any group, and were also included. In all, we included 10 
local vegetation variables and two landscape variables for subse-
quent analyses.

In order to examine differences in the number of pupae emerging 
from honey bees and bumble bees, we compared the mean number 
of pupae per parasitized individual with t-tests assuming unequal 
variance in Excel. In order to examine density dependence of phorid 
infection, we fit linear models using the lm function in R. To examine 
the relationship between sampling period and phorid infection, we 
fit a generalized linear mixed model of infection rates with site as a 
random effect and sampling period as a fixed effect using the glmer 
function using the lme4 package in R. Because the data were not 
normally distributed, we used the ‘cbind’ function, a binomial error 
distribution, and logit link (Warton and Hui 2011). For the local and 
landscape features, we did not include sampling period in our model 
because changes over the summer in vegetation at the field sites did 
not change drastically.

We used generalized linear models (GLMs) with the glm func-
tion in R (Team RC 2014) to examine relationships between bee 
abundance (A. mellifera and B. vosnesenskii abundance) in selected 
site variables (local variables, landscape variables) and the percent 
of A. mellifera and B. vosnesenskii infected by A. borealis phorids at 
each site. When the percent of individual individuals of each bee was 
averaged across time periods, the data were normally distributed. We 
tested all combinations of the 14 selected variables with the ‘glmulti’ 
package (Calcagno and de Mazancourt 2010) and selected the top 
model based on the AICc values. For models where the AICc for top 
models was within 2 points of the next best model, we ran model 
averages with the MuMIn package (Barton 2012). For both A. mel-
lifera and B. vosnesenskii, the best models shared the same signifi-
cant predictors as model averages, and thus we report output from 
best models only. Dependent and predictor variables were normally 
distributed, so we used a Gaussian error structure for GLMs, and 
report AICc values, and P-values. To determine the goodness-of-fit of 
the best models, we calculated a pseudo-R2 value as [(null deviance −  
residual deviance)/null deviance] (Dobson and Barnett 2008). All 
residuals from best models conformed to the conditions of normality 
as checked with QQ-Plots and Shapiro–Wilk tests.

Results

Phorids were more likely to parasitize bumble bees and bumble bees 
supported higher pupae loads. Of the 1819 A. mellifera individuals 
we collected, 30 were parasitized. Of the 290 B. vosnesenskeii indi-
viduals we collected, 17 were parasitized. Across all garden sites, 
an average of 0.77% ± 0.33 (SE) A.  mellifera and 4.53% ± 1.99 
B. vosnesenskeii individuals were parasitized. Of all urban garden 

Table 1. Results of Pearson’s correlations showing groups of explanatory variables, variables selected for GLM analysis, and variables 
correlated (P < 0.01) with selected variables (n = 19).

Group Selected variables Correlated variable 
(P < 0.01)

Correlation coefficient Direction of Correlation

Ground cover (20 × 20 m plots) Grass NA NA NA
Litter NA NA NA

Ground cover (100 × 100 m 
plots)

Concrete and buildings Weedy, non-woody 
vegetation

0.684 -

Mulch 0.561 -
Lawn NA NA NA
Bare NA NA NA

Tree and shrub characteristics No. trees and shrubs (20 × 20 m 
plot)

Canopy cover 0.919 +

No. tree and shrub species 
(20 × 20 m plot)

0.793 +

No. trees and shrubs in 
flower (20 × 20 m plot)

0.83 +

No. trees and shrubs 
(100 × 100 m plot)

0.597 +

Woody cover (100 × 100 m 
plot)

0.632 +

Landscape characteristics Natural 2 km Urban 2 km 0.912 -
Open 2 km 0.777 -

Agriculture 2 km NA NA NA
Non-grouped characteristics No. of flowers NA NA NA

Height of tallest vegetation NA NA NA
Herbaceous plant richness (crops, 

weeds, ornamentals)
NA NA NA

Garden size NA NA NA
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sites sampled, 37% contained parasitized honey bees and 21% con-
tained parasitized bumble bees. Infected bees were found in coastal 
sites in Monterey and Santa Cruz county, but not present in inland 
sites in Santa Clara County (Fig. 1; Table 2). When site was taken 
into account as a random factor, however, sampling period had no 
impact on infection rates for honey bees (z = 1.46, P = 0.14) and 
bumble bees (z  =  −0.271, P  =  0.79). There were nearly twice as 
many pupae per bumble bee (7.26 ± 0.87 SE) than per honey bee 
(4.23 ± 0.46 SE) in the parasitized individuals collected (t = 3.076, 
P = 0.0046).

Phorid parasitism in both A.  mellifera (P  =  0.00081) and 
B. vosnesenskei (P = 0.012) increased with the abundance of A. mel-
lifera in a site. In contrast, phorid parasitism did not differ with 
increasing B.  vosnesenskei abundance for either A.  mellifera or 
B. vosnessenkii (P < 0.05).

Parasitism of both species of bees responded to local, but not land-
scape variables. The model that best predicted A. mellifera parasitism 
included garden size, the number of trees and shrubs, the percent lawn 
within a 100 × 100 m plot, the average percent of bare soil in 20 × 20 
m plots, and the average abundance of B.  vosnesenskii collected 
per sampling period (AICc  =  35.86, df  =  18, pseudo-R2  =  0.945). 
Parasitism of A. mellifera was higher in gardens with more trees and 
shrubs (P < 0.0001) in larger gardens (P < 0.0001), with more lawn 
(P = 0.005), in gardens with less bare soil (P = 0.004), and in gardens 
with lower B. vosnesenskii abundance (P = 0.001)(Fig. 2). The model 
that best predicted B.  vosnesenskii parasitism included the num-
ber of trees and shrubs and percent of bare soil in 20 × 20 m plots 
(AICc = 128.265, df = 18, pseudo-R2 = 0.604). B. vosnesenskii para-
sitism was higher in gardens with more trees and shrubs (P = 0.006) 
and in gardens with less bare soil (P = 0.011) (Fig. 3).

Discussion

Core et al. (2012) hypothesize that parasitism by A. borealis phorids 
in honey bees reflects a recent host shift from their native host, the 
bumble bee. Possible reasons for a host shift include a benefit to 
phorid fitness due to increased parasitism success with a new host 

or increased abundance of an alternative host. To examine if phorids 
experience increased parasitism success with host choice, we com-
pared the mean number of pupae emerging from bumble bees and 
honey bees and found that the mean number of pupae emerging 
from each infected bumble bee (7.26 ± 0.87 SE) was significantly 
higher (by nearly twice) than the number of pupae emerging from 
each honey bee (4.23 ± 0.46 SE). Our finding that bumble bees are 
host to more fly progeny is consistent with previously published 
studies: Otterstatter et al. (2002) found an average of 6.57 fly larvae 
per female bumble bee and Core et al. (2012) found an average of 
4.8 fly larvae in honey bee females. Honey bee bodies may be hos-
pitable to fewer phorid pupae because they are smaller than bum-
ble bee bodies, suggesting a loss to phorid fitness and implying that 
there may be other reasons for a host shift to honey bees. In this 
study, honey bees out-numbered bumble bees in our field collection 
by approximately 6:1. Even though phorids produce less offspring 
in honey bee hosts, a phorid facing a multitude of available honey 
bee hosts may counter a reduction to fitness by parasitizing more 
honey bees in her lifetime than bumble bees. Infecting two honey 
bees would, on average, produce more phorid offspring than a single 
bee. Future experiments determining how many honey bee hosts a 
single phorid female parasitizes in her lifetime may help explain why 
phorids infect honey bees. Another important question is whether 
honey bees and bumble bees are only parasitized by one phorid or 
by multiple phorids, as this can impact the fitness tradeoff between 
host availability and pupal load per bee.

With declines of bumble bee populations reported in North 
America (Cameron et  al. 2011), a possible explanation for a host 
shift to honey bees may be a loss of access to bumble bee hosts. 
Indeed, we were able to collect more honey bees than bumble bees 
during field collections, and more likely to find honey bees infected 
with phorids than bumble bees infected with phorids. As the six 
sampling periods progressed, we caught fewer bumble bees. When 
we stopped finding bumble bees, we saw a slight increase in the per-
cent of honey bees parasitized by phorids (Fig. 4). Otterstatter et al. 
(2002) and Core et al. (2012) previously found that phorid infection 
of bees increased between May and August. However, we did not 

Table 2. The mean and standard deviation of infection rate for each species by garden site

Garden County Honey bee Bumble bee

Mean (%) SD Mean (%) SD

Garden 1 Santa Cruz 1.866 3.188 0.000 0.000
Garden 2 Santa Cruz 1.111 2.485 0.000 0.000
Garden 3 Santa Cruz 4.505 3.184 26.111 37.536
Garden 4 Santa Cruz 3.687 5.200 7.176 13.712
Garden 5 Santa Cruz 1.754 3.923 19.444 36.536
Garden 6 Santa Cruz 4.627 4.402 19.697 36.521
Garden 7 Santa Cruz 0.000 0.000 0.000 0.000
Garden 8 Santa Cruz 0.000 0.000 0.000 0.000
Garden 9 Monterey 2.924 3.269 2.778 6.211
Garden 10 Monterey 0.000 0.000 0.000 0.000
Garden 11 Monterey 0.000 0.000 0.000 0.000
Garden 12 Monterey 0.000 0.000 0.000 0.000
Garden 13 Monterey 0.000 0.000 0.000 0.000
Garden 14 Monterey 0.000 0.000 0.000 0.000
Garden 15 Santa Clara 0.000 0.000 0.000 0.000
Garden 16 Santa Clara 0.000 0.000 0.000 0.000
Garden 17 Santa Clara 0.000 0.000 0.000 0.000
Garden 18 Santa Clara 0.000 0.000 0.000 0.000
Garden 19 Santa Clara 0.000 0.000 0.000 0.000

Garden sites are numbered 1–19 to maintain confidentiality.
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find a significant impact of season on infection, possibly because we 
found so few bumble bees at the end of our sampling season or 
because our collection period started 30 d later than previous stud-
ies. In addition to sampling period, another driver of phorid infec-
tion might be temperature and climate. We did not find infected bees 
from the very high-temperature inland sites in Santa Clara. When 
infected bees were present, they were found in sites along the cooler 
Monterey and Santa Cruz coastal region (Fig. 1). And previously 
studied A.  borealis phorids were also found in coastal regions or 
near bodies of water (Core et al. 2012, Otterstatter et al. 2002).

Phorid flies in urban settings respond to population-level changes 
in host abundance: we found that increased abundance of honey 
bees, but not bumble bees, correlated with higher parasitism of both 
honey bees and bumble bees. One possible explanation may be that 

honey bees may be easier to locate or parasitize than bumble bees, 
but little is known about host location in bee–phorid interactions, 
as Phoridae is one of the least studied groups of Dipterans (Brown 
2004). Previous studies have also noted that density dependence may 
be temporally or spatially scale dependent (Philpott et al. 2009). In 
this study, we found that phorid parasitism is density dependent 
at the garden scale – but interestingly only for abundance of the 
domesticated, non-native host (A. mellifera). The abundance of the 
non-native honey bee may contribute to bumble bee infection and 
decline. Even if honey bees are infected with phorids, their numbers 
are often re-established by beekeepers, keeping the honey bee popu-
lation high even in the face of increased levels of parasitism. Indeed, 
beekeeping is highly popular and practiced widely in our region of 
study, both by commercial and backyard beekeepers. Because of this, 

Fig. 2. Relationships between significant factors in generalized linear models and parasitism of honey bees by A. borealis (A–E). Each dot represents an urban 
garden field sites. Lines show the best fit, and gray area reflects confidence bands of the generalized linear models.

Fig. 3. Relationships between significant factors in generalized linear models and parasitism of bumble bees bees by A. borealis (A and B). Each dot represents 
an urban garden field sites. Lines show the best fit, and gray area reflects confidence bands of the generalized linear models.
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bumble bees might continue to encounter large numbers of phorid 
parasitoids even as their availability as a host declines. Overall, more 
research is required to determine when and why A. borealis phorids 
began to shift bee hosts, under which conditions parasitism of honey 
bees and bumble bees is more likely, and what the impacts might be 
to native bumble bee populations. This is important because para-
sitoids can mediate the composition and dynamics of communities 
(Feender 2002).

We found that differences in parasitism of both A. mellifera and 
B. vosnesenskii were driven by local features of urban gardens, not 
landscape factors. The local variables that correlate with parasitism, 
tree and shrub abundance, bare soil, lawn, and garden size, may 
directly or indirectly benefits phorids in some way. These factors, 
however, are also indicators of resource availability for bees. Trees 
and shrubs include flowering species that provide pollen and nec-
tar for food, larger gardens may provide more habitat than smaller 
gardens, and bare ground has been associated with increases in 
ground-nesting bee populations (Potts et al. 2005, Quistberg et al. 
2016). Even the amount of lawns in a given area has been shown to 
be an important food source for bees due to the presence of flower-
ing weeds (Larson et al. 2014). Garden size was a positive indicator 
of parasitism for only A. mellifera. Garden size may be an important 
indicator of resource availability for A. mellifera because honey bees 
have been said to forage across long distances, up to 20 km, but their 
foraging is influenced by resource availability (Steffan-Dewenter and 
Kuhn 2003). For a honey bee foraging across long distances, larger 
gardens may host more resources and, therefore, attract more vis-
itation than smaller gardens. Comparatively, B.  vosnesenskii have 
recorded foraging distances of 0.8 – 2.8 km (Jha and Kremen 2013), 
suggesting that those bees collected for study are somewhat more 

likely to have nested locally and that garden size may not be as crit-
ical an indicator as resource availability. If local habitat features are 
responsible for parasitism increases through indirect impacts to bees, 
then our results support the idea that resource provisioning results 
in amplification of parasitism. As larger resource-rich urban gardens 
with more food and habitat attract more bees, this may result in 
increased contact rates between hosts and phorid parasites. Another 
interesting finding was that, in modeling the combined influence of 
vegetation and bee diversity on parasitism, the average abundance 
of B. vosnesenskii individuals in a garden was a negative predictor 
of the number of infected A. mellifera individuals. This may have to 
do with competitive interactions between bumble bees and honey 
bees for resources, phorid host preferences, or point to complicated 
relationships between vegetative resources, bee community compo-
sition, and parasitism.

We initially expected that habitats with high floral diversity 
would provide resources for bees, conferring immunological or 
physiological defense against phorid parasitism. In lab experi-
ments, bees fed poly-floral pollen diets showed higher expression 
of immune-related genes and lower mortality when challenged by 
Nosema parasites than bees fed mono-floral diets (Di Pasquale 
et  al. 2013). Further, chemical constituents of pollen and honey 
up-regulate select detoxification and antimicrobial peptide genes 
related to immunity (Mao et al. 2013). However, we did not find 
any influence (either positive or negative) of floral abundance on 
parasitism rates. One explanation may be that honey bees and 
bumble bees are simply not able to overcome phorid infection 
through immunological defense, regardless of resource availabil-
ity. Additionally, because phorid adults also consume pollen and 
nectar diets (Nicolson 2007) and because increased food provision-
ing has been shown to promote phorid longevity (Wäckers 2001), 
any immunity or nutritional benefits conferred to the bee may be 
obscured by increased resource availability for phorids. Whether or 
not resource availability dilutes parasitism may thus be a function 
of the availability of preferred floral resources for phorid para-
sitoids, a factor that is still virtually unknown for many phorids 
(Wäckers and Fadamiro 2005).

Because phorid parasitism is density dependent in this system, 
possible increases to bee richness and abundance due to changes 
to resources may amplify phorid detection of bee hosts or increase 
contact rates between infected bees. Ultimately, deciphering the rela-
tionship between local and landscape features and epidemiology 
of parasitic infections is complex: beyond resource provisioning, 
landscape can exert direct influences on host or parasite growth, 
through indirect impacts to host and parasite physiology and behav-
ior, through alterations to host community structure, and more 
(Kilpatrick and Altizer 2010). Further studies, including both labo-
ratory and field observation research, are needed to tease apart the 
complex interactions between resource provisioning and parasitism. 
The first step may be to learn more about A. borealis ecology. By 
understanding phorid habitat, food, and microclimate preferences, 
how and where they locate and parasitize bees, we may elucidate 
how phorid–bee interactions are impacted by resource availability, 
bee diversity, and landscape context.
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