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Abstract— Soil emergence tents (e-tents) are a new tool for studying the nesting biology of ground-nesting bees. E-
tents allow us to link nests with specific soil conditions; however, low success probabilities (<20% of e-tents capture
at least one bee) and long deployment times (> 72 h) limit their efficiency. We examined if adding scents—spearmint
and lemongrass essential oils—increases how quickly e-tents capture bees actively nesting in the soil directly
covered by the trap (“capture rate”), letting e-tents be moved more frequently to sample more area. Adding essential
oils did not have a significant effect on the overall capture rate. However, in e-tents with spearmint essential oil, bees
in the family Halictidae were captured 1.80x faster, and there was a trend for reduced capture rate for the family
Andrenidae. The efficacy of adding scents to e-tents appears to be taxon-specific. Researchers interested in halictid
nesting biology may increase the efficacy of e-tents with spearmint essential oil, but further work is needed to find a
suitable attractant for other groups or whole communities.

Halictidae / Emergence tents / Ground-nesting / Essential oils / Attractants

1. INTRODUCTION

Ground-nesting bees account for over 80% of
bee species in the USA (Harmon-Threatt 2020)
and play an intrinsic role in the pollination of
crops and wild plant communities (Koh et al.
2016). However, relatively little is known about
what influences nest site selection and success,
limiting our ability to predict how bee communi-
ties will respond to anthropogenic changes
(Harmon-Threatt 2020). One tool for studying
ground-nesting bees’ nesting biology is soil
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emergence tents (e-tents) (Sardiflas and Kremen
2014; Anderson and Harmon-Threatt 2016;
Pane and Harmon-Threatt 2017). Broadly, e-
tents (Figure 1a) collect emerging insects from
areas of covered soil or water by directing them
to a container attached to the top and filled with
a collecting fluid (e.g., soapy water). E-tents
help researchers better understand the nesting
patterns and species diversity of ground-nesting
insects by linking captures with specific soil
conditions (Sardifias and Kremen 2014) or in
response to environmental changes (Buckles
and Harmon-Threatt 2019).

For ground-nesting bees, researchers have used
e-tents in two ways: to collect the emerging off-
spring of successful nests from the previous grow-
ing season (e.g., Sardinas and Kremen 2014) and to
collect actively nesting female bees (e.g., Anderson
and Harmon-Threatt 2016; Buckles and Harmon-
Threatt 2019; Cope et al. 2019; Kim et al. 20006). In
both cases, e-tents are placed randomly during
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Figure 1. a Assembled emergence tent (e-tent). b An example of e-tent placement at the Pollinatarium prairie.

Photos taken by A.C. Grommes

periods when female bees are not actively foraging
and presumed to be in their nests (Batra
1968)—early in the season or at dusk,
respectively—and subsequently checked for cap-
tured individuals at predefined intervals. While
capturing newly emerged bees provides informa-
tion about successful nest sites, conditions that
influenced nest site selection are unknown unless
data were collected from the e-tent location during
nesting the previous year. In many cases, these data
are unavailable. Additionally, if e-tents must be
deployed at the same spot all year, the amount of
area sampled at a site is greatly diminished. Alter-
natively, short-term e-tent deployment for actively
nesting bees can be done concurrently with mea-
surements of environmental factors that may influ-
ence the selection of a nesting site, such as percent
bare ground, topographical slope, and soil moisture
(Potts et al. 2005; Pane and Harmon-Threatt 2017).
This design also assumes that actively nesting fe-
male bees under an e-tent are captured or starve
after some amount of time, allowing e-tents to be
moved every few days to cover more area.
Despite their strengths, e-tents suffer from la-
borious set-up and low capture probabilities.
Across multiple short-term deployment studies,
0-20% of e-tents at a site captured at least one
bee (Anderson and Harmon-Threatt 2016; Pane
and Harmon-Threatt 2017; Cope et al. 2019;
Buckles and Harmon-Threatt 2019). One way to
account for this limitation, at least in short-term
deployment studies, is to move e-tents at regular
intervals to sample more area at a site. While a
previous study found that e-tents capture most

bees within 72 h of deployment, how quickly bees
trapped under e-tents were caught in the collecting
fluid varied between sites (Pane and Harmon-
Threatt 2017). Shortening the time it takes e-
tents to capture bees would reduce the probability
of a false zero and allow researchers to move e-
tents more frequently, increasing the sampled ar-
ea. Such an increase in the efficiency of this
method can transform our understanding of
ground-nesting bee biology and directly impact
bee conservation strategies.

One way to increase the efficiency of e-tents
may be to add attractants to the collecting fluid.
Incorporating plant-based attractants into the soap-
water mixture may induce positive chemotaxis in
bees trapped within e-tents, coaxing them into the
collection fluid more quickly than soapy water
alone. Similar strategies have been employed to
increase trap efficiency for other insects, including
beetles (Mitchell et al. 2018), moths (Cunningham
et al. 2004), and flies (Jang and Light 1996). A
previous study suggested that bees may forgo for-
aging if their nest is covered and, thus, might only
be captured after sufficient time has passed, poten-
tially due to increased hunger or desire to continue
nesting (Pane and Harmon-Threatt 2017). Bees can
sense flower volatiles and use this information, in
addition to visual stimuli, to discriminate food from
nonfood objects and between different plant spe-
cies (Kunze and Gumbert 2001; Klatt et al. 2013).
Due to their role in mediating plant-pollinator in-
teractions, adding plant volatiles—in the form of
essential oils here—may attract bees trapped be-
neath the e-tent to the collecting fluid at the top of
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the trap, thus decreasing the amount of time neces-
sary to capture actively nesting bees. In turn, an
increase in capture efficiency should increase the
information collected during a sampling period.
This study aimed to determine whether potential-
ly attractive scents decrease the time it takes to
capture actively nesting ground-nesting bees trapped
beneath e-tents. If essential oils increase how quick-
ly bees within e-tents are captured (herein referred to
as “capture rate”), researchers will be able to collect
more data within the same sampling period by
moving e-tents more frequently and, as a result,
sampling more area. We also tested if adding essen-
tial oils increased the total number of female bees
captured or the probability that an e-tent captures at
least one female bee. We predicted that these mea-
sures would be unaffected as the spatial distribution
of bee nests likely plays a larger role, thus necessi-
tating a methodology that allows more area to be
sampled by reducing deployment duration and in-
creasing the number of within-site locations.

2. MATERIALS AND METHODS

Study sites This study was conducted at two
restored prairie sites, 1.2 km apart, managed by
the University of Illinois at Urbana-Champaign.
The soils at both locations are classified as Catlin
silt loam (Soil Survey Staff 2019). The average soil
moisture across both sites was 12.2% (range 6.9 to
18.0%) and the average daytime temperature was
28.9 °C (range 25.5 to 32.8 °C). Florida-Orchard
prairie (4047 m?; 40°05'49.2" N, 88°12'53.8" W)
was converted from turfgrass to native prairie in
2013 and contains mowed paths but is otherwise
allowed to grow naturally. The Pollinatarium prairie
(5615 m*; 40°05'13.9" N, 88°1256.2" W) was used
by the University of Illinois Department of Crop
Sciences until 2015 when it was planted with plugs.
The Pollinatarium prairie was mowed in the early
spring of 2019. Since nesting sites are challenging
to locate and the nesting requirements of many bee
species remain unknown (Sardifias et al. 2016), we
chose these locations because of previously detect-
ed ground-nesting bee activity (Pane and Harmon-
Threatt 2017).

Scents  We chose lemongrass (Cymbopogon
flexuosus) and spearmint (Mentha spicata)
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essential oils because they have been used in bee
foraging assays (Thomas 2011; Balbuena et al.
2012), elicit electroantennogram responses in
bees (Stopfer et al. 1997; Denker et al. 2010),
and are readily available. Additionally, lemon-
grass essential oil contains the compound citrol,
which is similar to the order-restoring pheromone
produced by the Nasonov gland and is used as a
honey bee swarm lure (Amrine et al. 2007). Spear-
mint belongs to the family Lamiaceae, a popular
pollen and nectar source for bees (Westerhold
et al. 2018). While the current literature
concerning bee odor detection is heavily honey
bee biased, the ability to detect these essential oils
may be conserved in Hymenoptera beyond
Anthophila (Arenas and Roces 2018).

Sampling  We placed 60 e-tents (BugDorm, Tai-
chung, Taiwan; model BT2006; 60 x 60 x 60 cm;
108 x 32 mesh polyester netting) for 1 week pe-
riods in May, June, July, and August of 2019
resulting in 240 unique e-tent placements (1680
total trapping days). Bees that are nesting in the
covered soil emerge in the morning and crawl or
fly to the top of the e-tent where they are collected
in a container of soapy water. Soap reduces the
surface tension of the water, causing captured
insects to drown. E-tents were staked in the
ground, and flaps were covered with soil to pre-
vent insects from escaping or entering. Thirty e-
tents were used at each site each month, with 10
receiving only soapy water, 10 receiving soapy
water with spearmint oil, and 10 receiving soapy
water with lemongrass oil. The soapy water solu-
tions consisted of 2 mL of Dawn Ultra dish soap
(original scent) and 400 pL of essential oil (Spear-
mint: NOW Foods, Bloomingdale, IL, USA;
Lemongrass: Aura Cacia, Norway, [A) per
3785 mL of water. This ratio of scent to water
was slightly higher than the ratio previously
shown to increase bee attraction (Slaa et al.
2003; Tutun et al. 2018). The collecting bottle of
each e-tent was filled with ~ 100 mL of one of the
three solutions. Tents were arranged in groups of
three (Figure 1b), with one tent for each treatment,
to minimize the chance that a nesting aggregation
(Rosenheim 1990) only impacted one treatment.

E-tents were deployed at 19:00 and checked 12,
15,18,21,24,36,39,42,45,48,72, 96, 120, 144,
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and 168 h after setup. At each time, water was
strained into a separate container and replaced in
the bottle. The essential oil-soap mixture was
replaced at least every 2 days to maintain fresh-
ness. Most bees were expected to be captured
within the first 48 h (Pane and Harmon-Threatt
2017), so e-tents were checked more frequently
for the first 48 h to better detect changes in capture
rate. Collected bees were placed in labeled Whirl-
paks (Nasco, Fort Atkinson, Wisconsin, USA) in
70% ethanol until they could be pinned. Bees
were identified to species level using a reference
collection and identification keys (Gibbs 2011;
Ascher and Pickering 2019). Bees in the genus
Andrena were identified by Michael Arduser.

Statistical methods ~We excluded all male bees
and female bees from genera not thought to be
ground-nesting from our analyses (Supplemental
Table I). Male bees are not thought to spend their
nights in active nests, opting instead to rest on
vegetation and, therefore, may not be good indica-
tors of nest-site preference at the scale of e-tents
(Wecislo 2003; Miyanaga and Maeta 1998). Similar-
ly, above-ground nesting bees like those collected
from the genera Ceratina and Hylaeus nest in
vegetation, and their captures do not provide a direct
connection to the preferences of ground-nesting
species (Kislow 1976; Rehan and Richards 2010;
Vickruck et al. 2011; Maclvor and Packer 2015).
Male bees and females from above-ground nesting
species captured in our study were interpreted to
have been on vegetation when e-tents were placed
and inadvertently captured. We also removed one e-
tent from July from the Pollinatarium prairie as it
appeared to capture an emergence event of 28 bees
and the focus of our study was on short-term e-tent
methodology. We concluded that this was an emer-
gence event as all bees were the same species,
Lasioglossum hitchensi, and there was a pulse of
male bees approximately 2 days before the female
bees, a characteristic of bee emergence events
(Szentgyodrgyi and Woyciechowski 2013; Eickwort
and Ginsberg 1980).

We used X~ tests to evaluate differences in the total
number of female ground-nesting bees and females
in the families Andrenidae and Halictidae. A gen-
eralized linear mixed-effects model (GLMM) with
a binomial distribution was used to model the fixed

effects of month and scent and the random effect of
prairie on the probability that an e-tent captured at
least one female ground-nesting bee using the
‘Ime4’ package (Bates et al. 2015). We calculated
post hoc Tukey contrasts using the ‘multcomp’
package (Hothorn et al. 2008) when significant
main or interaction effects were detected. We
modeled the rate of bees captured over the first
48 h using Cox proportional-hazards regression
(Cox 1972) using the ‘rms’ package (Harrell
2017). Due to the study design, we cannot deter-
mine if there were any bees present within but not
captured by the e-tents (e.g., deaths or, if surviving,
not being funneled into the collecting jar). To par-
tially account for this uncertainty, we right-censored
bees captured after 48 h, allowing the Cox
proportional-hazards regression to consider the
probability that a bee is captured outside this time
frame. Additionally, e-tents used to sample active
ground-nesting bees are often deployed for 48 h or
less (Cope et al. 2019; Pane and Harmon-Threatt
2017; Buckles and Harmon-Threatt 2019). Our re-
gression model included the main effects of scent
and bee family and their interaction. Contrasts were
calculated using the ‘rms’ package when significant
differences were detected. All model assumptions
were met. All analyses were performed using R
version 3.6.3 (R Core Team 2020).

3. RESULTS

A total of 121 bees were collected over the 4
sampling periods and identified to species
(Supplemental Table I). Eleven female above-
ground nesting bees (no males collected), 17 male
ground-nesting bees, and 28 (12 female and 16
male) ground-nesting bees from a suspected emer-
gence event (see “Materials and methods” sec-
tion) were removed from the analysis, leaving 65
ground-nesting female bees. Adding plant essen-
tial oils did not have a significant effect on the
number of total (y?,=1.323, P =0.516;
Figure 2), andrenid (x 22 =0.737, P =0.692), or
halictid (x % = 0.696, P =0.706) bees. Similarly,
there was no effect of scent on the probability that
an e-tent successfully captured at least one female
bee (x 2,=0.206, P =0.902; Figure 3). There was
a significant effect of month on the probability
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Figure 2. The number of female ground-nesting bees captured at each time point and summed for each scent-family

combination (inset)

that an e-tent captured bees (x 2,=19.248, P <
0.001). There were more than twice as many
successful e-tents in May compared to June
(P =0.005) and July (P =0.005). All other
pairwise comparisons were not significantly dif-
ferent (P > 0.157). There was no significant inter-
action between scent treatment and month (y 2o=
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Figure 3. The estimated probability (+ 95% confidence
interval) of an e-tent capturing at least one female
ground-nesting bee. Smaller, overlapping dots at 0 and
1 represent individual e-tents. Lower-case letters and
horizontal bars denote significant differences such that
points that do not share a common letter are significant-
ly different (P <0.05)
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3.832, P =0.699). Overall, 17.6% of e-tents cap-
tured ground-nesting female bees.

The overall Cox proportional-harzards regression
model for ground-nesting bee capture rate over the
first 48 h had a significant fit (Wald y s =13.04,
P =0.023) and met the proportional-hazards as-
sumption (y 2,=7.71, P =0.052). There was no
significant main effect of e-tent scent on bee capture
rate (Wald %4 = 6.84, P =0.145; Figure 4, Supple-
mental Fig. 1). However, there was a significant
main effect of bee family (Wald X23 =1255P =
0.006) and a significant interaction between bee
family and e-tent scent (Wald X22:6.34, P=
0.042). For the family Andrenidae, there was a trend
for slower capture rates in e-tents with spearmint
essential oils when compared to control e-tents (Z =
1.63, P =0.103; Figure 4, Supplemental Fig. 1).
There were no differences in andrenid capture rates
between lemongrass and control e-tents (Z =0.35,
P =0.724) nor lemongrass and spearmint e-tents
(Z =1.14, P =0.254). For the family Halictidae, e-
tents with spearmint essential oils caught bees 1.80x
faster than control e-tents (Z =2.01, P =0.045;
Figure 4, Supplemental Fig. 1). There were no dif-
ferences in halictid capture rates between lemon-
grass and control e-tents (Z =0.51, P =0.612) nor
lemongrass and spearmint e-tents (Z =141, P =
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0.158). Andrenid bees were caught 2.44x faster in
control e-tents than halictid bees (Z =3.08, P =
0.002), and there was a similar trend in lemongrass
e-tents (Z =1.87, P =0.061). However, there was
not a significant difference between the capture rate
of individuals belonging to these families in spear-
mint e-tents (Z=0.52, P =0.604).

4. DISCUSSION

Adding essential oils had no effect on the number
of female bees captured nor the probability that an e-
tent captured at least one female bee. These metrics
are presumably more related to the likelihood that an
e-tent is placed over an active nest. The addition of
essential oils to the collecting fluid of e-tents did not
significantly affect the capture rate of actively
nesting ground-nesting female bees when all taxo-
nomic groups were taken together. Instead, the effect
of essential oils differed for each observed family.
For members of the family Halictidae—95.7%
Lasioglossum species and 4.3% Halictus ligatus
in our sample—the addition of spearmint essential
oils markedly improved capture rate. However, for
the family Andrenidac—84.2% Andrena species
and 15.8% Calliopsis andreniformis in our
sample—adding spearmint appeared to reduce the
capture rate. Thus, benefits gained by adding essen-
tial oil for some taxa could be accompanied by
adverse effects in other taxa. In other words, adding
spearmint essential oil to e-tents in future studies
only makes sense if the research question is specif-
ically about the nesting biology of halictids or, more

specifically, Lasioglossum . However, if the ques-
tion pertains to andrenid species or the whole bee
community, adding spearmint essential oils may
decrease the e-tent method’s efficiency.

Diet breadth and the fact that essential oils are
often extracted from portions of plants not used by
bees, such as stem and leaves (Butnariu and Sarac
2018), may explain some of the variations in bee
response to scent stimuli. For example,
Lasioglossum—by far the most common genus of
halictid bees in the current study—tend to be gener-
alists, feeding on a wide array of floral resources,
including plants in the family Lamiaceae (Adamson
2011), which includes spearmint. Alternatively, bees
in the family Andrenidae have been shown to prefer
pollen from flowers of genera Rudbeckia and
Ratibida , part of the Asteraceae family (Neff and
Simpson 1997) and pollen from fruit trees
(Chambers 1946). While the results of this study
suggest that adding essential oil to the collecting fluid
could improve e-tent efficacy, selecting an appropri-
ate scent for your group of interest will be important.

The current bee-essential oil literature may not
be particularly helpful in selecting candidate es-
sential oils to improve e-tent efficiency. Most
previous studies have been limited to a few
large-bodied, generalist, eusocial, non-ground-
nesting species (da Silva et al. 2020; Thomas
2011; Balbuena et al. 2012; Stopfer et al. 1997,
Denker et al. 2010), making it difficult to extend
their results to predominately small-bodied, soli-
tary, ground-nesting species. In fact, a recent
study found that eusocial stingless bees and honey
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bees spent less time in areas with mint essential oil
(da Silva et al. 2020), potentially suggesting that
scents like spearmint may negatively affect cap-
ture rate in similar species. In addition to basing
candidate scents on bee-plant association data,
electroantennograms could be used to determine
which odors non-model bees can detect (Park
et al. 2002). This method is commonly used in
chemical ecology to determine what pheromones
elicit responses in insects (e.g., cerambycids;
Wickham et al. 2016). Alternatively, candidate
scents could be identified by adding them to white
pan traps (the color of the collecting jar) and
comparing bee capture rates. In either case, prom-
ising scents would need to be verified using sim-
ilar methods to those presented in this paper.
Additionally, these relatively quick assays could
be used to test mixtures of scents for use in studies
where broader portions of the ground-nesting bee
community are of interest.

In addition to spiking collecting fluid with at-
tractive scents, future studies could explore adding
visual cues. Such cues could include changing the
color of the collecting fluid or the color of the
collection jar. Similar techniques have been effec-
tive for pan traps (e.g., bee bowls; Toler et al.
2005). However, one limitation of using visual
attractants with e-tents is that the collection jar is
obscured from the inside of the e-tent until insects
enter the upper chamber. Adding color to the col-
lection fluid or jar will likely only be effective if
bees are currently entering the top of the collection
jar but then returning to the e-tent’s body. Scent
cues seem to be the more promising route as they
can be detected in environments where visual cues
are obstructed (Deisig et al. 2014).

The probability that an e-tent would successfully
capture a female bee was more affected by the
month of deployment than the scent treatment.
May had the highest probability of catching at least
one female bee—1.5-2 times greater than in June,
July, or August—indicating that low e-tent capture
probabilities reported in previous studies may be, in
part, a function of the sampling period. A similar
trend in the more widely-adopted bee sampling
techniques of bee bowls (specialized pan traps)
and aerial netting was noted in a previous study
conducted in the Midwestern USA (Grundel et al.
2011). Although it is possible that the removal of
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individuals affected the probability that an e-tent
would capture a female bee in subsequent months,
particularly in long-lived or multivoltine species, we
did not place e-tents in the exact same locations
within sites between months. Therefore, we believe
the removal of individuals had a negligible effect on
subsequent sampling periods. While the aim of the
current study was not to associate specific nesting
conditions with female bee captures, a previous
study at the same sites found that increasing soil
moisture reduced the probability of an e-tent captur-
ing a bee (Pane and Harmon-Threatt 2017), poten-
tially explaining this temporal pattern. When using
e-tents for future projects, it is important for re-
searchers to choose their study months carefully
and to sample across broader time points, if possible.
To our knowledge, this is the first study to
attempt to increase e-tent efficacy in capturing
bees present under the trap using attractive scents
in the collecting fluid. While lemongrass and
spearmint essential oils did not affect the number
of female bees captured nor the probability that an
e-tent would capture at least one female bee,
spearmint had taxon-specific effects on capture
rate. Further work is needed to identify additional
attractants, but the utility of adding attractive
scents in the study of some groups—here, spear-
mint and Halictidae—is promising. We hope that
future incorporation of essential oils or other at-
tractants will increase our ability to use e-tents to
study ground-nesting bees more effectively.

SUPPLEMENTARY INFORMATION

The online version contains supplementary
material available at https://doi.org/10.1007
/513592-020-00827-5.
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L'ajout d'huiles essentielles aux cages d’éclosion a des
effets spécifiques aux taxons sur l'efficacité du piégeage
des abeilles sauvages nichant au sol.

Halictidae / cage d’éclosion / nidification au sol / huiles
essentielles / substance attractive.

Der Zusatz von Duftolen in Schlupfzelten hat taxon-
spezifische Effekte auf die Wirksamkeit der Fallen bei
bodennistenden Wildbienen.

Halictidae / Schlupfzelte / Bodennister / Duftéle /
Lockstoffe.
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