Apidologie (2024) 55:81
© The Author(s), 2024
https://doi.ore/10.1007/s13592-024-01121-4 ®)

Check for
updates

Original article

Host-parasite interactions between Xenoglossa pruinosa
(Apidae: Eucerini) and Triepeolus remigatus (Apidae:
Epeolini) are characterized by tolerance and avoidance

Stephania SANDOVAL-ARANGO'2®, Thomas C. Baker!, and Margarita M. LopEZ-URIBE!

! Department of Entomology, The Pennsylvania State University, University Park, PA 16802, USA
2 Present Address: USDA-ARS Bee Research Laboratory, Beltsville Agricultural Research Center, Beltsville, MD 20705,
USA

Received 23 April 2024 — Revised 17 September 2024 — Accepted 20 September 2024

Abstract — In cleptoparasitic bees, host aggression and detection avoidance might be the main selective pressures
shaping host-parasite interactions. However, the behavioral responses toward parasitism are unknown for most
host species. In this study, we investigated the host-parasite interactions and behaviors of the cleptoparasitic bee
Triepeolus remigatus when parasitizing the nests of its host, the squash bee Xenoglossa (Peponapis) pruinosa.
Using circle-tube behavioral assays and direct observations at a nest aggregation of X. pruinosa, we assessed
whether interactions between host and parasite were aggressive, tolerant, or avoidant and characterized the
general parasitic behavior of T. remigatus. Our results reveal a lack of aggression between host and cuckoo bees,
with interactions primarily characterized by tolerant and avoidant behaviors. Squash bees displayed minimal
aggression toward both conspecifics and parasites. Interestingly, despite the absence of aggressive responses,
T. remigatus preferred entering nests while the host was foraging, potentially indicating a strategy to avoid the
discovery of parasitic visits. Furthermore, field observations provided insights into the parasitic behavior of 7.
remigatus, revealing primarily rapid visits to host nests without extensive inspection. The limited aggression
and short time for nest visits observed in T. remigatus suggest adaptations to optimize parasitic success while
minimizing host detection. Overall, our findings contribute to a better understanding of the behavior of open-cell
parasites and provide a first accounting of the squash bee behavior when encountering parasitic bees. Further
research is needed to elucidate the mechanisms underlying host-parasite coevolution and response to parasitism
in ground-nesting bees.

behavior / cleptoparasites / ground nesting / host avoidance / solitary bees

1. INTRODUCTION Within this category, cleptoparasitism is a spe-

cialized form of brood parasitism that targets the

Brood parasites are a functional type of natu-
ral enemy that relies on heterospecific allopa-
rental care by introducing their progeny into the
nest of another individual (Pollock et al. 2021).
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provisions stored by the host for its offspring,
which are then exploited by the parasite’s brood
(Bohart 1970; Litman 2019). In bees, cleptopara-
sitism has originated independently at least 20
times from nest-making ancestors, and nearly
2,800 species, or 14% of all bees, share this life-
history trait (Cardinal et al. 2010; Litman et al.
2013; Sless et al. 2023). Most parasitic species
are obligate and have lost the morphological
structures associated with nesting behavior and
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pollen collection and transport (Litman 2019;
Danforth et al. 2019). These bees are often called
“cuckoo bees” due to their shared behavior with
common cuckoo birds (Bohart 1970).

Cleptoparasitism is a major cause of brood
mortality for bees, accounting for about 20%
of brood loss, although this varies between host
species (Wcislo 1996). Therefore, there is strong
selective pressure on host species to protect their
nest from intruders and cleptoparasites seek-
ing to avoid detection by the host to success-
fully deposit their eggs in a nest (Litman 2019).
Parasites have evolved three main strategies to
usurp the host nest: (1) some species find nests
with closed cells, and the adult female parasite
re-opens the cell to kill the host egg/larva and
lays her egg; (2) others re-open closed cells, but
a hospicidal larva kills the host egg/larva, and
finally (3) female parasites find nests that are still
in the process of being provisioned and attack
open cells by laying an egg that develops into
a hospicidal larva (Rozen 1989; Danforth et al.
2019). Most species of brood parasitic bees are
larval open-cell parasites (Litman et al. 2013;
Sless et al. 2022, 2023). Because open-cell para-
sites attack hosts that are still actively provision-
ing their nest, it is hypothesized that they have
strategies to avoid aggressive encounters with
female hosts (Cane 1983; Litman 2019). These
strategies involve morphological (e.g., modifica-
tions in the exoskeleton, Danforth et al. 2019),
chemical (e.g., mimicry/camouflage, Polidori
et al. 2020), and/or behavioral (e.g., host nest
marking or host avoidance, Wuellner 1999; Lit-
man et al. 2013) adaptations.

Nevertheless, several aspects of the life his-
tory of cuckoo bees are unknown, including
whether host-parasitic relationships are primar-
ily aggressive (Litman 2019; Danforth et al.
2019). Although it is assumed that parasitic
females avoid the host female due to aggression
(Wuellner and Hixon 1999), observations of this
interaction are limited to a few species. In some
cases, authors have observed host bees to aggres-
sively evict parasites or chase them out of their
nest (Thorp 1969; Batra 1978; Cane 1983; Tor-
chio 1989; Sick et al. 1994). In other cases, no
signs of aggression or guarding behavior were
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observed (Rust and Thorp 1973; Teng6 and
Bergstrom 1977; Wuellner and Hixon 1999).
This response varies within genera and even
between individuals of the same species when
encountering different parasitic species (Rust
and Thorp 1973; Batra 1978; Torchio 1989;
Sick et al. 1994). If aggression is not found in
these interactions, then it is typically assumed
that parasites use a chemical strategy to con-
ceal their presence, for example, to chemically
mimic the odor of the host so that the intruder is
not recognized (Polidori et al. 2020). However,
chemical strategies have not been confirmed for
most host-parasite pairs (Danforth et al. 2019),
and in some cases, behavioral strategies, rather
than chemical, seem to take center stage (Sick
et al. 1994; Maggioni et al. 2023).

Disentangling how hosts and parasites inter-
act, and placing these behaviors within the gen-
eral context of strategies employed by parasitic
bees to usurp a nest is key to understanding how
brood parasitic lineages may have evolved from
nest-building ancestors. Additionally, these inter-
actions may reveal how similar selective pres-
sures drive evolutionary transitions between one
strategy to another and what drives convergence
between distantly related lineages (Litman 2019).
Similarly, because parasites play an important
role in controlling and stabilizing host popula-
tions (Huyse et al. 2005; Greischar and Lively
2011), investigating host-parasite dynamics can
enhance our understanding of host persistence
over time and the health of host populations
(Sheffield et al. 2013; Morelli et al. 2017). Since
the hosts of cleptoparasitic bees are pollinators,
understanding the trade-off of parasitic strategies
and host responses to parasitism can improve our
understanding of how and why pollinator popu-
lations fluctuate through time.

Here, we investigate the parasitic behavior of
an open-cell cleptoparasite Triepeolus remigatus
(Fabricius) (Apidae: Epeolini) and the interac-
tions with its host, the squash bee Xenoglossa
(Peponapis) pruinosa (Say) (Apidae: Eucerini).
Xenoglossa pruinosa is a specialist pollinator
of Cucurbita (squashes, gourds, and pumpkins)
that has recently expanded its range following
the domestication of its host plant from Mexico
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and southwestern North America into the tem-
perate regions of North America (L6pez-Uribe
et al. 2016; Pope et al. 2023). Squash bees are
solitary but often nest in aggregations near their
host plant where populations of the parasite 7.
remigatus can also be found (Rightmyer 2008).
Whether the interactions between hosts and
parasites are aggressive or the parasite uses a
strategy to avoid aggression by the host has not
been investigated. We use circle-tube behavioral
assays and direct observations at a nest aggrega-
tion of X. pruinosa to investigate whether inter-
actions between host and parasite are aggressive
and to characterize the parasitic behavior of T.
remigatus. We also observe host-host interac-
tions to test whether the reaction is specific to
parasites or a generalized behavior against nest
intruders. If the interactions are non-aggressive,
it suggests that the parasites employ behavioral
or chemical strategies to avoid aggression or
the host bee is tolerant to the presence of the
parasite.

2. MATERIALS AND METHODS
2.1. Study site

This study was conducted on a privately
owned farm in Loganton, Pennsylvania, United
States (41.036, — 77.276) during July—August of
2020 and 2021. The observations took place in
a nest aggregation of the squash bee X. pruinosa
located near Cucurbita crops such as pumpkin
and squash, which are a pollen source for squash
bees. The farm also cultivated other crops such
as watermelon, radish, and tobacco and was sur-
rounded by trees and wildflowers that served as
nectar sources for the bees. Squash bees typically
nested in bare soil next to the cucurbit crops or in
soil with short legume cover crops, which facili-
tated the observation of host-parasite interac-
tions at this site. All the observations and assays
were conducted during the nesting peak of X.
pruinosa, which typically lasts about two weeks
from late July to early August. The parasitic bee
T. remigatus was conspicuous at this nest aggre-
gation for the duration of the study. Males and
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females typically emerged from the same nest
aggregation as their host before the new gen-
eration of squash bees emerged and started nest
construction. Other bee species nested near the
squash bee aggregation including some species
of Lasioglossum, while Bombus spp. and Apis
mellifera collected pollen and nectar from the
same cucurbit crops.

2.2. Behavioral assays and field
observations

To investigate whether there is aggression
in the host-parasite interactions of X. pruinosa
and T. remigatus, we studied their behavior
using two methods. First, we performed circle-
tube assays following the protocols by Pabalan
et al. (2000) and Polidori et al. (2020) to test
if the host bee reacts aggressively and differ-
ently with the cuckoo bee or a conspecific in a
controlled environment (Figure 1a and b). Cir-
cle tubes are a standardized behavioral assay
to compare levels of aggression in bees (Breed
et al. 1978; Pabalan et al. 2000; Packer 2006;
Smith et al. 2019; Polidori et al. 2020). We col-
lected females of both species and set staged
dyadic encounters in a circle-tube apparatus
that consisted of a 50-cm-long clear sterile
plastic tube of 3/8-inch inner diameter used to
form the circle, and a 5-cm-long plastic tube
of 5/8-inch inner diameter used to connect the
two ends of the circle (Figure 1a). We collected
females of the host bee while they were visit-
ing the cucurbit flowers or while exiting their
nests by placing overturned falcon tubes over
the entrance. We netted cuckoo bees while they
were flying near the host nest using an ento-
mological net. The bees were briefly chilled
in ice to facilitate placement in the circle-tube
arena, with the second bee placed inside the
tube 2 min after the first one was introduced.
In interspecific trials, the cuckoo bee entered
the circle tube first to simulate a situation
where a squash bee returned to its nest to find
an intruder. Each trial was recorded using a
tripod-mounted camera for 15 min, a period
that has been confirmed to detect aggressive
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Figure 1 Set-up for circle-tube assays and field observations of interactions between X. pruinosa and T. remigatus. a
Example of circle-tube assay between X. pruinosa and T. remigatus. b T. remigatus performing the “follow” behavior
after X. pruinosa. ¢ Field camera recording a nest entrance of X. pruinosa delimited by an orange tag. d X. pruinosa
female with a blue mark in the mesosoma, standing next to her nest entrance

behavioral interactions in bees when they occur ~ foraging period of the squash bees. A total of
(Pabalan et al. 2000). All the behavioral assays 32 trials were performed, 16 each for conspe-
were performed at the nesting site between cific and interspecific trials.

0630 and 1000 h local time during the peak
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Second, we recorded videos at nest entrances
of X. pruinosa and performed direct observa-
tions of the nesting site to investigate whether
host and cuckoo bees behave differently in the
nest environment versus the controlled environ-
ment of a circle-tube. The direct observations
were used in combination with the videos to
identify the main steps in the nest approach-
ing and departure behavior of 7. remigatus and
identify any potential strategies that this para-
site uses to avoid aggressive encounters with
the squash bees. The videos were recorded
at five nest entrances using T45 digital trail
cameras (CamPark) with a 58-mm close-up
macro lens attached (Vivitar) from approxi-
mately 0630 to 1000 h, for 1 week in 2020
and 2 weeks in 2021 (Figure 1c). The direct
observations were performed for 10 min at each
nest entrance every hour from 0700 to 1000 h,
and any interactions were recorded in a field
notebook. Because there can be multiple bees
nesting next to each other, we marked all the
individual bees that we could recognize at the
aggregation with water-based Sharpie markers
(Figure 1d).
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2.3. Video scoring

For the circle-tube assays, we used modified
behavioral categories from Pabalan et al. (2000)
and Polidori et al. (2020) to score the behav-
ior of both species in the videos (Table I). The
main categories of behaviors included aggres-
sive, tolerant/cooperative, and avoidant/with-
drawal behaviors, and comprised 10 different
behaviors. Different from Pabalan et al. (2000),
we consider the “push” behavior as a tolerant/
cooperative interaction because it was always
exhibited as a response to the other bee not mov-
ing through the tube and not as aggression. For
the field videos, we developed an ethogram to
measure the frequency and duration of behaviors
performed by X. pruinosa and T. remigatus at
the nest aggregation (Table II) using categories
based on Cane (1983) and Wuellner and Hixon
(1999). We also scored the interactions between
host and cuckoo bees when they occurred in
the videos and whether they exhibited any of
the aggressive, tolerant, or avoidant categories
scored from the circle-tube assays (Table I), as
well as whether a squash bee was present or not

Table I Ethogram of behaviors scored from circle-tube assays of X. pruinosa and T. remigatus

Behavioral category Behaviors Definition

Aggressive C-posture

A bee curls her abdomen under the thorax with the body forming a

c-shape, sting points at the other bee

Bite

A bee closes her mandibles around a body part of the other bee. This is

brief and not sustained for a continued period

Mandibular hold

The mandibles of one bee appear clamped around the neck of the other

bee for a continued period

Leg kick

Push
Pass

Tolerant/cooperative

direction
Follow
Stop in contact

A bee rapidly kicks the other bee with her leg while the other bee is
approaching

A bee pushes another with the end of its head or abdomen
Bees encounter each other and accommodate to pass in the opposite

A bee follows the other bee while they walk in the tube
A bee completely stops movement when encountering the other bee

Avoidant/withdrawal Back/reverse walking A bee walks backward when encountering the other bee

Withdrawal

A bee makes a 180° turn away from the other bee and walks forward

in the opposite direction

Modified from Pabalan et al. (2000) and Polidori et al. (2020)
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Table II Ethogram of behaviors scored from field videos to characterize the nest approaching and departure

behavior of 7. remigatus

Behaviors Definition

Flyby A bee flies past the nest aggregation, often times slowly and performing a zig-zag move-
ment

Hover A bee flaps her wings continuously at a nest entrance without landing

Land A bee touches the soil in or around the nest aggregation with her six legs

Inspect A bee antennates at the nest entrance or introduces her head briefly into the entrance
without introducing the rest of her body

Perch A bee sits in nearby soil or vegetation while facing a nest entrance that was just inspected

Enter A bee enters completely the host nest

Exit A bee exits completely the host nest

Pre-departure grooming
host nest entrance

Depart
Post-departure grooming

A bee uses her legs to groom her head, antennae, wings, or metasoma while sitting at the

A bee leaves the area of the host nest that was visited
A bee uses her legs to groom her head, antennae, wings, or metasoma while sitting in an

area away from the host nest entrance

Soil-shuffling

A bee rubs her tarsi on the substrate and moves the soil

Modified from Cane (1983) and Wuellner and Hixon (1999)

at the aggregation while cuckoo bees were active
near the nest entrances.

2.4. Statistical analyses

All the observations and interactions recorded
in this study were for female X. pruinosa and
T. remigatus. For the circle-tube assays, the
data was not normally distributed; therefore,
we used a Kruskal-Wallis test to look for dif-
ferences between the number of interactions in
each behavioral category observed in intra- and
interspecific assays. For this, we combined the
total number of interactions observed in each
behavioral category, as some behaviors were
infrequent. This test was followed by a Dunn’s
post hoc pairwise comparison test using a Bon-
ferroni correction for multiple comparisons.

From the field video dataset, we aimed to inves-
tigate whether cuckoo bees enter empty or occu-
pied nests. Additionally, we attempted to observe
if there was a difference in interactions with squash
bees at the nest entrance in both cases. However,
we were unable to observe enough interactions
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between the two species, and cuckoo bees mostly
entered empty nests. Instead, we calculated the
relationship between squash bee foraging times
and the number of parasites that visit the nest while
the host is foraging using a linear regression. For
this, we averaged the duration of foraging for each
bee that performed more than one foraging trip or
nest visit and compared only to the parasites that
visited those specific nests. Because the parasite
visits were not parametric and had a zero-skewed
distribution, we used a square root transformation.
All the analyses and visualization were performed
in R v4.2.2 (R Core Team 2024) using the packages
FSA (Ogle et al. 2023), ggplot2 (Wickham 2016),
and Tidyverse (Wickham et al. 2019).

3. RESULTS
3.1. General observations

Squash bees at the nest aggregation were
active between mid-July and late August in
both 2020 and 2021. Identification of the total
number of nests was challenging as new nests
appeared throughout the season at the same time
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that females closed finished nests. Cuckoo bee
activity varied by sex, with males emerging in
mass earlier in the season between the 13th and
20th of July and females emerging in late July.
After female emergence, parasitic males lived for
another 1-2 weeks and mated. Female 7. remiga-
tus were observed searching for host nests mainly
between the last week of July and the first week
of August in both years, with a peak in activity
between July 25th and August Sth. During the day,
female X. pruinosa were active before we started
recording at 0630 h local time, and contrary to
this, male and female 7. remigatus were frequently
spotted sleeping in vegetation near the squash bee
aggregation and were more active as the day got
warmer, after 0730 h, with a peak activity period
between 0800 and 0900 h local time. Additionally,
female cuckoo bees were observed emerging from
abandoned squash bee nests.

Intraspecific interactions between squash
bees were tolerant at the nest aggregation and
the cucurbit flowers. We observed that in some
cases, squash bees make mistakes at recogniz-
ing their nests, and sometimes, the nest owner
would kick the intruder with its legs, but we did
not observe bees displaying aggressive behaviors
such as stinging, biting, C-posture, or mandibu-
lar hold. Similarly, squash bees did not seem to
acknowledge the presence of cuckoo bees near the
aggregation or outside the nests as squash bees
continued to fly in and out of their nests without
performing guarding behaviors at the entrance or
inspecting other bees. Additionally, several indi-
viduals of T. remigatus were observed nectaring
in the same cucurbit flowers as the squash bees.
Both X. pruinosa and T. remigatus were observed
nectaring from the same wildflowers located near
the aggregation, without displaying aggressive
behaviors or reacting to each other’s presence in
arecognizable way. We did not observe squash or
cuckoo bees antennating each other.

3.2. Circle-tube assays and aggressiveness
of host-parasite interactions

Behavioral interactions in the circle-tube
assays were analyzed for each behavioral

Page 70f 17 81

category (aggressive/tolerant/avoidant) instead
of each behavior individually because counts for
some behaviors contained many zeros. Addition-
ally, some behaviors were unique to one species
and not performed by the other species during the
assays. Xenoglossa pruinosa was the only spe-
cies to perform the “leg kick” behavior in both
intra- and interspecific assays, while 7. remigatus
was the only one to perform the “push” behav-
ior in interspecific assays. The “C-posture” and
“mandibular hold” behaviors were excluded from
analyses because the bees did not perform these
behaviors during the experiments (Table S1).
Overall, we recorded 576 interactions.
Aggressive interactions accounted for 2%
(n=12) of the total number of behaviors per-
formed, with 67% of the aggressive behaviors
performed by X. pruinosa toward T. remigatus,
represented mostly by leg kicks (n=7). How-
ever, we did not find significant differences
between intraspecific or interspecific interactions
(X*=3.971, p=0.137, Figure 2a). Tolerant inter-
actions were the most common and represented
65% of the total number of behaviors, with 63%
of these being executed by 7. remigatus toward
X. pruinosa. We found significant differences
in this category (X*>=50.278, p <0.0001, Fig-
ure 2b), which were explained by differences in
the number of interactions performed by 7. remig-
atus toward X. pruinosa and not by how X. prui-
nosa interacted with 7. remigatus or conspecifics
(Dunn’s p-adjusted < 0.0001 for differences in the
number of interactions performed by 7. remigatus
in interspecific assays compared to the number of
interactions performed by X. pruinosa in conspe-
cific and interspecific assays). The most common
behavior was “pass” (n=109), followed by “stop
on contact” (n=45), and “push” (n=44). Finally,
avoidant interactions accounted for 33% of the
observed behaviors and were most exhibited by
T. remigatus (62%). Significant differences in
this category (X*>=16.860, p <0.001, Figure 2c)
were driven by the higher number of interac-
tions performed by 7. remigatus in interspecific
trials, compared to the number of interactions
performed by squash bees in conspecific trials
(Dunn’s p-adjusted < 0.0001). The most common
avoidant behavior was “withdrawal” (n=102).
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3.3. Field videos and parasitic behavior of
T. remigatus

The field cameras recorded a total of 182 h of
video at the squash bee nest aggregation. Record-
ing was not possible on several days throughout
the season due to weather conditions, and on sev-
eral occasions, squash bees were observed enter-
ing or leaving a nest a couple of times but were
not observed anymore for the rest of the videos/
season. Therefore, the number of squash bees
included in analyses is smaller than the number of
bees observed at the aggregation. We observed a
total of 58 T. remigatus interacting with the squash
bee nests (Table III, Table S3), but interactions
between squash and cuckoo bees were minimal.
Only on three occasions, we observed squash
bees returning to their nests while 7. remigatus
individuals were sitting near the nest entrance.
The squash bees did not react to the presence of
the parasite and entered their nest normally. We
observed cuckoo bees interacting with occupied
nests six times, and on five of those occasions, the
cuckoo bee completely entered the nest, while only
once the bee departed after inspecting the entrance.
Observations inside the nest aggregation were
not possible, but we confirmed that 7. remigatus
departed the nests unharmed on all six occasions,
and we did not observe the squash bees inspecting
the entrance or outside the nest aggregation after-
ward. On 31 occasions, we observed cuckoo bees
interacting with squash bee nests when the host
was not present, either by inspecting or entering
the nest (Figure 4). Finally, on 21 occasions, we
could not determine whether the squash bee was
present in the nest as we did not observe the host
bee before or after cuckoo bees entered the nest.

Table III Frequency and average of the duration
in seconds (Mean+standard deviation) of foraging
trips and nest visits of X. pruinosa and T. remigatus
between 0630 and 1000 h

Species n Frequency (%)  Duration (Secs)
Foraging Nest Foraging Nest
visit visit
X. pruinosa 21 76 95 960+643 316+492
T. remigatus 58 - 64 - 64x73
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The number of squash bees nesting at the
aggregation was larger than the number of bees
that we initially recognized and marked. Some-
times, it was impossible to determine how many
entrances were at an aggregation using the vid-
eos. Therefore, we examined data only for the
21 squash bees that we were able to confidently
track in the videos (Table III, Table S2). Based
on whether bees returned with pollen after leav-
ing their nest, we were able to estimate squash
bee foraging times, as well as the time they spent
inside their nest compared to the amount of time
that cuckoo bees spent visiting the same nests
(Table III, Figure 3, Table S2-S3). Only 16 of the
21 X. pruinosa were actively foraging, and the
duration of their trips was highly variable and in
general longer than the duration of their or the
cuckoo bees nest visits (Figure 3a, Table S2). For
those 16 squash bees, we quantified the number
of parasite visits and found a significant positive
association between the duration of X. pruinosa
foraging trips and the number of 7. remigatus vis-
its (Figure 3b, R>=0.504, p=0.002).

We characterized the nest approaching and
departure behavior of 7. remigatus to identify
any potential strategies that this parasite might
use to avoid aggression from X. pruinosa (Fig-
ure 4, Table S4). Triepeolus remigatus located
host nests primarily by visually searching for
entrance holes as we observed bees flying
slowly in zigzags while skimming the soil.
Transitions between behaviors are mostly linear
as suggested by the frequencies of each behav-
ior as well as the frequencies of transitions
between different behaviors, and entering a host
nest requires at least 3—4 preceding behaviors
to occur. Most cuckoo bees entered the squash
bee nests after landing at the entrance (64%),
while some bees inspected the entrance (21%)
before deciding to enter (8%) or depart (92%).
Forty-three percent of the cuckoo bees that
visited a nest exhibited pre-departure groom-
ing behavior at the nest entrance, while only a
small number of individuals (3%) performed
post-departure grooming in an area away from
the nest entrance. The soil shuffling behavior
was only observed once (2%), and we never
observed the perch behavior.
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Figure 3 a Boxplots for the duration in seconds of foraging trips (n=16) and nest visits or time spent in nest
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Figure 4 Behavioral components of the approaching and departure behavior of T. remigatus. The arrows show the
direction of transitions between different behaviors. Numbers in black next to the behavior indicate the frequency (%)
in which this behavior was observed for the total number of individuals (n=58). Percentages in gray next to the con-
necting arrows indicate the frequency of transition from one behavior to another considering only the number of bees
that performed that specific behavior. Illustrations by Nina Sokolov (https://ninasokolovart.weebly.com/)

4. DISCUSSION

Coevolutionary dynamics are theoretically
common in host-parasite pairs, where the cost
caused by parasitism selects hosts that can
defend themselves against attacks by parasites
while host defenses select parasite counterstrat-
egies (Rothstein 2002; Criscione et al. 2005;

Kilner and Langmore 2011; Castillo et al. 2022).
In cleptoparasitic lineages, avoiding detection by
the host is thought to be one of the main sources
of selective pressure, since most parasites stud-
ied to date have strategies to avoid aggressive
encounters with their hosts (Litman et al. 2013).
Nevertheless, for most host-parasitic pairs, it is
unknown whether aggression occurs in the first

INRAZ €©YDIB £ Springer


https://ninasokolovart.weebly.com/

81 Page 12 of 17

place and what constitutes a strategy to escape
host detection, increasing the probability of sur-
vival of the parasitic offspring (Litman 2019).
Here, we investigated the interactions between
the squash bee X. pruinosa and its brood parasite
T. remigatus. Overall, our results show a lack of
aggression of X. pruinosa toward both conspe-
cifics and parasites and a prevalence of tolerant
behaviors in both host and parasite species.

The lack of aggression between conspecif-
ics of X. pruinosa was previously observed by
Mathewson (1968) in Rhode Island and Hurd
et al. (1974) in California (USA). In both studies,
authors observed low intraspecific competition
between females that would often interfere with
one another and try to usurp each other’s nests.
When bees tried to enter nests that belonged to
other females, they would leave quickly or the
nest owner would evict them, without any signs
of aggression. Cernd et al. (2013) observed simi-
lar dynamics in nest aggregations of Andrena,
Anthophora, Colletes, and Osmia, where there
was frequent re-use of conspecific nests that
resulted in contact between solitary females,
but low levels of conflict in what they called
“neighborhood societies.” Low aggressiveness
or tolerance in nest aggregations has been pre-
dicted to be a response to the cost of long-term
protection against conspecific cleptoparasitism,
where encountering other females is common,
and defending a nest might cost time that could
be used in foraging and nest construction (Broom
et al. 2004; Cernd et al. 2013).

The neighborhood dynamics in squash bees
might explain the lack of aggression toward
the cleptoparasite 7. remigatus. We found that
interactions between squash and cuckoo bees
are mostly tolerant or avoidant, and the minimal
aggression observed was limited to leg kicks and
one bite. This tolerance might be exacerbated by
the already tolerant interactions with conspecif-
ics in the nest aggregation. The non-aggressive-
ness in the behavior of host and cuckoo bees has
been observed for other species of Triepeolus and
their hosts (Clement 1984; Wuellner and Hixon
1999) as well as other genera of cleptoparasites
(Rust and Thorp 1973; Teng6 and Bergstrom
1977; Gardfalo and Rozen 2001; Maggioni et al.
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2023). In all these cases, host bees did not react
to the parasite’s presence near the aggregation,
and most cleptoparasites were observed perching
near the nest and waiting for the host to leave
before entering. This perching behavior was not
observed in the present study, and it is unclear
whether T. remigatus might be able to learn the
location of the squash bee nest and return when
the nest is empty as it has been suggested for
other species within the same subfamily (Apidae:
Nomadinae) (Cane 1983; Clement 1984; Wcislo
1996). We observed T. remigatus grooming at the
entrance after 43% of nest visits, which might
indicate the marking of nests that have been
parasitized, as hypothesized by previous authors
(Wuellner and Hixon 1999).

Several authors have suggested that non-
aggressive interactions might indicate the use
of a chemical strategy by the parasite (Litman
2019). These include chemical mimicry, camou-
flage, and chemical insignificance (Polidori et al.
2020). Cuckoo bees in the genus Nomada are
assumed to use chemical mimicry to enter nests
of their Andrena hosts as encounters between the
two species are not aggressive, and similar chem-
ical profiles have been found in the Dufour’s
gland of Andrena and the mandibular gland of
Nomada (Teng6 and Bergstrom 1977). Differ-
ently, Stelis cuckoo bees can visually recognize
cavities with nests of other megachilids, primar-
ily Osmia, and use chemical camouflage to avoid
host aggression by chewing the margins of leaves
of the host plant and spreading the droplet of
liquid across their body (Torchio 1989). Stelis
bees were also seen entering the nests, removing
large bites of pollen/nectar resources from the
provisions, and spreading the material on their
bodies (Torchio 1989). Finally, some species of
Sphecodes use chemical insignificance to enter
nests of Lasioglossum. Sphecodes bees can eas-
ily kill guards and foragers of Lasioglossum spp.
when entering their nests (Sick et al. 1994) and
exhibit a very simple profile of cuticular hydro-
carbons, lacking most chemicals present in the
host cuticle (Polidori et al. 2020).

In other cases, no chemical integration has
been found in the parasites (Sick et al. 1994;
Maggioni et al. 2023), even though the host bees
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did not react to parasites approaching their nests
and did not perform any distinctive behaviors
when returning to cells visited by parasites. In
the present study, we did not examine the chemi-
cal profiles of squash and cuckoo bees, but it is
possible that 7. remigatus uses a chemical strat-
egy as it has been found in Nomada, Stelis, or
Sphecodes. On the other hand, it is equally possi-
ble for chemical integration not to be part of the
strategies employed by this parasite. Therefore,
the chemical ecology of host-parasite interac-
tions in this system requires further investigation.

We observed that cuckoo bees preferred enter-
ing nests while the host was foraging, and that
longer foraging times resulted in more parasitic
visits. This might indicate that parasites prefer to
not encounter the host even though host-parasite
interactions were not aggressive in our experi-
ments. Squash bees spent an average of 960 s (or
16 min) foraging and 316 s (or 5.3 min) inside
their nests, which is similar to observations by
Hurd et al. (1974) in California where foraging
times were on average 8.8—13.3 min and time
inside nests were 7.6-9.2 min. In contrast, 7.
remigatus spent an average of 64 s (or~ 1 min)
visiting a host nest, which is faster than estimates
for Triepeolus eldredi (7-20 min, Clement 1984)
or Triepeolus distinctus (average of 2.75 min,
Whuellner & Hixon 1999). In most cases, T.
remigatus entered the host nest within 1 s of
landing at the entrance and without extensive
inspection, different from other cleptoparasites
that exhibit a “sneak-thief” behavior where bees
enter a host nest in a slow and measured man-
ner (Eickwork and Abrams 1980). The speed of
parasitic visits might indicate that squash bees
that nest closer to their host plants have lower
rates of parasitism, assuming that foraging trips
would be shorter. Likewise, for populations of
X. pruinosa that forage on wild Cucurbita spe-
cies in part of their range (Hurd et al. 1971),
instead of commercial crops, the availability of
unfragmented habitats with abundant pollen and
nesting resources might be important in reducing
parasitism.

Litman et al. (2013) hypothesized that clep-
toparasites likely exist at relatively low numbers
to maintain density-dependent host-parasite
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equilibrium. However, considering the lack of
aggression by X. pruinosa, the prevalence of T.
remigatus at the nest aggregation, and the speed
of the parasite visits compared to host foraging
and nest visit times, it is difficult to understand
how host populations persist through time. Mag-
gioni et al. (2023) suggested that Megachile pari-
etina might actively search and destroy parasitic
eggs of Stelis nasuta and Coelioxys aurolimbata
as a defense mechanism, and it is possible that X.
pruinosa uses this strategy to reduce the impact
of parasitism. There are currently no methods
to successfully rear squash bees in laboratory
conditions that would allow the observation of
intranidal behavior, and therefore, it is not possi-
ble to confirm whether egg recognition is part of
the defensive behavior of X. pruinosa. However,
egg recognition is a fundamental strategy against
parasitism in birds (Rothstein 1982; Lyon 2003)
and might be an important strategy in bees that
requires further examination.

Finally, the lack of aggression in squash
bees could be a signature of a recent evolu-
tionary association between X. pruinosa and T.
remigatus. Considering that the ancestral host
of Triepeolus is hypothesized to be an eucerine
(Bohart 1970), it is possible that T. remigatus
was a parasite of a different Eucerine and then
switched hosts. At least 25 species of Triepeolus
for which host records are known are parasites of
Eucerine bees, most species parasitizing Melis-
sodes, a genus of typically generalist pollina-
tors of several plant species (Rightmyer 2008).
Therefore, as squash bees diversified following
the domestication of Cucurbita plants and occu-
pied eastern North America in recent evolution-
ary times (Lopez-Uribe et al. 2016; Pope et al.
2023), T. remigatus might have switched from a
more generalized pattern of parasitism to attack
exclusively squash bees. Host switches are com-
mon in Sphecodes (Habermannova et al. 2013)
and have been suggested as a primary mode of
speciation in other brood parasitic lineages (de
Vienne et al. 2013), for example, in Triepeolus’s
sister genus, Epeolus (Onuferko et al. 2019).

Triepeolus remigatus is a parasite of at least
another species of squash bee, Xenoglossa
strenua (Bohart 1966), with records mentioning
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Dieunomia and Centris as possible hosts,
although these associations have not been con-
firmed (Rightmyer 2008). Switching to parasitize
species with specialized pollen-collecting strat-
egies might be an advantage against competi-
tion with other cleptoparasites and might lead
to host specialization. This might also represent
an advantage for the squash bees if they become
inaccessible to other parasites unable to consume
this specific type of pollen (Danforth et al. 2019).
Therefore, a recent association between the two
species and the initial advantage of decreasing
competition might explain a lack of defenses
by the squash bees. However, adaptations for
using feeding resources from cucurbits might
make it harder for 7. remigatus to switch to other
host groups with different nesting behaviors
(Lim et al. 2022), and as the parasitic pressure
increases, host bees might evolve strategies to
counterattack parasitism. Future studies inves-
tigating the phylogeny and ancestral host asso-
ciations of Triepeolus will help clarify whether
T. remigatus and closely related species have a
correspondent association with closely related
Xenoglossa that are pollen specialists, and whose
ancestors are predicted to be oligolectic (Dorchin
et al. 2021). Furthermore, our research highlights
the need for a better understanding of how the
evolution of nest aggregations and resource spe-
cialization have mediated host-parasitic asso-
ciations in bees and the evolution of specialized
cleptoparasitism.
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