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Most megadiverse clades of insects are herbivores, but several large radiations consist almost entirely of preda-
tors. Their species numbers make comprehensive direct observations of predator-prey interactions difficult to
obtain. Citizen science approaches are increasingly utilized to harvest ecological data for organisms including in-
sects. We use crowdsourced images documenting predator-prey interactions of assassin bugs (Hemiptera:
Reduviidae), a speciose clade of predatory insects, to (1) determine the breakdown of assembled online images
by geographic region and reduviid subfamily; (2) evaluate if the accumulated images provide new insights into
prey diversity; and (3) assess evidence for taxa that feed on pest species, pollinators, and engage in intraguild
predation. Photographs were assembled (n= 832) and resulted in an image database that included representa-
tives of 11 subfamilies; most records belonged to diurnal Harpactorinae and Phymatinae, but some subfamilies
with poorly understood prey diversity were also documented. Taxa with substantial image representation of
prey (21–242 predation events) showed significant overlap with prey reported in the literature. A high percent-
age of images for ApiomerusHahn and Phymata Latreille documented predation events on native and non-native
bees; percentages varied widely among species of Zelus Fabricius. Arilus cristatus (Linnaeus) was documented to
prey on several pest species, with little evidence for pollinator predation. Potential effects of these natural ene-
mies on pollinators and intraguild predators should be further investigated, providing important insights into
mechanisms influencing community structure and ecosystems processes.

© 2019 Elsevier Inc. All rights reserved.
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Insects are megadiverse and ubiquitous in terrestrial ecosystems
(Stork et al., 2015). They engage in diverse feeding strategies including
herbivory, carnivory, parasitism, and parasitoidism, and serve diverse
roles including as plant pests, disease vectors, beneficial biological con-
trol agents, and pollinators (DeBach and Rosen, 1991; Vanbergen et al.,
2013; Mayer et al., 2017). Although the majority of insect species are
herbivores (Mitter et al., 1988), several radiations have given rise to
speciose clades of parasitoids and predators (Wiegmann et al., 1993;
Maddison et al., 2009). Given their overwhelming species richness,
small body size, and often cryptic habits,much remains to be discovered
about inter-specific interactions.While a large body of literature focuses
on pests of agricultural crops and specialist parasitoid species that may
be used to control them (Stiling and Cornelissen, 2005; Heraty, 2009;
Derocles et al., 2016), generalist predatory insects are recognized as im-
portant natural enemies, but are less intensively studied (Bosco et al.,
2008; Tan et al., 2016; Batista et al., 2017). Predatory insects that feed
on many prey species may have limitations for biological control appli-
cations because of prey-switching, weak interaction strengths, and
intraguild predation (Symondson et al., 2002). Certain generalist
auch).
natural enemy taxa have been studied in field and lab settings, both to
evaluate their effectiveness as natural enemies and their impact on
other beneficial insects (Shackelford et al., 2013; Bray and Nieh, 2014;
Frago, 2016; Katsanis et al., 2017), and some are now utilized as biocon-
trol agents (de Oliveira et al., 2016; Gomez-Polo et al., 2016; Riddick,
2017). However, prey diversity for most predatory insect species is un-
known, among them species belonging to some of themost diverse lin-
eages of terrestrial predators, e.g., carabid beetles (N40,000 spp.; Lovei
and Sunderland, 1996), asilid flies (N8000 spp.; Dikow, 2009), and as-
sassin bugs (~7000 spp.; Maldonado, 1990; Weirauch et al., 2014).
This lack of natural history data impedes our understanding of
predator-prey communities in natural and agricultural systems.

Field observations, predator exclusion experiments, prey bait trials,
molecular analyses of gut contents, stable isotope techniques, and anal-
ysis of fatty acids – all have started to accelerate the collection of
predator-prey interaction data in arthropod systems (Birkhofer et al.,
2017). Although the onset of molecular diagnostics has revolutionized
the study of trophic interactions (Symondson and Harwood, 2014)
and is increasingly applied to predator-prey networks in insects
(Lundgren and Fergen, 2014; Rondoni et al., 2015; Unruh et al., 2016;
Masonick et al., 2019), live observations or video surveillance
(Grieshop et al., 2012; Chisholm et al., 2014; Zou et al., 2017) in the
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field remain important. However, their quantitative study is limited to
systems where observation does not disrupt predatory behaviors and
that allow for sight identification of predators and prey (Sunderland,
1988). Many direct observation studies, therefore, are confined to par-
ticular prey or predator species (Choate and Lundgren, 2015; Michalek
et al., 2017).

A number of recent initiatives have promoted crowdsourcing of na-
ture observations, e.g., iSpot Nature https://www.ispotnature.org/ or
iNaturalist https://www.inaturalist.org/. In addition to raising interest
in the natural world, these platforms also provide data for ecological in-
vestigations (Silvertown et al., 2015). The potential, and limitations, of
citizen science-generated data have been discussed in the context of
conservation issues. Studies have largely focused on vertebrates and
plants (Swanson et al., 2016; Turnhout et al., 2016; Ellwood et al.,
2017), while projects involving insects have been devoted primarily to
butterflies (Howard and Davis, 2009; Schmeller et al., 2009). We pro-
pose that crowdsourced, expert-curated, photographs can be valuable
for generating natural history data on predator-prey interactions in cer-
tain groups of predatory insectswith poorly documented ecologies. This
type of data is likelymost readily available for predatory arthropods that
are large-bodied, charismatic due to their morphology, coloration, or
behavior, and found in habitats easily accessed by humans. We pose
that assassin bugs (Insecta: Hemiptera: Reduviidae) are one of these
groups of predatory arthropods and here examine the potential, and
limitations, of crowdsourced predatory-prey interaction data for this
species-rich taxon.

Reduviidae are a diverse family of true bugs (Hemiptera:
Heteroptera), with 24 subfamilies and about 7000 described species
(Maldonado, 1990; Weirauch et al., 2014; Forthman and Weirauch,
2017). Certain lineages of reduviids are stenophagous, including the ter-
mite specialist Salyavatinae (McMahan, 1982; Gordon and Weirauch,
2016), millipede assassin bugs in the subfamily Ectrichodiinae
(Haridass, 1985; Forthman and Weirauch, 2012), ant-luring
Holoptilinae (Weirauch and Cassis, 2006), or vertebrate blood-feeding
Triatominae (Lent andWygodzinsky, 1979).Whilemost of the evidence
for the stenophagous feeding habits in these groups is derived from
sparse direct observations (Jacobson, 1911; McMahan, 1983), recent
studies have started to embrace molecular diagnostics for Salyavatinae,
Triatominae, and Phymatinae (Gordon and Weirauch, 2016; Georgieva
et al., 2017; Masonick et al., 2019), and have crowdsourced online im-
ages for Ectrichodiinae and Salyavatinae (Forthman and Weirauch,
2012; Gordon and Weirauch, 2016). The largely diurnal and
vegetation-associated Harpactorinae and Phymatinae are thought to
be generalist predators of flower- and vegetation-associated insects
(Readio, 1927; Haviland, 1931; Balduf, 1939; Balduf, 1964), consistent
with a recent gut metabarcoding study of one Phymatinae species
(Masonick et al., 2019). Although prey ranges for the majority of assas-
sin bug species are unknown, several species of Harpactorinae have
been investigated as potential natural enemies of insect pest species.
Among these are Pristhesancus plagipennis Walker that was imple-
mented in integrated pest management approaches in Australia
(Grundy and Maelzer, 2003; Grundy, 2007), Cosmolestes picticeps
(Stål) that has potential for the control of bagworms in oil palm planta-
tions (Jamian et al., 2017), and Zelus longipes (Linné) that could assist in
controlling picture-winged flies in corn fields (Kalsi et al., 2014), among
other species. Although potentially beneficial as natural enemies, the
possible impacts on pollinators (Marques et al., 2003), and their ten-
dency for intraguild predation (Rosenheim et al., 1993; Cisneros and
Rosenheim, 1997), have only been experimentally investigated for few
species of Harpactorinae. Feeding habits for other assassin bug lineages
are virtually unknown, e.g., for the primarily nocturnal Stenopodainae
or the bark-associated Hammacerinae (Readio, 1927). Overall, prey di-
versity for Reduviidae species is poorly documented.

We here use image crowdsourcing to investigate if online citizen
scientist-contributed data can be used to gain a better understanding
of prey diversity in assassin bugs. Specifically, we set out to determine
the representation of different assassin bug families in our assembled
image database; the geographic origin of images; evaluate if this
image database provides new insights into prey diversity; and assess
evidence for these taxa to feed on pest species or beneficial insects or
to engage in intraguild predation.

A database of images documenting interactions of Reduviidae with
putative prey organisms was assembled from searches of the photo-
graphic websites Flickr (https://www.flickr.com/), iSpot Nature
(https://www.ispotnature.org/), BugGuide (http://bugguide.net/node/
view/15740), NatureWatch (https://www.naturewatch.ca/), and Goo-
gle. The search terms used were “Reduviidae”, “True Bugs”/
“Heteroptera” or subfamily names (e.g., “Harpactorinae”). Searches
were conducted June–November 2016 (260 search hours). We did not
exclusively use the term “prey” because photographers may not be
aware that they document a predation event. The terms “True Bugs”/
“Heteroptera” were used because assassin bugs may be misidentified
as other heteropteran families. This study focuses on predatory
Reduviidae, so we excluded Triatominae; Ectrichodiinae and
Salyavatinae were not searched comprehensively, because photo-
based prey data for both groups are published (Forthman and
Weirauch, 2012; Gordon and Weirauch, 2016). A photograph was clas-
sified as documenting a predation event if (1) the tip of the assassin bug
labium was in contact with the prey organism (interpreted as probing,
feeding, or scavenging); or (2) if the photographer stated that the assas-
sin bugwas feeding. Scavenging occurs in certain Harpactorinae (Zhang
et al., 2016) but has not been reported for other assassin bugs. Some im-
ages may document probing rather than feeding; because of the longer
duration, we argue that the probability of photographing feeding rather
than probing is high (Edwards, 1966; Cohen and Tang, 1997; Weirauch
et al., 2012). To assess if our image searcheswere exhaustive, or if a new
search conducted one year later (July 2017) would result in additional
images, two lab members assembled 100 predation event photos;
only 40% of the images were identical.

A total of 832 photographs were assembled (Supplemental Table 1),
derived from 37 countries, in six biogeographic regions with themajor-
ity (86%) from North America (Fig. 1). This bias is likely due to the
search sites used and the fact that searches were carried out using key
words in English. All assassin bugswere classified to subfamily; 24 indi-
vidualswere not identified to genus, and 98not to species. Identification
of prey was more challenging; 56, 373, and 569 individuals were not
identified to order, family, or genus, respectively. Eleven of the 24 assas-
sin bug subfamilies are represented (Fig. 1), with the majority
documenting predation events of Harpactorinae (602 events; 73%),
followed by Phymatinae (168; 20%) and Emesinae (22; 3%). These re-
sults are likely explained by the fact that Harpactorinae (N2800 spp.
worldwide; (Maldonado, 1990;Weirauch et al., 2014)) and Phymatinae
(~300 spp.) are speciose in North America and are frequently encoun-
tered by humans due to their diurnal, flower-visiting, or vegetation-
dwelling habits. Feeding observations for the typically nocturnal
Emesinae, Hammacerinae, Peiratinae, and Stenopodainae are sparse
and only provide limited insights into prey diversity. About one third
of the images documented Emesinae preying on Araneae, while Lepi-
doptera, Diptera, Hemiptera, and Psocodea were other identifiable
prey groups (Supplemental Table 1). Themost comprehensive synopsis
of Emesinae feeding habits lists all of the above orders (Wygodzinsky,
1966), while recent publications focused on arachnophilous habits of
certain Emesinae (Soley et al., 2011; Pape, 2013; Soley and Taylor,
2013). Hammacerinae have been observed to feed on bark scorpions
(Stevenson and Stohlgren, 2015) and blattellid cockroaches (Horn and
Hanula, 2002) and, consistent with the subcorticulous habits of species
in this group, the single predation event derived from the image data-
base involved a cerambycid beetle (Suppl. Table 1). Readio (1927) re-
ported a preference of the peiratine Melanolestes picipes (Herrich-
Schaeffer) for melolonthine beetles under experimental conditions;
the three assembled images for this species showpredatory interactions
with beetles in different families. The biology of Stenopodainae,
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including their feeding habits, are unknown; the two predation events
documented in our image database show species feeding on Gryllidae
(Supplemental Table 1).

We assembled image collections for several NorthAmerican assassin
bug taxa, including harpactorine Arilus cristatus (71 events), Apiomerus
Hahn (109 events), and Zelus Fabricius (213 events), and the phymatine
species Phymata americana Melin (93 events) and Phymata pacifica
Evans (20 events). We discuss our findings for these data in the context
of previously reported prey and highlight taxa that were repeatedly
documented to prey on pollinators, intraguild predators and parasit-
oids, or herbivores with plant pest potential.

Published prey records for Apiomerus spp., the bee killer assassin
bugs, comprise a wide range of flower pollinators (Weaver et al.,
1975; Alcock, 1998; Marques et al., 2003; da Silva and Gil-Santana,
2004;MeiraMarques et al., 2006; Ruiz-Sanchez et al., 2017), Coleoptera
including Buprestidae, Curculionidae, Scarabaeidae, and Tenebrionidae
(Morgan, 1907; Deloya, 1987; Gil-Santana, 2002), and also ants (Cade
et al., 1978). Our survey (Fig. 2) is consistent with these reports, as Hy-
menoptera accounted for 63% of prey photographs and 58% of these
were bees (Apoidea). Apis mellifera Linnaeus, the European honey bee,
contributed 72% of bee prey records, with 80% of bees overall classified
as Apidae. Coleoptera accounted for 32% of prey photographs;
Scarabaeidae (17%) and Coccinellidae (11%) were the two most com-
mon families; we were unable to classify to family 54% of Coleoptera
records.

Generalist natural enemies in the genus Zelus have been studied, in
the context of biological control and integrated pest management,
more than any other group of Nearctic assassin bugs (Cisneros and
Rosenheim, 1998; Lanham, 1998; Hagler, 2016). Zelus renardii Kolenati,
the leaf hopper assassin bug, is currently also the only commercially
available assassin bug species (http://www.arbico-organics.com/) in
theUnited States. Prey ranges of Zelus spp. include a range of Hemiptera,
Lepidoptera, and Diptera, including Pentatomoidea (Greenstone et al.,
2014; Tillman et al., 2015); Lygus bugs (Asiimwe et al., 2014) and
other true bugs (Law and Rosenheim, 2011), Gelechiidae (Speranza
et al., 2014; Luna et al., 2015), Geometridae (Barreto and Mojena,
2014), Ulidiidae (Kalsi et al., 2014); and thewhitefly pest Bemisia tabaci
(Gennadius) (Hagler et al., 1993). Our image database comprises 213
predation events for individuals of Zelus spp., involving a number of
plant pests such as Fieberiella florii Stål, the Privet leafhopper [Zelus
longipes (Linnaeus)], Diabrotica undecimpunctata Mannerheim, the
Spotted cucumber beetle (Z. renardii and Zelus tetracanthus Stål), the
sharpshooter Graphocephala versuta Say (Zelus luridus Stål) and Lygus
lineolarisdeBeauvois (Z. luridus). Themajority of interactions (Fig. 2) in-
volvedHymenoptera (36%;mostly small native bees andwasps, only six
events with A. mellifera) and Diptera (32%; several families including
Calliphoridae, Muscidae, Syrphidae, and Sarcophagidae), indicating
that pollinator predation should be a consideration when assessing
the potential of Zelus assassin bugs as natural enemies. Interestingly,
Fig. 1. Online images of predatory interactions (n = 832) between Reduviidae (assassin bug
28 photographs of Zelus showed these assassin bugs with their rostrum
inserted in flowers (mainly Asteraceae) either documenting nectaring
or predation on small insects hidden inflowers; otherwise, only ambush
bugs were documented nectaring in the image dataset (three events in
P. americana, one in P. pacifica).

Prior predation records derived from cage experiments and field ob-
servations show the wheel bug A. cristatus (Fig. 3) to feed on a wide
range of Coleoptera, Lepidoptera, and Hemiptera, including several
plant pests such as Epilachna varivestisMulsant, the Mexican bean bee-
tle, and Halyomorpha halys Stål, the brown marmorated stink bug
(Moul, 1945; Richman et al., 1980; Dowd and Kok, 1981; McCauley
and Lawson, 1986; Eisner and Aneshansley, 2000; Barringer and
Smyers, 2016; McCoshum et al., 2016; Mead, 2017). Among the 71 im-
ages analyzed here, Coleoptera accounted for the largest proportion of
observations (47%) and included predation events on Leptinotarsa
decemlineata Say, the Colorado potato beetle, and Popillia japonicaNew-
man, the Japanese beetle. Multiple individuals preyed on H. halys, mak-
ing up almost half (44%) of the photographed hemipteran prey. About
one fifth of the observations involved Lepidoptera, including pest spe-
cies such as Manduca sexta (Linnaeus), the tobacco hornworm. Hyme-
noptera accounted for only 14% of photographed prey insects
including native honey bees and wasps.

Among ambush bugs, more than half of the images for P. americana
(Fig. 3) involved predation on Hymenoptera (65%), with Apidae ac-
counting for 41% of the hymenopteran predation events. None of the
photographed prey species were pests, but rather pollinators or other
flower-visiting insects (e.g., adult Lepidoptera where 54% of observa-
tionswere of Hesperiidae). Despite the smaller number of images avail-
able (20), we included P. pacifica because a gut metabarcoding-based
prey dataset for this species was recently published (Masonick et al.,
2019). Images documented predation mostly on Hymenoptera (35%),
Lepidoptera (25%), Coleoptera (25%), and Diptera (15%), with events
in Hymenoptera predominantly involving bees (Apidae: 72%;
Halictidae: 14%). Gut metabarcoding at one locality in Southern Califor-
nia detected phytophagous insects including Lepidoptera, Hemiptera,
and Coleoptera (33%), a surprisingly small proportion of native and
non-native bees (20%), but an abundance of entomophagous arthro-
pods (35%) (Masonick et al., 2019).

Among the Reduviidae discussed above, A. cristatus may have the
greatest potential as a managed natural enemy, as it was documented
consuming a diversity of plant pest species while rarely attacking
bees. In contrast, the large number of predation events on native and
non-native pollinators by species of Apiomerus and Phymata americana,
and substantial intraguild predation by Phymata pacifica (Masonick
et al., 2019), suggest that these species may have negative effects on
pollinators and other natural enemies. Prey type percentages varied be-
tween species of Zelus (e.g., Z. longipes: 20% Hymenoptera, 4% Coleop-
tera, 64% Diptera; Z. luridus: 34% Hymenoptera, 8% Coleoptera, 27%
Diptera), suggesting that some species may have more promise as
s) and arthropod prey organisms by continent (left) and assassin bug subfamily (right).

http://www.arbico-organics.com/


Fig. 2. Prey distribution for species of Apiomerus, the bee killer assassin bugs (top panel), and Zelus, the leafhopper assassin bugs (bottom panel), based on the image survey. In addition to
prey order, classification by prey family is shown for selected orders. Photographs of Apiomerus californicus and Zelus renardii made available by Jack Owicki and Marc Kummel,
respectively.
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managednatural enemies than others and emphasizing the need for ad-
ditional research.

While the presented data may not comprehensively represent diet
diversity of assassin bugs, the analysis of online photographs assembled
by citizen scientists is clearly valuable. Our study on this speciose group
of predatory arthropods suggests that data collection via citizen science
is biased by factors including key word search language, geographic re-
gion, and frequency of encounters with humans, among others. Never-
theless, this image collection has provided new insights into prey
diversity of this group of predatory insects that includes natural
enemies of pest species, but also pollinator and intraguild predators.
These images have lent support to previously reported prey preferences
for obscure reduviid taxa rarely observed in the field. Large image col-
lections can be assembled fairly straightforwardly for large-bodied diur-
nal flower-visiting predatory insects. These data then allow for a
preliminary assessment of the prevalence of predation events involving
pollinators or intraguild predators for a given species and can assist in
selecting the most promising taxa for biological control and integrated
management applications. Beyond these applied aspects, citizen science
generated databases contribute new insights into predator-prey



Fig. 3. Prey distribution for Arilus cristatus, Phymata americana, and Phymata pacifica, by prey order and family for selected orders. Photographs were provided by Marvin Smith
(A. cristatus), Roxanne Bernard (P. americana), and Marc Kummel (P. pacifica).
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networks and have the potential to encourage future research with
focus on mechanisms that shape community structure and ecosystems
processes. Our analysis shows that additional photographs depicting
predator-prey interactions become available at a fast pace;we therefore
predict that the contribution of these growing databases to scientific
discovery will continue to increase.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.fooweb.2019.e00126.
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