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Leptoglossus zonatus (Dallas) (Hemiptera: Coreidae) is a polyphagous insect pest attacking a wide variety 
of crops. In California’s Central Valley, it is now the dominant leaffooted bug on almonds, pistachios, and 
pomegranates. Leptoglossus zonatus pest status depends largely on overwintering adult survival and repro-
ductive potential, which determines its population size in spring and early summer when nut crops are partic-
ularly susceptible to bug damage. Here, we investigated the overwintering reproductive biology of L. zonatus 
in laboratory and field experiments to gain information about its ovary development, time of mating, and the 
impact of low temperatures on egg hatch. With dissections of laboratory-reared L. zonatus, we established a 
baseline for ovarian development and determined that the size of the spermathecal reservoir is larger in mated 
than in unmated females. Dissections and behavioral experiments of field-collected material provided evi-
dence of mating events before dispersal from overwintering sites. Laboratory trials showed that temperature 
significantly impacted L. zonatus egg hatch. Leptoglossus zonatus reproductive biology presented provides 
valuable information on its population dynamics and dispersal from overwintering sites, and will contribute to 
the development of monitoring and management tools.
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Introduction

Leptoglossus zonatus (Dallas, 1852) (Hemiptera: Heteroptera: 
Coreidae) is a polyphagous insect pest attacking a wide variety of 
crops, including tree nuts (Daane et al. 2019), corn (Sawazaki et al. 
1989), pomegranate (Raga et al. 1995), passion fruit (Rodrigues 
Netto and Guilhem 1996), and satsuma mandarin (Henne et al. 
2003). Of the more than 60 recorded Leptoglossus species, L. 
zonatus has the most widespread geographical distribution re-
ported (Joyce et al. 2021), which includes South, Central, and North 
Americas (Heidemann 1910, Allen 1969). In the Southeastern 
United States, L. zonatus was first reported around 2,000 (Henne 
et al. 2003, Buss et al. 2005) and in California’s Central Valley it is 
now the dominant leaffooted bug in the affected crops such as al-
mond, pistachio, and pomegranate (Joyce et al. 2017). As part of a 
group of “large bugs” that otherwise consists of several pentatomid 
species (Daane et al. 2016, Stahl et al. 2021), L. zonatus feeding by 
adults and to a lesser extent nymphs damages developing fruits and 
nuts (Stahl et al. 2020). They can cause nut drop, external and in-
ternal lesions, and deformities (Stahl et al. 2020), lowering harvest 

quantity and quality, and have been implicated in the movement of 
pathogens such as Botryosphaeira fungi in pistachio (Michailides 
and Morgan 2016).

Leptoglossus zonatus pest status depends largely on 
overwintering adult survival and reproductive potential, which 
determines its population size in spring and early summer when nut 
crops are particularly susceptible to bug damage. In California’s nut 
producing areas in the San Joaquin Valley, L. zonatus has 3 to 4 
overlapping generations (Daane et al. 2019). Adults are known to 
move among host plants throughout the season, before migrating 
to their overwintering sites, such as palm trees, piles of debris 
around orchards, or citrus orchards (Daane et al. 2016), often in 
large aggregates that are believed to form, in part, due to an aggre-
gation pheromone (Franco-Archundia et al. 2018, Taszakowski et 
al. 2023). The similarly male-produced sex pheromone (Inoue et al. 
2019) seems to be utilized in spring, as the insects can regularly be 
seen in mating pairs during that time. It is not known if mating also 
occurs before, during, or after overwintering as has been discussed 
for other insects that overwinter in aggregations (Susset et al. 2018).
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Mating and egg fertilization are necessary for successful L. 
zonatus reproduction. While the females can lay unfertilized eggs, 
no nymphs develop (JMS, personal observation). For L. zonatus 
reared in the laboratory under summer conditions, the pre-mating 
period ranges between 14 and 49 days, with an average of 32 days 
(Matrangolo and Waquil 1994). During mating, sperm is transferred 
from the males to the females and stored in the female’s sperma-
theca, a specialized organ in many invertebrates (Pascini and Martins 
2017). For L. zonatus, the spermatheca has been described by Souza 
et al. (2016) and contains a reservoir to store the sperm as well as 
an expanded duct connected to the common oviduct that is then 
connected to the ovaries where eggs develop and mature, however, 
there is no information about ovary development for L. zonatus. In 
the congeneric Leptoglossus occidentalis (Heidemann), sperm stored 
in the spermatheca is transported into the common oviduct to ferti-
lize the mature eggs before oviposition (Chiang 2010). Oviposition 
of fertilized L. zonatus eggs can start 5 days after mating occurs 
(Matrangolo and Waquil 1994). In other heteropteran species mul-
tiple matings can stimulate oviposition (e.g., Rodrigues et al. 2008), 
while this is unknown for L. zonatus.

The period of L. zonatus egg development, from oviposition to 
hatch of the first instar, leaves the egg vulnerable to various abiotic 
and biotic factors. For example, egg parasitoids like Hadronotus 
pennsilvanicus (Ashmead) (Hymenoptera: Scelionidae) (Straser et 
al. 2022) or insecticide applications (Jackai and Ndlovu 1988) and 
unfavorable weather conditions such as cold or hot temperatures 
(Dreyer and Baumgärtner 1996) can impact hatching. Leptoglossus 
zonatus eggs can hatch even under high field temperatures found in 
California’s San Joaquin Valley (Daane et al. 2019), and while the 
cold tolerance of adult L. zonatus has been studied (Tollerup 2019), 
the impact of low temperatures on egg hatch is still unknown. In this 
study, we investigate the overwintering reproductive biology of L. 
zonatus to gain information about its ovary development, possible 
mating during overwintering, and the impact of low temperatures 
on egg hatch.

Material and Methods

Rearing
The L. zonatus colony was established in 2015 from individuals 
field-collected in Fresno County, CA, USA. They were maintained 
in gauze cages (“BugDorm-2120 Insect Rearing Tent 60 x 60 x 
60 cm”, MegaView Science Co. Ltd., Taichung, Taiwan) and fed 
with a combination of corn (Zea mays L. [Poales: Poaceae]), beans 
(Phaseolus vulgaris L. [Fabales: Fabaceae]), carrots (Daucus carota 
subsp. sativus Schübl. & Martens [Apiales: Apiaceae]), and Italian 
squash (Cucurbita pepo L. [Cucurbitales: Cucurbitaceae]) that 
was replaced twice a week. Additionally, cages were equipped with 
potted Mediterranean cypress (Cupressus sempervirens L. [Pinales: 
Cupressaceae]) and bamboo skewers (Best Brands Consumer 
Products, Inc., New York, NY) placed vertically into Styrofoam 
boards for oviposition. Insects used in all laboratory trials were 
taken from this colony.

Ovarian Development
To obtain unmated adult females, fifth instars were collected from 
the laboratory colony and individually isolated in 473 ml (16 oz) 
deli containers (Anchor Packing, model D16CXL, St. Louis, MO) 
with an organdy lid for ventilation and provisioned with washed 
green beans and carrots replaced as needed. The insects were held 
at 26 °C, 40–50% relative humidity, and 16:8 L:D photoperiod, 

hereafter referred to as rearing conditions. After molting into adults, 
subsamples of females were dissected immediately and then daily 
up to 34 d with the exception that no dissections were made of 
adult females aged 16–18 d and additional dissections were made of 
females aged 42–78 d. For dissections, females were placed in 70% 
ethanol until dead, and immediately dissected using No. 2 insect 
pins, a razor blade, and forceps. Ovarian development was ranked 
in 3 categories: immature, intermediate, and mature. Ovaries were 
defined as immature when no oocytes or clear differentiation and 
vitellary constriction were visible; as intermediate when they showed 
vitellary constriction and oocytes; as mature when at least 1 oocyte 
was located in the lateral oviduct.

In a similar manner, field-collected L. zonatus were dissected. 
Adults were collected from 2 sites in Fresno County, California, 
USA, one site had both citrus and pomegranates and the other only 
pomegranates. Collections were made from March to April 2019, 
September to October 2019, and February to April 2020. Depending 
on the number of individuals found, up to 20 females from each 
collection were dissected the same day they were collected. Ovaries 
were classified as immature, intermediate, and mature as described 
previously.

Spermatheca
Unmated and mated female L. zonatus from the laboratory colony 
were dissected to evaluate the use of spermatheca measurements 
to identify mated or unmated females. For mated females, mating 
couples were carefully transferred from the rearing cages to indi-
vidual containers and dissected after coupling was completed. 
Unmated females were obtained as described previously in the 
ovarian development trial. Upon dissection, spermathecal reservoir 
and duct lengths and widths were measured with the scaled ocular 
of the stereomicroscope (Nikon SMZ800, Nikon Instruments, Inc., 
Tokyo, Japan). Pronotum width, as a measurement of insect body 
size, was measured similarly.

In a similar manner, L. zonatus females were field-collected 
weekly from the 2 sites in Fresno County from September to October 
2019, January to February 2020, and January to April 2021. They 
were immediately dissected or stored at 8 °C for a maximum of 2 d 
until dissection.

Oviposition
Female L. zonatus were field-collected from the 2 Fresno Co. sites 
from January to April 2021 and October 2021 to March 2022. 
Collected insects were placed individually in 946 ml (32 oz) deli 
containers (Fabri-Kal Corp., model PK32T-C, Kalamazoo, MI) 
with an organdy lid for ventilation and provisioned with washed 
green beans replaced as needed, and held under rearing conditions. 
Females from the laboratory colony were randomly selected and 
held under similar conditions to serve as controls. Since production 
of viable eggs indicates mating had occurred prior to collection, 
oviposition and number of hatching nymphs were recorded twice 
a week.

Egg Hatch
The influence of low temperatures on egg hatch was evaluated. 
Leptoglossus zonatus egg strands on wood skewers were collected 
daily from the rearing cages. Egg strands were kept at rearing 
conditions until they were 0–1 d (fresh), 2–3 d (medium), or 6–8 d 
(old eggs) old and split into treatments: 3 temperatures (2, 7, and 14 
°C) and 6 storage durations (2, 4, 6, 10, and 14 d). Egg hatch was 
recorded after removal from cold storage. Eggs stored at 21 °C in 
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the laboratory served as controls. Each treatment combination was 
replicated thirty times, with 1 replicate being 1 egg.

Statistical Analyses
Results are presented as mean ± SE. Observational data on ovarian de-
velopment were not statistically compared. A linear model was used to 
compare spermatheca measurements (reservoir and duct lengths and 
widths) of unmated and mated laboratory-reared L. zonatus as well 
as spermatheca measurements and pronotum width among collection 
periods of field-collected L. zonatus. The impact of storage tempera-
ture on egg hatch was assessed with a generalized linear model (GLM) 
with temperature (2, 7, 14, and 21 °C) as fixed factor using a binomial 
error distribution. For 7 °C and 14 °C, egg hatch was additionally 
assessed with age of eggs (fresh, medium, old) and storage duration 
(2, 4, 6, 10, 14 d) as fixed factors. Pairwise comparisons of significant 
variables were conducted with Tukey’s multiple comparisons test. All 
statistics were run with R version 3.6.2 (R Core Team 2020) using 
RStudio version 1.2.5033 (RStudio Team 2016). Packages used in-
cluded “car” (Fox et al. 2016)for the GLM, as well as “multcomp” 
(Hothorn et al. 2017), “multcompView” (Graves et al. 2015), and 
“emmeans” (Lenth et al. 2018) for Tukey’s multiple comparisons.

Results

Ovarian Development
Newly molted adult L. zonatus females from the laboratory colony 
eclosed with immature ovaries. They started showing vitellary con-
striction and oocytes (intermediate ovaries) 10 d after eclosion at 
26 °C. At least 1 oocyte was located in the lateral oviduct (mature) 
starting 21 d after eclosion (Fig. 1a), but there was a wider varia-
bility in the onset of mature ovaries, ranging from 21 to 42 d.

Adult L. zonatus that were field-collected at the end of September 
had a mix of immature, intermediate, and mature ovaries, with a 
majority being intermediate (Fig. 1b). The proportion of interme-
diate ovaries increased to 100% by the end of October. Early the 
following year (end of January), all dissected females had immature 
ovaries, which quickly changed to intermediate in February (Fig. 1b). 
The first mature ovaries were observed in mid-February and by mid-
April 100% of dissected females had mature ovaries.

Spermatheca
Laboratory-reared mated females had significantly longer and wider 
sperm reservoirs than unmated females (Fig. 2). Duct length and 
width were not impacted by mating status (Fig. 2).

Spermatheca measurements of field-collected L. zonatus females 
showed length and width of sperm reservoirs and ducts varied signif-
icantly depending on the collection period (Fig. 3). Reservoir length 
showed an upward trend from fall to spring, but the differences were 
not significant, whereas reservoir width increased gradually from 
fall to spring and was significantly larger in March than in the pre-
vious October (Fig. 3). Duct length and width fluctuated more, with 
females collected in January having larger length and width values 
than in September prior, but values dropping again in spring (Fig. 3). 
Pronotum width as a proxy of body size was not affected by the field 
collection period (χ2 = 6.89; df = 5, 121; P = 0.229).

Oviposition
Of the total 250 field-collected L. zonatus females, 22% laid eggs 
under summer (=rearing conditions with 26 °C and long day photo-
period) conditions. However, only 8% produced offspring, showing 
that many females laid unfertilized eggs. All females producing 
fertilized eggs started laying them within 49 days of collection from 
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Fig. 1. Ovarian development status (immature, intermediate and mature) of dissected L. zonatus for (a) laboratory-reared unmated females, held at 26 °C, and 
collected at different periods from 1 to 78 d after eclosion and (b) individuals that were field-collected at different overwintering periods from January 2020 to 
April 2021 and September to October 2021. In each graph, numbers in parentheses in each bar are the numbers of dissected female L. zonatus.
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the field. Deprived of a male to mate with, some unmated L. zonatus 
started ovipositing unfertilized eggs from 50 to 150 d after collection.

Offspring were produced consistently from eggs deposited by 
field-collected L. zonatus females in early February 2021 and early 
March (2022) with 18% of all collected spring females producing 
offspring (n = 41), after being brought to the laboratory and held 
under rearing conditions. An average of 11% (0–50% range) of con-
trol females (n = 245) randomly taken from the colony at the same 
times as the field collections produced offspring overall. In 2022, the 
only year with field sampling throughout the winter, a small propor-
tion of females produced offspring in late November (5%, n = 20) 
and early January (10%, n = 10).

Egg Hatch
At a constant temperature, there was a significant impact on egg 
hatch (χ2 = 808.08; df = 3, 1,614; P < 0.001), with no eggs hatching 
at 2 °C, some nymphs hatching from eggs stored at 7 °C (35.3 ± 
2.3%), a significantly greater percentage hatch at 14 °C (67.3 ± 
2.2%), and in the control at 21 °C (80.6 ± 6.7%).

When eggs were held for different durations at 7 °C and 14 °C, 
egg hatch was impacted by storage duration (Fig. 4); however the 
impact of storage duration was more pronounced at 7 °C where 
there was a significant impact at 2, 4, and 6 d storage, then at 14 °C 
where there was only a clear reduction in egg hatch at 14 d storage 
(Fig. 4). Egg age at the beginning of cold storage presented no clear 
pattern, while there were differences at 7 °C (χ2 = 11.531; df = 2, 
429; P < 0.001) and 14 °C (3.331; df = 2, 459; P = 0.037), at 7 °C 
the older (6–8 d) eggs had the highest egg hatch (fresh: 34.2 ± 3.8%, 
medium 22.5 ± 3.5%, old 49.3 ± 4.2%), whereas at 14 °C there was 
less treatment impact (fresh: 64.4 ± 3.9%, medium 75.3 ± 3.5%, old 
62.6 ± 3.8%) and medium aged (2–3 d) eggs had a higher egg hatch 
than the older eggs. Moreover, across both temperatures there was 
an impact of storage duration (χ2 = 15.169; df = 4, 880; P < 0.001) 
but not of egg age (χ2 = 1.282; df = 2, 880; P = 0.278) and there was 
no storage duration × egg age interaction (χ2 = 1.381; df = 8, 880; 
P = 0.201).

Discussion

With dissections of laboratory-reared specimens, we established 
a baseline for L. zonatus ovary development. In accordance with 
the large variation in pre-mating duration of L. zonatus reported 
by Matrangolo and Waquil (1994), our findings show a range of 
durations from eclosion to the development of mature ovaries. Since 
we were dissecting unmated females, the lack of mating could also, 
after time, have stimulated the resorption of oocytes as has been 
shown for Nezara viridula (L.) (Hemiptera: Pentatomidae) (Fortes et 
al. 2011). Egg resorption, a common behavior of insects under stress 
conditions (e.g., Fletcher 1975, Santolamazza Carbone et al. 2008), is 
also the most likely explanation for the presence of only intermediate 
ovaries going into the overwintering period and the dominance of 
immature ovaries in January in field-collected females. Leptoglossus 
zonatus oviposition in Central California starts around mid-April 
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(Daane et al. 2019), which is when all field-collected females had 
mature ovaries. Egg resorption might also help explain the long-
lived overwintering adults from as early as September and well into 
April the following year (KMD, personal observation). Overall, this 
corroborates data collected by Tollerup (2019) who started seeing 
mature eggs in dissected females beginning late February.

Leptoglossus zonatus overwinters in aggregations, which 
provides an easy opportunity for mate finding. This opportunity is 
used by several species (Holmberg et al. 1984, Wells et al. 1990, 
Susset et al. 2018), but for L. zonatus it was assumed that they mate 
only after leaving their overwintering habitat in spring, as has been 
shown for Halyomorpha halys (Stål) (Nielsen et al. 2017). This as-
sumption is based largely on observations of L. zonatus copulating 
in spring after dispersing from overwintering aggregations, and 
that the aggregations have other beneficial consequences, such as 
improved microclimate (Yoder et al. 1992, Klok and Chown 1999) 
and protection from predators (Holmberg et al. 1984, Vulinec 1990).

In a first attempt to establish if L. zonatus mate during 
their overwintering period, we determined that the size of the 
spermathecal reservoir is larger in mated than in unmated females. 
Based on similar results for Apis mellifera L. (Hymenoptera: 
Apidae), this could be due to the thickening of epithelial cells of 
the reservoir, potentially to protect the sperm until it is needed for 
fertilization (Poole 1970, Dallai 1975). Translating this knowl-
edge to field-collected specimens, we found that reservoir length 
increased gradually over the winter, but that only reservoirs of L. 
zonatus in their overwintering habitat in March are significantly 
longer than those in the previous October. This matches with field 
observations of caged L. zonatus mating starting to occur after 
overwintering in late March (Daane et al. 2019). However, since 
the L. zonatus females were collected in their overwintering habitat, 
and the reservoir length increase is independent of L. zonatus body 
size (measured by pronotum width of field-collected specimens) and 
age (measured on laboratory-reared females), it indicates possible 
mating events during the winter or before leaving the overwintering 
site. Sperm can be stored in an insect’s spermatheca for weeks to 
years (Keller 1998), so mating while mates are still close could be 
a suitable strategy for oviposition starting in April (Daane et al. 
2019). Mating in the overwintering site may be relatively rare, while 
examples are found in the ladybird Hippodamia undecimnotata 
(Schneider) (Susset et al. 2018) and the butterfly Euploea core cor-
inna (Macleay) (Kitching et al. 1981), although we could find no 
examples for other coreids.

Further evidence for some winter mating is presented by a small 
proportion of overwintering females, field-collected, and isolated 
under laboratory simulated summer conditions, which produced 
viable eggs. Afterwards, in the 2 years of collected field data for 
this experiment, mated females were present in the population 
starting either in early February (2021) or a month later in early 
March (2022). Those interannual differences are most likely due to 
the weather, with January and February being on average 1–1.5 °C 
warmer in 2021 than in 2022 (CIMIS 2022).

After mated females with mature eggs have oviposited, the 
embryos have to develop to be able to hatch as nymphs. We found 
that temperature significantly impacts L. zonatus egg hatch, with 2 
°C preventing egg hatch, and negative impacts of 7 and 14 °C on 
hatching. The longer the eggs were exposed to low temperatures, the 
lower was the egg hatch. Interestingly, the age of the eggs exposed 
to the low temperatures mattered as well. In California’s Central 
Valley, spring and fall are mild, with temperatures consistently 
above 7 °C from March onwards and until November for the last 
3 years (CIMIS 2022). Thus, temperature does not seem to be the 

limiting factor for L. zonatus oviposition. Like most insect species 
overwintering as adults, photoperiod could be a main cue to enter 
and leave the overwintering state for L. zonatus (Tauber and Tauber 
1976, McDougall et al. 2021).

Data presented here can have various applications. The results 
on impacts of low temperatures on L. zonatus egg hatch can be used 
for biological control purposes. For example, egg parasitoids can 
often be easier reared on killed than on fresh host eggs, and those 
eggs can be used for field studies as sentinel eggs or to mass produce 
egg parasitoids for field releases (Wong et al. 2021a). For L. zonatus, 
the egg parasitoid Hadronotus pennsilvanicus, formerly known as 
Gryon pennsilvanicum (Ashmead), is being considered as a biolog-
ical control agent (Straser et al. 2022), and studies have looked into 
mass rearing this species (Sabbatini Peverieri et al. 2013). The impact 
of even relative low temperatures (7 °C) on egg hatch might par-
tially explain the delay in oviposition with mature ovaries recorded 
in February and March (Fig. 1) but oviposition reported to begin 
mid-March and peak in April (Daane et al. 2019).

Apart from biological control, other methods are under consid-
eration to improve L. zonatus pest management and monitoring. 
Reducing their migration into orchards after overwintering in spring 
or using that window for an early-warning monitoring system is 
a possible approach, which requires attractive cues and trapping 
mechanisms. Panel traps have been identified as effective for L. 
zonatus (Wilson et al. 2020), and efforts to synthesize a pheromone 
lure are underway (Millar et al. 2022). If sex pheromones lures are 
developed for L. zonatus, it will be critical to understand if females 
mated in overwintering aggregations will still respond to pheromone 
traps in spring after leaving the aggregation – the most critical period 
to determine their presence in the orchard. Moreover, since a propor-
tion of L. zonatus seem to mate before leaving their overwintering 
sites to forage, in addition to conspecific signals like pheromones, 
they might also be attracted to host plant cues. Adding host plant 
cues to pheromone lures has proven to increase trap catches for 
other insect pests (Gries et al. 1994, Deglow and Borden 1998, Wong 
et al. 2021b) and could be a viable option. Studying the reproduc-
tive biology of insect pest species gives us valuable information on 
population dynamics and can be a useful way to contribute to the 
development of monitoring and management tools, something that 
is still needed for L. zonatus.
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