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In biological invasions, multiple paternity can preserve genetic diversity over time and space and con-
tribute to invasion success. Therefore, knowledge on the mating system of invasive species is essential to 
develop adequate management practices to mitigate their impact on ecosystems. The spotted lanternfly, 
Lycorma delicatula (White, 1845), is an invasive pest that has colonized more than 10 eastern US states 
in less than 10 yr. Multiple paternity may contribute to its success, but little is known about spotted 
lanternfly’s mating system. We explored the mating system using mated females and female–egg mass 
pairs sampled in the field. First, we assessed the existence of multiple mating by counting the number of 
spermatophores in the genital tract of all females. Second, we searched for genetic evidence for multiple 
paternity within egg masses by genotyping the female–egg mass pairs at 7 microsatellite loci. Third, we 
assessed whether multiple mating was correlated with female traits and distance from the introduction 
site. One to 3 spermatophores per female were found during dissections, confirming the existence of poly-
androus female spotted lanternfly. We found genetic evidence for a minimum of 2 fathers in 4 egg masses 
associated with polyandrous females, validating multiple paternity in spotted lanternfly. Multiple paternity 
was associated with egg mass size, and multiple paternity was highest in populations closest to the original 
introduction site and decreased toward the invasion front. Multiple paternity may contribute to the invasion 
success of spotted lanternfly, and control efforts should consider the mating system and the implications 
of its spatial patterns.
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Introduction

Introduced populations typically retain only a fraction of the ge-
netic variation from their native range due to the limited variation 
encompassed in the few founding individuals, and genetic drift (Lee 
2002, Puillandre et al. 2008). This significant reduction in genetic 
diversity, a genetic bottleneck, can have detrimental consequences 
for the long-term survival, through inbreeding depression, and 
adaptability of introduced populations (Reed and Frankham 2003). 
In some species with asynchrony between mating and fertilization 
events, females have the capability to mate multiple times, store 
sperm from different males, and fertilize their offspring with multiple 
males (Taylor et al. 2014). Mating systems including polyandrous 
females play an important role in maintaining genetic diversity from 
one generation to another (Jennions and Petrie 2000). In biological 
invasions, multiple paternity can preserve genetic diversity over time 

and space, avoid inbreeding, increase individual and population fit-
ness, increase effective population sizes, and thus contribute to the 
invasion success (Miller et al. 2010, Awad et al. 2015). Multiple 
mating is not necessarily indicative of multiple paternity, however, 
since females mated multiple times may exert postcopulatory selec-
tion that biases paternity in favor of one male (reviewed in Jennions 
and Petrie 2000; e.g. Loo et al. 2018). By gaining knowledge on the 
mating systems of invasive species, we can get valuable insights into 
the success of these populations, and develop adequate management 
approaches to mitigate their impact on ecosystems.

The spotted lanternfly, Lycorma delicatula (Hemiptera: 
Fulgoridae, White, 1845), is an invasive pest that has colonized 
more than 10 states of the eastern United States in less than 10 yr 
and is responsible for significant damage to the timber and wine 
industries (Urban 2020, Urban and Leach 2023). Multiple paternity, 
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by protecting the genetic diversity of this species in its invasive range, 
could be one of the biological characteristics that contribute to its in-
vasion success and fast progression. During the peak mating season 
in September–October (Baker et al. 2019), male spotted lanternfly 
transfer a spermatophore that females store in their spermatheca 
(Wolfin et al. 2019). Fertilization occurs at the time of egg laying, 
30–50 days after the adult emergence (Laveaga et al. 2023), and be-
fore all adult spotted lanternfly die off for the winter. Little is known 
about spotted lanternfly mating systems and whether females mate 
with multiple males.

Using gravid mated females and female–egg mass pairs collected 
in the field, we explored the mating system of spotted lanternfly 
in 3 successive steps. First, we assessed the existence of multiple 
mating in females through dissections of female genital tract and 
counting the number of spermatophores stored in the spermatheca. 
The spermatophore is made of proteinaceous secretions of the male 
accessory glands that enclose the sperm. Its presence and number 
are thus indicative of the number of times a female has mated. 
Second, we genotyped 11 female–egg mass pairs at 7 microsatellite 
markers to obtain genetic evidence of multiple paternity within 
egg masses in this species. We determined whether multiple mating 
resulted in multiple paternity, i.e., whether the number of mates 
(number of spermatophores) was directly in line with the number 
of fathers. Third, we tested the correlations between female and 
population-level traits and mating system. At the individual level, we 
hypothesized that more fecund females may attract more males and 
mate multiply, in accordance with the fecundity limitation hypoth-
esis that predicts that the potential gain in fitness for each mating 
male increases when females have higher numbers of offspring 
(Avise and Liu 2011, Dobson et al. 2018). At the population level, 
we hypothesized that if multiple paternity represents an advantage 
for invasion success, the rate of polyandrous females should increase 
with distance from the introduction site.

Methods

Sample Collection
Gravid mated females
Spotted lanternflies were collected at 24 locations within the 
northeastern United States in 2020 (Supplementary Fig. S1A in 
Supplementary Material 1). Sampling occurred in October 2020 
(plus one location sampled in September, Supplementary Table 
S1), which was near the end of the spotted lanternfly reproductive 
season when most females were expected to be mated. Individuals 
were manually collected from 1 to 3 trees per location and killed by 
freezing on site. They were kept at −20 °C until dissection. Females 
were distinguished from males in the lab based on the presence of 
red valvifers on the distal part of the abdomen. From these females, 
we selected the individuals with swollen abdomens showing large 
amounts of yellow tissue, which were presumably gravid and in 
which we would likely find unused spermatophores. This yielded 
9–16 gravid females per location for dissections, for a total of 248 
females.

Female–egg mass pairs
Females and their respective egg masses were collected between 
15 October and 1 November 2021 at 3 locations in eastern 
Pennsylvania (Supplementary Fig. S1A). Females were observed 
laying eggs and collection happened, while the female was covering 
her egg mass with wax to make sure that all eggs had been laid 
(Supplementary Fig. S1B). Only egg masses clearly separated from 

other egg masses were collected to avoid mixing eggs from different 
egg masses. Additionally, some gravid females were collected in the 
field and kept in the lab in individual containers until they had laid 
eggs or died (maximum of 5 days) to increase the number of samples 
(Supplementary Fig. S1C). In total, 42 female–egg mass pairs were 
collected for analyses of multiple paternity, including 33 pairs col-
lected in the field and 9 obtained in the lab. The average number of 
eggs per egg mass was 31 ± 12 SD (minimum–maximum: 4–61). 
The number of eggs per egg mass did not differ between egg masses 
collected in the field and in the lab (t-test, t = 0.91, df = 40, P = 
0.37). All females were preserved in 95% ethanol at −20 °C until 
DNA extraction. Eggs were incubated for 10–12 wk at room tem-
perature (approx. 20 °C) to allow embryo development to increase 
the amount of DNA for genetic analyses and then were preserved in 
95% ethanol at −20 °C until DNA extraction.

Anatomical Detection of Multiple Mating
The spermatheca of all 290 females were dissected to detect ev-
idence of multiple mating based on 2 criteria: (i) the number of 
spermatophores and (ii) the number of male genital parts found 
at the surface of the spermatophores. Each male transfers a single 
spermatophore into the female’s genital tract during mating, so that 
the number of spermatophores in the spermatheca is indicative of 
the number of males that mated with the female. Spermatophores 
are usually of regular, oval shape, but can sometimes be distorted 
or fragile due to internal body pressure and preservation, making 
counts more difficult. We found male genitalia, generally in pairs, in-
side the spermatheca of 77% of gravid mated females that contained 
a spermatophore (Supplementary Fig. S2). This suggests that there is 
a natural mutilation of male genitalia during mating since none of 
our females were forcibly uncoupled from their mates and that these 
genitalia are transported further in the female oviduct after mating 
than when the pair is in copula (see Wolfin et al. 2019). In some 
cases, no male genitalia were found on the spermatophore, or an odd 
number of male genitalia was found in the spermatheca, suggesting 
that one or both of them were in the bursa copulatrix below the 
spermatheca or were not removed during copulation. We considered 
finding either more than 1 spermatophore or more than 2 male geni-
talia inside the spermatheca as evidence of multiple mating.

Genetic Detection of Multiple Paternity
The probability of detecting multiple paternity in spotted lanternfly 
was assessed by 2 complementary methods to determine sample 
sizes required for genetic analyses. First, we calculated the statistical 
power at the population level, which is the probability of sampling 
eggs from different fathers in at least 1 egg mass when sampling egg 
masses of unknown paternity status within a population, using the 
method proposed by Veliz et al. (2017). Even though this method 
has been developed for highly fertile species, it is applicable to spe-
cies with lower fertility regardless of brood size because it is based 
on simple sampling probabilities with binomial coefficients to calcu-
late paternity detection probabilities that are effective for any brood 
size. We advocate for using this method as a power analysis when-
ever embryos are sampled from a brood, independently of the brood 
size, because it allows the user to define the number of brood and 
the number of embryos per brood that optimize the probability of 
detecting multiple paternity at the population level while controlling 
costs. Even though we genotyped egg masses showing evidence of 
multiple mating based on dissections, we set the proportion of egg 
masses sired by multiple males to 0.5 in this method because mul-
tiple mating does not necessarily indicate multiple paternity. We set 
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the total number of eggs in an egg mass to 31 in accordance with 
our female–egg mass pair results. We tested scenarios of balanced 
(50% of embryos sired by male 1, 50% of embryos sired by male 2) 
or skewed (90% of embryos sired by male 1, 10% of embryos sired 
by male 2) paternity and considered 4, 6, 8, and 10 eggs sampled per 
egg mass and 6, 8, and 10 total egg masses. Second, we calculated 
the probability of detecting multiple paternity within an egg mass 
sired by 2 males given a number of genetic markers with the PrDM 
program (Neff and Pitcher 2002). Parameters were set to 4 or 7 loci 
with 4 alleles of equal frequency each, balanced (0.5) or skewed (0.9) 
paternity, and 4, 6, 8, or 10 eggs sampled per egg mass. Based on the 
results from these analyses, we felt confident in testing a minimum of 
10 egg masses and 8 eggs per egg mass.

Eleven female–egg mass pairs were genotyped to detect mul-
tiple paternity within egg masses. Eight of these 11 were females 
assumed to have mated multiply based on the presence of 2 or 3 
spermatophores during dissections, while the remaining 3 females 
were assumed to have mated a single time based on the presence of 
one spermatophore. We genotyped 8–10 embryos per egg mass and 
all 11 females for a total of 104 individuals. Eggs within egg masses 
were gently separated with forceps and randomly selected for in-
clusion in analyses. Genomic DNA was extracted from whole eggs 
and from female abdominal muscle using the Chelex 10% protocol 
(Walsh et al. 1991) in 150 μl with 4 μl of proteinase K (20 mg/ml) 
and lyzed overnight at 56 °C. Proteinase K was inactivated by 15 
min at 100 °C.

Embryos and females were genotyped at 8 microsatellite markers 
in 2 multiplexes using the ABI DS33 dye set (Applied Biosystems, 
Foster City, CA): Multiplex 1 (MP1) included markers LD-D4, 
LD-D5, LD-T1, LD-T3 (Park et al. 2013) and Multiplex 2 (MP2) 
included markers Lde02, Lde07, Lde11, Lde15 (Kim et al. 2011). 
DNA was amplified using Type-it Microsatellite PCR kits (QIAGEN, 
Valencia, CA) following the manufacturer’s instructions in a 5-μl 
volume. We used the 3-primer method of Culley et al. (2013), with 
forward primers tagged with one of the universal primers AP2, Bhg-r, 
T7 or +19bs and PIG-tailed reverse primers. The PCR mix contained 
2.5 μl MasterMix, 0.5 μl 10x primer mix and 2 μl of template DNA. 
The PCR program was 95 °C for 5 min, 28 cycles of 95 °C for 30 s, 
60 °C for 90 s, 72 °C for 30 s, followed by a final elongation of 30 
min at 60 °C. PCR products were diluted by 10 and electrophoresed 
with LIZ500 size standards on an ABI 3730xl sequencer (Applied 
Biosystems, Foster City, CA) by Genewiz (South Plainfield, NJ). 
Alleles were scored using Geneious Prime. Lde15 failed to provide 
consistent peaks and was discarded from the analyses. Nine embryos 
that were not genotyped at more than 2 loci were discarded, and 3 
females could not be genotyped for any MP2 markers. In the re-
maining individuals, 97% of the genotypes were scored for MP1 
and 71% for MP2.

The spotted lanternfly mating system was investigated by 2 com-
plementary approaches: the Gerud 2.0 software (Jones 2005) and a 
manual allele count. We chose these methods because methods that 
use maximum-likelihood approaches to infer sibship and parentage, 
such as the one used in the Colony software (Jones and Wang 2010) 
tend to overestimate the most likely number of fathers in the case of 
populations with low genetic diversity like introduced species (Sefc 
and Koblmüller 2009). Gerud reconstructs the minimum number 
of potential paternal genotypes and calculates the number of off-
spring they each sired. We set options to known maternal genotypes 
and the maximum number of fathers to 3. When multiple paternal 
genotype combinations were possible, we selected the combina-
tion with the highest probability calculated by Gerud based on 
Mendelian segregation. As Gerud does not accept missing data, we 

tested 2 alternative datasets: one that maximized the number of eggs 
(4–8 eggs at 4 loci, “max. eggs”) and another that maximized the 
number of loci (2–7 eggs at 6–7 loci, “max. loci”). As a comple-
mentary method that used the full dataset, we also used a manual 
allele count to determine the minimum number of fathers per egg 
mass. We assumed that all fathers were heterozygous at all loci. The 
presence of more than 2 non-maternal alleles in at least 2 loci was 
considered as evidence of multiple paternity, which allowed for a 
potential genotyping error or mutation at one locus. In offspring 
with homozygous genotypes at a locus, or genotypes identical to the 
mother at a locus, one of the 2 alleles was considered to have been 
inherited from the father (only admitted cases of allele sharing be-
tween male and female). Where the female genotype was missing 
at a locus, the number of paternal alleles was estimated as the total 
number of alleles found in the egg mass at this locus, minus 2.

Multiple paternity is expected to contribute to the long-term per-
sistence of populations by maintaining genetic diversity (Jennions 
and Petrie 2000, Rafajlović et al. 2013). To assess whether multiple 
paternity may contribute to genetic diversity in spotted lanternfly, 
we tested whether the allelic richness and expected heterozygosity 
were higher in egg masses associated with polyandrous females than 
in egg masses associated with monandrous females with a Mann–
Whitney test.

Mating System Correlates
We hypothesized that males may preferentially mate with more fe-
cund females, and as a result, females with egg masses containing 
more eggs would be more likely to have mated multiply and thus con-
tain more than 1 spermatophore. In invertebrates, female body size 
often correlates with fecundity (Honěk 1993), and we hypothesized 
that males could use female body size as a signal of fecundity. We 
used female wing length as a proxy for body size. The length of 
the right anterior wing was measured based on photography using 
ImageJ for 103 mated females: the 42 females from the female–egg 
pairs and 61 of the other dissected females for which we had high-
quality images. Based on the 42 female–egg mass pairs, we tested 
whether the number of spermatophores per female was related to 
the number of eggs per egg mass to validate the fecundity–multiple 
mating relationship. We also tested whether the number of eggs laid 
was positively linked with female wing length using a linear model to 
validate the body size–fecundity relationship. Based on 103 dissected 
females, we then tested whether females with more than 1 spermato-
phore were larger than females with a single spermatophore using a 
t-test to validate the body size–multiple mating relationship.

We hypothesized that because of the presumed advantages of 
multiple paternity in colonizing species, the proportion of polyan-
drous females among all mated females may persist or increase with 
distance from the introduction point. We tested this hypothesis using 
a linear model with the average number of spermatophores per fe-
male per location as the dependent variable and the distance from 
the introduction point as the independent variable. We only included 
population with n ≥ 9 mated females for a total of 18 populations.

Results

Multiple Mating Detected in Females
Twenty-three of our 248 females did not contain spermatophores 
or male genitalia and were considered unmated. Although our 
females were collected over a 7-wk time frame, there was no 
change in the proportion of mated females over time at sites 
(Spearman’s rank correlation, rho = 0.22, P = 0.31, Supplementary 
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Table S1). All 42 females from the female–egg mass pairs contained 
spermatophores. Using our criteria for detecting multiple mating 
in the 290 dissected females, we found evidence of single mating, 
i.e., a single spermatophore and/or a maximum of 2 male geni-
talia, in 231 females (87% of mated females); evidence of mating 
with 2 males, i.e., 2 spermatophores and/or a maximum of 4 
male genitalia, in 33 females (12%); and evidence of mating with 
3 males, i.e., 2 spermatophores with 5 or 6 male genitalia, in 3 
females (1%).

Multiple Paternity Detected Within Egg Masses
The statistical power at the population level was greater than 0.97 
in all cases for the balanced paternity scenario (Supplementary Fig. 
S3A). It was greater than 0.68 and reached 0.89 starting at 6 eggs 
× 8 egg masses for the skewed paternity scenarios (Supplementary 
Fig. S3A). The probability of detecting multiple paternity within an 
egg mass with balanced paternity from 2 fathers was greater than 
0.80 above 6 eggs and 4 loci (Supplementary Fig. S3B). For an egg 
mass with skewed paternity, it was greater than 0.5 with 8 eggs 
and 7 loci, or 10 eggs and 4 loci (Supplementary Fig. S3B). These 
simulations indicate a strong power to detect multiple paternity in 
case of balanced paternity, and a moderate power in case of skewed 
paternity (1 in 10 offspring sired by male 2) when considering 4–7 
genetic markers with 4 equal alleles, 8 egg masses, and 4–10 eggs 
per egg mass.

We observed 3–5 alleles per microsatellite marker. All embryo 
genotypes were compatible with the maternal genotypes, i.e., each 
egg had one common allele per loci with the corresponding female.

Gerud (maximum eggs and maximum loci datasets) and the 
manual allele count detected single paternity within the egg masses 
associated with the 3 presumed monandrous females (JF12, JF13, 
JF14, Table 1). Gerud (maximum loci dataset) and the manual al-
lele count found evidence for 2 fathers for 4 of the 8 egg masses 
associated with presumed polyandrous females (JF4, JF8, JF22, JF3) 
and for 1 father for the other 4 egg masses (JF7, JF9, JF16, JF20). 
The other Gerud dataset (maximum eggs) found similar results 
but detected a single father in JF22. For egg masses with multiple 

paternity, Gerud estimated the proportion of eggs sired by the first 
male between 50% and 75% (Table 1).

Egg masses from polyandrous females did not have a higher 
allelic richness (W = 6, P = 0.28, Fig. 1A) or a higher expected 
heterozygosity (W = 4, P = 0.13, Fig. 1B) than egg masses from mo-
nandrous females.

Mating System Correlates
Egg masses from females with multiple spermatophores contained 
more eggs than egg masses from females with a single spermatophore, 
validating the fecundity–multiple mating relationship (t = −2.8471, 
df = 40, P < 0.01, Fig. 2A). The number of eggs per egg mass was 
not correlated with female wing length (P = 0.1, Fig. 2B), rejecting 
the body size–fecundity relationship. Females containing more than 
one spermatophore were not larger than females containing a single 
spermatophore (t = −0.51, df = 101, P = 0.61, Fig. 2C), rejecting 
the body size–multiple mating relationship. The average number of 
spermatophores per mated female was negatively correlated to the 
distance of the sampling site from the introduction site (P = 0.04, 
Fig. 2D; Supplementary Table S1).

Discussion

We provided the first evidence of polyandrous spotted lanternfly 
females, based on anatomic evidence that females mated with 1–3 
males each. Genetic analyses demonstrated that multiple mating in 
spotted lanternfly resulted in multiple paternity within some egg 
masses. Multiple paternity is ubiquitous and common in nature, al-
though its prevalence is variable within and across species (Taylor 
et al. 2014), and it has been genetically demonstrated in a limited 
number of nonsocial insect species (e.g., Song et al. 2007, Haddrill et 
al. 2008, Seabra et al. 2013).

The link between multiple mating and multiple paternity was 
not systematic across our samples. The 7 microsatellite markers 
showed low allelic richness, which complicates parentage analyses, 
even with high sample sizes. The number of fathers we identified 
by Gerud and a manual allele count is conservative because it 

Table 1. Number of fathers estimated per egg mass through dissection and genetic analysis (Gerud and manual allele count). Sample sizes 
vary because Gerud does not accept individuals with missing genotypes. NA = Gerud could not generate results due to a high number of 
potential parental genotypes

Female–egg 
mass pair code

Number of eggs genotyped at 
>2 loci (proportion of egg mass)

Estimated number of fathers
(eggs sired by each male)

Match
between

anatomy and genetics
Female 

dissection

Gerud

Manual
allele count

Max. eggs 
(4 loci)

Max. loci
(6–7 loci)

JF12 8 (20%) 1 1 (4) 1 (3) 1 Yes
JF13 7 (23%) 1 1 (6) 1 (2) 1 Yes
JF14 6 (17%) 1 1 (5) 1 (2) 1 Yes
JF4 8 (17%) 2 2 (4/4) 2 (4/3) 2 Yes
JF7 9 (15%) 2 1 (8) 1 (7) 1 No
JF8 8 (19%) 2 2 (4/2) 2 (2/3) 2 Yes
JF9 7 (23%) 2 1 (7) 1 (5) 1 No
JF16 8 (15%) 2 1 (5) 1 (3) 1 No
JF20 8 (24%) 2 1 (8) NA 1 No
JF22 7 (18%) 2 1 (7) 2 (3/3) 2 Partial
JF3 8 (25%) 3 2 (4/2) 2 (3/1) 2 Partial
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cannot be overestimated, but it can be underestimated, especially 
when allelic richness is low. Even though microsatellite markers are 
standard for parentage analysis (Taylor et al. 2014), markers with 
more variability are needed to confirm whether polyandry system-
atically results in multiple paternity in spotted lanternfly. Based on 
our calculated probabilities of detection of multiple paternity, it 
is possible that multiple paternity went undetected in egg masses 
from some polyandrous females because of highly skewed paternity 
ratios compared to sample sizes. Alternatively, polyandry may not 
always result in multiple paternity, i.e., the number of mates may be 
higher than the number of fathers. Such difference may stem from 
postcopulatory selection by females, known as cryptic female choice 
that biases paternity toward the best male (reviewed in Jennions and 
Petrie 2000). This would be a rich area for future work to explore.

Our hypothesis that more fecund females, i.e., females with larger 
egg masses, would be more likely to mate multiple times was supported. 
This result is in line with the fecundity limitation hypothesis (Avise and 
Liu 2011), which predicts that multiple paternity should be correlated 
with brood size since larger broods give males more of a chance to sire 
offspring than smaller ones when mating multiply.

This finding has important consequences, as a few multiply 
mated females introduced in a new area could potentially lay a 
large number of eggs carrying important genetic variation. This 
could overcome the genetic and demographic bottleneck sometimes 
observed during the initial phases of biological invasions, and ex-
plain the invasion success of spotted lanternfly (see explanations for 
apparent genetic paradox in Estoup et al. 2016). Even though mated 
females do not fly as spontaneously as non-mated females (Wolfin et 
al. 2019), multiply mated females would constitute a tangible threat 
if they or their egg masses were passively transported to noninvaded 
areas. Management strategies focusing on limiting the transporta-
tion of spotted lanternfly are thus especially necessary during the 
reproductive season.

Going forward, it is necessary to identify which traits may serve 
as proxies for female fecundity. Body size, as represented by wing 
size, may not be a good proxy for fecundity in spotted lanternfly, 
as the body size–fecundity and the body size–multiple mating 
hypotheses were both rejected by our data. However, wing size may 
not be the best proxy for body size and other traits may better rep-
resent body size. Morphological traits correlated with female fecun-
dity (e.g., dry body weight, abdominal area), traits that make more 
fecund females mate multiply or traits that males use to detect more 
fecund females also need to be explored. Additionally, we observed 
that a fraction of females showing abdominal yellow were unmated, 
in line with observations from Wolfin et al. (2019). We also noted 
that some mated spotted lanternfly females had a brown patch above 
the valvifers that unmated spotted lanternfly females do not have 
and that it differs from the wax residues found on the valvifers after 
egg laying. It would be interesting to formally quantify whether a 
large area of abdominal yellow and the presence of a brown patch 
above the valvifers are indicators of mated females, so the mating 
status of a female could be detected based on external morphology 
only.

Interestingly, the prevalence of multiple mating decreased with 
distance from the introduction point (Fig. 2D), contrary to our hy-
pothesis that it should increase due to its evolutionary advantages 
(Miller et al. 2010, Taylor et al. 2014). The occurrence of multiple 
mating may be linked with population characteristics, notably male 
availability and population density, which may both be limited in 
newly colonized areas. Indeed, we found widespread evidence for 
male genitalia in the spermatheca of mated females. Description of 
the male external anatomy in spotted lanternfly is scarce, and we 
tentatively identify them as genital claspers, also called genital styles 
or gonoforceps, based on similarity across the Hemiptera order 
(Marks 1951). The importance of genital claspers in intromission 
is described in a Heteroptera (Moreno-García and Cordero 2008), 
which is compatible with these parts being found in the female after 
mating. Abscission of male genitalia is known to reduce sperm com-
petition when it plugs the female oviduct and is often associated 
with male sacrifice behavior (cannibalism or spontaneous death after 
copulation) in spiders (Miller 2007, Uhl et al. 2010). In the case 
of spotted lanternfly, male genital mutilation does not prevent mul-
tiple mating in females, and whether it causes male monogyny (males 
mating with a single female) or death must be determined in future 
studies. Regardless, a local deficit in males would likely cause lower 
rates of multiple paternity. The only other known geographic pattern 
of variation in polyandry is a weak positive correlation noted be-
tween levels of polyandry and latitude across all taxonomic groups 
that occurs at a much larger scale than our study (Taylor et al. 2014).

Our work demonstrates that the spotted lanternfly mating system 
consists of variable proportions of monandrous and polyandrous 
females, and we suggest further research exploring monogynous 
males. Additional work is required to determine whether dissection 
alone could be used to detect multiple paternity, which would help 
investigating the variation in mating systems in a range of populations. 
Multiple paternity within egg masses, clutches, or litters has benefits be-
yond the individual level (Jennions and Petrie 2000). Although we could 
not demonstrate the benefits of multiple paternity on allelic richness 
or heterozygosity with our sample sizes, multiple paternity constitutes 
an advantage for species at the population level as it preserves genetic 
diversity from one generation to another, which is especially beneficial 
in biological invasions that are affected by strong founder effects when 
introduced in a new area (Miller et al. 2010, Yue et al. 2010). The ge-
netic diversity that can be carried by a single mated female introduced in 
an uninvaded area is thus very important for the success of an invader.

Fig. 1. Comparison of the genetic diversity of egg masses from polyandrous 
and monandrous females. A) Allelic richness, B) expected heterozygosity.
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Finally, knowledge on mating systems is essential to iden-
tify adequate management techniques. For example, the release 
of sterile males (or sterile insect technique), an effective control 
measure in insect pests (Teem et al. 2020), would have very limited 
success in polyandrous species because females would still be able 
to mate with nonsterile males and produce offspring. In addition, 
knowing the mating system allows managers to identify periods 
at increased risk of establishment of new populations due to pol-
yandrous females. This is especially important if spatial variation 
in the mating system correlates with the direction of invasion, as 
we have shown here. Often in invasions, management efforts are 
focused on the invasion front to understandably slow the spread 
of the invasion. However, if populations near the invasion core are 
polyandrous, they may maintain genetic diversity that can prolif-
erate through the invaded range and improve the invasion success 
at the front. This provides further evidence that different manage-
ment strategies may be needed at the invasion core and front to 
slow the invasion as has been previously suggested (Ramirez et 
al. 2023).
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D
ow

nloaded from
 https://academ

ic.oup.com
/ee/advance-article/doi/10.1093/ee/nvad083/7249127 by Tem

ple U
niversity user on 25 August 2023



7Environmental Entomology, 2023, Vol. XX, No. XX

References
Avise JC, Liu J-X. Multiple mating and its relationship to brood size in preg-

nant fishes versus pregnant mammals and other viviparous vertebrates. 
Proc Natl Acad Sci USA. 2011:108(17):7091–7095. https://doi.
org/10.1073/pnas.1103329108

Awad M, Laugier GJM, Loiseau A, Nedvěd O. Unbalanced polyandry in 
wild-caught ladybirds Harmonia axyridis (Coleoptera: Coccinellidae). 
Appl Entomol Zool. 2015:50(4):427–434. https://doi.org/10.1007/
s13355-015-0348-5

Baker TC, Smyers EC, Urban JM, Meng Z, Pagadala Damadaram KJ, Myrick 
AJ, Cooperband MF, Domingue MJ. Progression of seasonal activ-
ities of adults of the spotted lanternfly, Lycorma delicatula, during the 
2017 season of mass flight dispersal behavior in eastern Pennsylvania. 
J Asia-Pac Entomol. 2019:22(3):705–713. https://doi.org/10.1016/j.
aspen.2019.05.006

Culley TM, Stamper TI, Stokes RL, Brzyski JR, Hardiman NA, Klooster MR, 
Merritt BJ. An efficient technique for primer development and application 
that integrates fluorescent labeling and multiplex PCR. Appl Plant Sci. 
2013:1(10):1300027. https://doi.org/10.3732/apps.1300027

Dobson FS, Abebe A, Correia HE, Kasumo C, Zinner B. Multiple paternity 
and number of offspring in mammals. Proc Biol Sci. 2018:285(1891): 
20182042. https://doi.org/10.1098/rspb.2018.2042

Estoup A, Ravigné V, Hufbauer R, Vitalis R, Gautier M, Facon B. Is there a genetic 
paradox of biological invasion? Annu Rev Ecol Evol Syst. 2016:47(1):51–
72. https://doi.org/10.1146/annurev-ecolsys-121415-032116

Haddrill PR, Shuker DM, Amos W, Majerus MEN, Mayes S. Female mul-
tiple mating in wild and laboratory populations of the two-spot lady-
bird, Adalia bipunctata. Mol Ecol. 2008:17(13):3189–3197. https://doi.
org/10.1111/j.1365-294X.2008.03812.x

Honěk A, Honek A. Intraspecific variation in body size and fecundity in 
insects: a general relationship. Oikos. 1993:66(3):483–492. https://doi.
org/10.2307/3544943

Jennions MD, Petrie M. Why do females mate multiply? A review of the ge-
netic benefits. Biol Rev. 2000:75(1):21–64. https://doi.org/10.1017/
s0006323199005423

Jones AG. GERUD 2.0: a computer program for the reconstruction of pa-
rental genotypes from half-sib progeny arrays with known or un-
known parents. Mol Ecol Notes. 2005:5(3):708–711. https://doi.
org/10.1111/j.1471-8286.2005.01029.x

Jones OR, Wang J. COLONY a program for parentage and sibship infer-
ence from multilocus genotype data. Mol Ecol Res. 2010:10(3):551–555. 
https://doi.org/10.1111/j.1755-0998.2009.02787.x

Kim H, Kim M, Kwon DH, Park S, Lee Y, Jang H, Lee S, Lee SH, Huang J, 
Hong K-J, et al. Development and characterization of 15 microsatellite 
loci from Lycorma delicatula (Hemiptera: Fulgoridae). Anim Cells Syst. 
2011:15(4):295–300. https://doi.org/10.1080/19768354.2011.604936

Laveaga E, Hoover K, Acevedo FE. Life history traits of spotted lanternfly 
(Hemiptera: Fulgoridae) when feeding on grapevines and tree of 
heaven. Front Insect Sci. 2023:3:1091332. https://doi.org/10.3389/
finsc.2023.1091332

Lee CE. Evolutionary genetics of invasive species. Trends Ecol Evol. 
2002:17(8):386–391. https://doi.org/10.1016/s0169-5347(02)02554-5

Loo J, Kennington WJ, Lestang S de, How J, Evans JP. High levels of polyandry, 
but limited evidence for multiple paternity, in wild populations of the 
western rock lobster (Panulirus cygnus). Ecol Evol. 2018:8(9):4525–4533. 
https://doi.org/10.1002/ece3.3985

Marks EP. Comparative studies of the male genitalia of the Hemiptera 
(Homoptera-Heteroptera). J Kans Entomol Soc. 1951:24(4):134–141.

Miller JA. Repeated evolution of male sacrifice behavior in spiders correlated 
with genital mutilation. Evolution. 2007:61(6):1301–1315. https://doi.
org/10.1111/j.1558-5646.2007.00115.x

Miller SD, Russell JC, MacInnes HE, Abdelkrim J, Fewster RM. Multiple 
paternity in wild populations of invasive Rattus species. N Z J Ecol. 
2010:34(3):360–363.

Moreno-García M, Cordero C. On the function of male genital claspers in 
Stenomacra marginella (Heteroptera: Largidae). J Ethol. 2008:26(2):255–
260. https://doi.org/10.1007/s10164-007-0058-8

Neff BD, Pitcher TE. Assessing the statistical power of genetic analyses to de-
tect multiple mating in fishes. J Fish Biol. 2002:61(3):739–750. https://doi.
org/10.1111/j.1095-8649.2002.tb00908.x

Park M, Kim K-S, Lee J-H. Genetic structure of Lycorma delicatula (Hemiptera: 
Fulgoridae) populations in Korea: implication for invasion processes in 
heterogeneous landscapes. Bull Entomol Res. 2013:103(4):414–424. 
https://doi.org/10.1017/S0007485313000011

Puillandre N, Dupas S, Dangles O, Zeddam J-L, Capdevielle-Dulac C, 
Barbin K, Torres-Leguizamon M, Silvain J-F. Genetic bottleneck in in-
vasive species: the potato tuber moth adds to the list. Biol Invasions. 
2008:10(3):319–333. https://doi.org/10.1007/s10530-007-9132-y

Rafajlović M, Eriksson A, Rimark A, Hintz-Saltin S, Charrier G, Panova M, 
André C, Johannesson K, Mehlig B. The effect of multiple paternity on 
genetic diversity of small populations during and after colonisation. PLoS 
One. 2013:8(10):e75587. https://doi.org/10.1371/journal.pone.0075587

Ramirez VA, De Bona S, Helmus MR, Behm JE. Multiscale assessment of 
oviposition habitat associations and implications for management in the 
spotted lanternfly (Lycorma delicatula), an emerging invasive pest. J Appl 
Ecol. 2023:60(3):411–420. https://doi.org/10.1111/1365-2664.14365

Reed DH, Frankham R. Correlation between fitness and genetic diversity. Conserv 
Biol. 2003:17(1):230–237. https://doi.org/10.1046/j.1523-1739.2003.01236.x

Seabra SG, Brás PG, Zina V, Silva EB, Rebelo MT, Figueiredo E, Mendel 
Z, Paulo OS, Franco JC. Molecular evidence of polyandry in the citrus 
mealybug, Planococcus citri (Hemiptera: Pseudococcidae). PLoS One. 
2013:8(7):e68241. https://doi.org/10.1371/journal.pone.0068241

Sefc KM, Koblmüller S. Assessing parent numbers from offspring genotypes: 
the importance of marker polymorphism. J Hered. 2009:100(2):197–205. 
https://doi.org/10.1093/jhered/esn095

Song SD, Drew RAI, Hughes JM. Multiple paternity in a natural population of 
a wild tobacco fly, Bactrocera cacuminata (Diptera: Tephritidae), assessed 
by microsatellite DNA markers. Mol Ecol. 2007:16(11):2353–2361. 
https://doi.org/10.1111/j.1365-294X.2007.03277.x

Taylor ML, Price TAR, Wedell N. Polyandry in nature: a global anal-
ysis. Trends Ecol Evol. 2014:29(7):376–383. https://doi.org/10.1016/j.
tree.2014.04.005

Teem JL, Alphey L, Descamps S, Edgington MP, Edwards O, Gemmell N, 
Harvey-Samuel T, Melnick RL, Oh KP, Piaggio AJ, et al. Genetic biocon-
trol for invasive species. Fron Bioeng Biotechnol. 2020:8:452. https://doi.
org/10.3389/fbioe.2020.00452

Uhl G, Nessler SH, Schneider JM. Securing paternity in spiders? A review on oc-
currence and effects of mating plugs and male genital mutilation. Genetica. 
2010:138(1):75–104. https://doi.org/10.1007/s10709-009-9388-5

Urban JM. Perspective: shedding light on spotted lanternfly impacts in the 
USA. Pest Manag Sci. 2020:76(1):10–17. https://doi.org/10.1002/ps.5619

Urban JM, Leach H. Biology and management of the spotted lanternfly, Lycorma 
delicatula (Hemiptera: Fulgoridae), in the United States. Annu Rev Entomol. 
2023:68(1):151–167. https://doi.org/10.1146/annurev-ento-120220-111140

Veliz D, Duchesne P, Rojas-Hernandez N, Pardo LM. Statistical power to 
detect multiple paternity in populations of highly fertile species: how 
many females and how many offspring should be sampled?. Behav Ecol 
Sociobiol. 2017:71(1):12. https://doi.org/10.1007/s00265-016-2240-x

Walsh P, Metzger D, Higuchi R. Chelex 100 as a medium for simple extrac-
tion of DNA for PCR-based typing from forensic material. Biotechniques. 
1991:10(4):506–513.

Wolfin MS, Binyameen M, Wang Y, Urban JM, Roberts DC, Baker TC. Flight 
dispersal capabilities of female spotted lanternflies (Lycorma delicatula) 
related to size and mating status. J Insect Behav. 2019:32(3):188–200. 
https://doi.org/10.1007/s10905-019-09724-x

Yue GH, Le Li J, Wang CM, Xia JH, Wang GL, Feng JB. High prevalence of 
multiple paternity in the invasive crayfish species, Procambarus clarkii. Int 
J Biol Sci. 2010:6(1):107.

D
ow

nloaded from
 https://academ

ic.oup.com
/ee/advance-article/doi/10.1093/ee/nvad083/7249127 by Tem

ple U
niversity user on 25 August 2023

https://doi.org/10.1073/pnas.1103329108
https://doi.org/10.1073/pnas.1103329108
https://doi.org/10.1007/s13355-015-0348-5
https://doi.org/10.1007/s13355-015-0348-5
https://doi.org/10.1016/j.aspen.2019.05.006
https://doi.org/10.1016/j.aspen.2019.05.006
https://doi.org/10.3732/apps.1300027
https://doi.org/10.1098/rspb.2018.2042
https://doi.org/10.1146/annurev-ecolsys-121415-032116
https://doi.org/10.1111/j.1365-294X.2008.03812.x
https://doi.org/10.1111/j.1365-294X.2008.03812.x
https://doi.org/10.2307/3544943
https://doi.org/10.2307/3544943
https://doi.org/10.1017/s0006323199005423
https://doi.org/10.1017/s0006323199005423
https://doi.org/10.1111/j.1471-8286.2005.01029.x
https://doi.org/10.1111/j.1471-8286.2005.01029.x
https://doi.org/10.1111/j.1755-0998.2009.02787.x
https://doi.org/10.1080/19768354.2011.604936
https://doi.org/10.3389/finsc.2023.1091332
https://doi.org/10.3389/finsc.2023.1091332
https://doi.org/10.1016/s0169-5347(02)02554-5
https://doi.org/10.1002/ece3.3985
https://doi.org/10.1111/j.1558-5646.2007.00115.x
https://doi.org/10.1111/j.1558-5646.2007.00115.x
https://doi.org/10.1007/s10164-007-0058-8
https://doi.org/10.1111/j.1095-8649.2002.tb00908.x
https://doi.org/10.1111/j.1095-8649.2002.tb00908.x
https://doi.org/10.1017/S0007485313000011
https://doi.org/10.1007/s10530-007-9132-y
https://doi.org/10.1371/journal.pone.0075587
https://doi.org/10.1111/1365-2664.14365
https://doi.org/10.1046/j.1523-1739.2003.01236.x
https://doi.org/10.1371/journal.pone.0068241
https://doi.org/10.1093/jhered/esn095
https://doi.org/10.1111/j.1365-294X.2007.03277.x
https://doi.org/10.1016/j.tree.2014.04.005
https://doi.org/10.1016/j.tree.2014.04.005
https://doi.org/10.3389/fbioe.2020.00452
https://doi.org/10.3389/fbioe.2020.00452
https://doi.org/10.1007/s10709-009-9388-5
https://doi.org/10.1002/ps.5619
https://doi.org/10.1146/annurev-ento-120220-111140
https://doi.org/10.1007/s00265-016-2240-x
https://doi.org/10.1007/s10905-019-09724-x

