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Abstract

We studied the mating behavior and reproductive biology of three members of the genus Agrilus: the bronze
birch borer, Agrilus anxius Gory; the twolined chestnut borer, Agrilus bilineatus (Weber); and the emerald ash
borer, Agrilus planipennis Fairmaire. All three species share a highly stereotyped mating behavior. However,
the copulation duration of A. planipennis was 90% longer than that of its two congeners. Female reproductive
tracts of the three species were anatomically similar, as were the spermatophores. Within the spermatophores,
sperm were single in A. anxius and A. bilineatus, while in A. planipennis, sperm were bundled in groups of
approximately 20 in a hyaline sheath. We found that field-caught A. anxius and A. bilineatus had higher rates
of female insemination than A. planipennis. In additional studies with A. planipennis and A. anxius, we found
that mating duration was related to mating success, and fecundity for A. planipennis, but not for A. anxius. For
both A. planipennis and A. anxius, the spermatophore was passed to the female toward the end of the copula-
tory period. Sperm were found in the spermatheca immediately after copulation ended in A. planipennis and

30 min after copulation ended in A. anxius. We present possible explanations for these differences.

Key words: Agrilus, reproductive biology, mating behavior

We examined the mating behavior of three species of the genus
Agrilus. Two of the species are native to North America: the bronze
birch borer, Agrilus anxius Gory and the twolined chestnut borer
A. bilineatus (Weber). Although they generally are considered sec-
ondary pests (Johnson and Lyon 1991), both species occasionally
cause large-scale mortality events for their host trees, Betula spe-
cies (Betulaceae) and Quercus species (Fagaceae), respectively. These
events are often correlated with large-scale stressors for their hosts
such as cohort senescence (Muilenburg and Herms 2012), drought
(Nash 1943, Anderson 1944, Barter 1957) or, defoliation (Chapman
1915, Dunbar 1975, Dunn et al. 1986a, Haack and Acciavatti 1992,
Muzika et al. 2000). Agrilus bilineatus recently seems to have estab-
lished in Turkey (Hizal and Arslangiindogdu 2018). Although it is
known to be able to feed on at least one species of European oak,
Quercus robur (Petrice and Haack 2014), it is still unknown how
much of an impact it will have on Quercus in Eurasia. The third
species we studied was emerald ash borer, A. planipennis Fairmaire,
which is native to Far Eastern Asia and is a highly destructive, inva-
sive pest of Fraxinus species (Oleaceae) in North America and Eastern
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Europe (Herms and McCullough 2014, Orlova-Bienkowskaja and
Biefikowski 2015).

The three species share many aspects of their ecology and repro-
ductive biology. Mating takes place on the larval host plants, and
males locate the females primarily by sight (Lelito et al. 2007, 2011;
Rodriguez-Saona et al. 2007; Domingue et al. 2013, 2016). There
is some evidence of a longer-range sex pheromone in A. bilineatus
(Dunn et al. 1986b), and contact and short-range volatile sex phero-
mones have been identified for A. planipennis (Lelito et al. 2009,
Silk et al. 2009, Ryall et al. 2012, Domingue et al. 2016). Agrilus
species have an ‘ambush habit’ and males either land on, or jump
onto the females without any pre-copulatory courtship, nor is there
any evidence of post-copulatory associations (Chapman 1915; Akers
1985; Lelito et al. 2007, 2011; Rodriguez-Saona et al. 2007). They
all have a sex ratio of roughly 1:1 and all are protandrous. All three
species require an adult maturation feeding period, and the females
are synovigenic, requiring 5-10 d before mating. Both sexes mate
multiple times in all three species (Chapman 1915; Muilenburg
and Herms 2012; Rutledge and Keena 2012a,b). Eggs are laid in

2620

This work is written by (a) US Government employee(s) and is in the public domain in the US.


http://orcid.org/0000-0003-3099-6243
mailto:Claire.Rutledge@ct.gov?subject=

Journal of Economic Entomology, 2019, Vol. 112, No. 6

2621

cracks and crevices of the bark in small groups. Previous work on
A. planipennis showed that females are more likely to produce any
eggs if they are allowed to mate multiple times (Rutledge and Keena
2012b), while A. anxius was equally likely to lay eggs with one
mating or many (Rutledge and Keena 2012a). This was likely due
to the higher rate of successful spermatophore transfer in A. anxius.

We examined several aspects of the mating behavior and repro-
ductive morphology of A. anxius, A. bilineatus, and A. planipennis.
Casual observation in earlier studies showed that A. planipennis
mated for a longer duration than either A. anxius or A. bilineatus.
An extended copulation, such as seen in A. planipennis, comes with
potential costs for both partners (Simmons 2001). During mating,
the couple is more exposed to the risk of predation (Jersabek
et al. 2007). For example, Cerceris fumipennis Say (Hymenoptera:
Crabronidae), a wasp that uses adult Buprestidae to provision their
brood, will capture and paralyze a mating female buprestid, and the
un-paralyzed male will remain in copula as the pair is brought back
to the wasp’s burrow (C.E.R., personal observation). A longer period
of time engaged in mating will use more energy for both participants
(Brown and Baer 2005), and it reduces time available for other activ-
ities such as eating, resting, or oviposition. Time spent mating with
one partner is time spent not mating with another, so by necessity
both partners are losing mating opportunities (Thornhill and Alcock
1983).

However, there are other factors that encourage a longer copu-
lation duration. An environment with fewer predators can allow
for more leisurely mating. This has been shown to be the case
for copepods that spend more time mating in lakes that are fish
free, than in lakes with fish (Rehfeldt 1996, Jersabek et al. 2007).
Another potential explanation is a differential level of sperm com-
petition among the three species. Sperm competition can be an im-
portant driver of evolution (Thornhill and Alcock 1983, Reinhardt
et al. 2015). Such competition increases as the ratio of sexually
active females to sexually active males (i.e., the operational sex
ratio decreases). Higher sperm competition has been shown to in-
crease copulation duration within a species, individual males will
adjust copulation time in accordance to perceived competition
(Sakaluk and Muller 2008, Wang et al. 2008). This effect has also
been shown across species within a taxon, with species experien-
cing greater sperm competition exhibiting longer copulation dur-
ations than species in the same taxon that experience less sperm
competition (Takami and Sota 2007a,b).

There are a number of mechanisms by which copulation dur-
ation can impact sperm competition. A longer mating duration could
improve a male’s potential to inseminate a female’s eggs by acting
as in copula mate guarding (Schofl and Taborsky 2002, Linn et al.
2007, Chaudhary et al. 2017). Alternatively, prolonged copulation
may act as an ‘honest signal’ of the male’s quality (Brown and Baer
2005). To the extent that cryptic female choice exists, such as fa-
vorable placement of sperm in the reproductive tract, a male that
has shown his fitness by an extended copulation duration may be
tavored (Eberhard 2002). There may also by physiological mechan-
isms by which a prolonged copulation increases a male’s chance to
inseminate the female’s eggs. A longer copulation may allow for a
greater quantity of sperm to be transferred, thus boosting the stat-
istical chances that that male’s sperm will be used to fertilize the
female’s eggs (Simmons 2001, Garcia-Gonzalez and Gomendio
2004, Sziranyi et al. 2005, Gao and Kang 2006). It may allow for
the passing of more, or additional, accessory gland fluids that could
have a number of physiological impacts such as improving female
longevity (Reinhardt et al. 2009), inhibiting female mating recep-
tivity (Jang et al. 1998), or inducing oviposition so that eggs are

fertilized before the female has a chance to mate again (Yamane and
Miyatake 2010). Alternatively, a longer mating duration may allow
the male to either place a mating plug (Avila et al. 2011), or to re-
move sperm (Siva-Jothy 1987) or the mating plug of another male
(Eberhard 1994).

Other characteristics not related to copulation duration may
indicate higher levels of sperm competition in one species than
in another species. For example, variation in the morphology of
sperm, such as longer sperm, sperm bundles or even hooks maybe
indicative of a higher level of sperm competition (Takami and
Sota 2007b, Firman and Simmons 2009, Fitzpatrick and Baer
2011).

To explore the hypotheses that might best explain the differ-
ence in copulation duration among the three species, we used
a multi-pronged approach. First, we made video recordings of
mating behavior and compiled ethograms and a behavioral flow
chart to understand the mating behaviors of each species and
how they compare to one another. We also examined the morph-
ology of the female reproductive tract, the spermatophore, and
the sperm of each species to see if any of these features differed.
We dissected wild-caught females of each of the three species to
ascertain actual rates of mating success for females in the wild
(Rhainds 2010).

In a series of additional experiments with A. planipennis and
A. anxius, we then experimentally determined the timing of sperm
transfer during copulation and the position of sperm in the female’s
reproductive tract at different time periods after mating by dissec-
tion. We also examined the relationship between mating duration
and fecundity for A. planipennis and A. anxius.

Materials and Methods

Insects

Agrilus planipennis

Adults emerged from infested ash bolts (up to 30 cm diameter and
70-72 c¢m long) collected in the Brighton, MI area by USDA APHIS
PPQ personnel in 2008 and 2009. Shipments were 100-200 beetles
each and beetles that died during shipment or within 3 wk of initial
mating were not used in the studies. Voucher specimens were depos-
ited at the Entomology Division, Yale Peabody Museum of Natural
History, New Haven, CT.

To collect these beetles, field collected bolts were held in a re-
frigerated box (4.0 = 0.1°C) until they were needed and then put
at room temperature (20-23°C) in rolled cardboard tubes with
a clear plastic cup attached to one end (see Myers et al. 2009 for
photograph and Barak et al. 2010 for more detailed description of
emergence tubes). Adults were attracted to the light and collected
from the cups daily and housed 10 per petri dish (90 d x 15 h mm)
with two to three clipped ash leaves until shipped under a valid
permit to the USDA Forest Service quarantine facility in Ansonia,
CT. The petri dishes were placed inside a Tyvek envelope (Dupont,
Wilmington, DE) in a small cooler (251 x 20 h x 20 d cm) for ship-
ment. Upon arrival, beetles were sexed by examining them for the
‘beard’ of short golden setae that is only present on the prosternum
of the male (Fairmaire 1888).

Before beetles were used in experiments, they were placed in
single-sex, 7.6 L containers for at least 6 d of maturation feeding
and were supplied hardened-off foliage of Fraxinus ubdei (Wenzig)
Lingelsh and water (for details see, Rutledge and Keena 2012b).
Beetles were held at 25 = 2°C, 16:8 L:D and 65 = 5% RH. These
conditions have been shown to be ideal for A. planipennis (Keena
et al. 2009). Foliage was changed twice a week.
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Agrilus bilineatus

Four 2 m lengths of Quercus alba L. infested with A. bilineatus
larvae were obtained from Freetown State Forest, Fall River, MA in
spring 2007 and brought to Hamden, CT where they were housed
in an unheated screen house. Once emergence began, beetles were
collected daily before 10:00 h. Males and females were sexed in the
screen house by ascertaining the presence or absence of a vertical
groove on the first and second abdominal sternite, which is found
only on the male (Bright 1987). They were then housed by emer-
gence date in single-sex cages constructed from nesting, clear 236 ml
plastic cups (Solo Cup Company, Urbana, IL). The top cup had the
top cut out and a circular piece of aluminum mesh fitted inside to
cover the hole. Beetles were supplied with hardened-off oak foliage
and water. The petioles of the oak leaves and dental wick (Patterson
Brand, Minneapolis, MN) were inserted into a slit made in the top
of the lid of a 30 ml plastic cup filled with water. Beetles were held
at ambient laboratory temperatures, which ranged from 20 to 25°C.
Foliage was obtained from oak seedlings reared from locally sourced
red oak, Quercus rubra L., acorns in the greenhouse.

Agrilus anxius
Birch trees infested with A. anxius were collected locally. Agrilus
anxius used in the mating observation, mating disruption, and morph-
ology studies were reared from Betula utilis variety jacquemontii
collected from a private home in Bloomfield, CT in 2008. Beetles
used in experiments examining the relationship between mating dur-
ation and fecundity, as well as information on rates of successful
insemination were reared from two heavily infested specimens of
B. utilis var. jacquemontii were collected in February 2011. Beetles
that were used in the experiments examining sperm dynamics were
reared from B. utilis var. jacquemontii collected in April 2014 from
a farm in Hamden, CT.

In each year, the trees were cut into bolts and brought back to
Hamden, CT where they were stored in an unheated screened shed.

We began checking for emergence in the third week of May, and
once emergence started, beetles were collected daily before 10:00 h.
Collected beetles were sexed on site by examining the color of the
frons (female beetles have a copper colored frons, while the males are
green) and by looking for a vertical groove on the first and second
abdominal sternite, which is found only on the male (Bright 1987).
In 2008, beetles were brought back to the Connecticut Agricultural
Experiment Station in New Haven, CT where they were held in cages
as described above for A. bilineatus. In subsequent years, they were
then placed in single-sex vials and transported directly to the USDA
Forest Service quarantine facility in Ansonia, CT, where they were
housed as described for A. planipennis. Beetles were supplied with
field-collected, hardened-off foliage of B. utilis var. jacquemontii and
water as described above.

Mating Behavior Observations
Mating observations were conducted in arenas consisting of 1 oz
clear plastic cups placed upside down on clean filter paper during
the hours of 10:00-15:00. For A. anxius and A. bilineatus, natural
light from laboratory windows was supplemented by a 100 W incan-
descent bulb. Temperature was ambient lab temperature (20-25°C).
As A. planipennis observations took place inside a rearing chamber
in quarantine, the majority of observations took place at 25°C and
under fluorescent lighting supplemented by incandescent bulbs.
Although the lighting and temperature did influence how readily
mating occurred, once mating began, it was highly stereotyped for
all species. A pair of randomly selected, appropriately aged, virgin
beetles were placed in an arena, and filmed for at least % h or until
mating ended. Filming was done using a Sony HD digital camcorder
(Sony, Tokyo, Japan). A total of 58 successfully mated pairs were ob-
served for A. planipennis, 42 for A. bilineatus, and 20 for A. anxius.
Films of mating pairs were observed and a list of mating be-
haviors (an ethogram) was constructed. Only behaviors directly

Table 1. Ethogram for mating behavior of Agrilus planipennis, A. anxius, and A. bilineatus

Behavior code Description

Groom Cleaned body, including opening wings and raising abdomen

Walk Female walked with male mounted on back

Mount Male rapidly climbed onto female’s back, can be from front, side or back of female.

Unsheath aedeagus Aedeagus is rotated to the side, fully extended, then brought around under the male’s body

Insert Inserted aedeagus into female’s valvulae

Pat Mounted male gripped female with middle-legs. Pro-legs performed a rapid series of five to seven pats to the females
pronotum/elytra starting at the front of their reach and moving backwards to just before the female’s middle-legs. The
male’s head bobbed in and out during the sequence, and the palpi brushed the surface of the elytra. This behavior was
always accompanied by antennation of the elytra (see below for description). Simultaneously, the hind legs, which were
held out to the side during the rest of copulation, moved up and inwards in a stroke resembling a whip-kick in swim-
ming. During this stroke, the tibia stroked the side of the female in an upward motion. The whole sequence took about
1 s to perform and was usually performed several times in succession (up to 90x) at 1-2 s intervals

Pump Aedeagus moved in and out within vulva, the visible displacement varied from small to large

Wing buzz? Opened elytra and rapidly fanned wings for up to 5 s

Antennate Male moved antennae alternately touching female’s elytra

Withdraw Male withdrew aedeagus from female

Dismount Male climbed off of female’s back

Sheath aedeagus
Raise/lower abdomen

Aedeagus drawn back into body

Female raised or lowered abdomen while male is mounted

Wag Female threw whole body from one side to the other
Leg wave Female lifted single leg, held it in the air, placed it back down
Rest Remained motionless

All three species shared a highly conserved, stereotypical pattern of behavior.
“Only displayed by A. bilineatus.
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- ! U ful f | Male attempts to mount, if female jerks her body
Climb on back | nsuccesstul, temale male will be pushed aside. Males will often try
wag again if unsuccessful.
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aedeagus Once on, male attempts to insert aedeagus.
P Female may dislodge male by wagging. Attempt
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Female movement
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stage bouts of patting alternate with female
movement. This movement can be wagging,
grooming or searching. While the female moves the

No patting, male may pump or rest

A

trivial female movement

|
l )

| Pump/ pat |————-| Female wag

Pat/ dismount

male is still. Male pumps during the pats.

Male is still during this phase, subtle pumping
throughout, female may briefly groom, search, eat
but is also generally still during this phase

Female wagging or leg waving alternating with
patting bouts. Or move directly to patting and
dismount

Male pats while removing aedeagus. Continues to
pat as backs off. Once off female’s back, rapidly
walks away.

Fig. 1. Flow chart of the most common sequence of events in Agrilus anxius, A. bilineatus, and A. planipennis mating. Terms in boxes are explained in the

ethogram inTable 1.

new female partner and waiting resumed. Mating was considered to
start when a male inserted his aedeagus into the female’s valvulae.
Mating pairs of A. planipennis were separated manually at 5, 15,
30, and 40 min after the start of mating (10, 20, 40, and 60% of
average copulation duration, respectively) or were allowed to mate
until completion. Mating pairs of A. anxius were separated manu-
ally at 1, 3, and 5 min after the start of mating (10, 40, and 60% of
average copulation duration, respectively) or were allowed to mate
until completion. Immediately after they were separated, beetles
were placed in individual, labeled vials and frozen at -20°C until
dissection. Mating success was ascertained as described above.

Sperm Dynamics Within the Female

Reproductive Track

Virgin A. anxius that had been maturation feeding in single-sex cages
for at least 5 d were placed together into a rearing cage to allow choice
of partners. Beetles were observed until copulation began, at which
point the couple were gently removed and placed in an individual petri
dish to complete mating. All copulations were timed. After copulation,
males were weighed, then returned to the mating cage. Females were
also weighed, and then frozen at -20°C at intervals of 0, 15, 30, 60,
90, 120, 150, 180, and 240 min, as well as 1 and 2 d after mating.
There were three to five mated females in each category. Females that
were not frozen within 30 min of copulation were provided with
water in a dram vial plugged with a cotton dental wick, and fresh

foliage in a 7 cm diameter petri dish with a filter paper to absorb ex-
cess moisture. The same procedure was followed for A. planipennis,
although due to longer maturation feeding period, we waited for 6
d after eclosion to experiment. After the females were frozen, the re-
productive tract was removed by gently pulling on the last abdominal
segment. The genital tract was examined under a dissecting scope for
the presence of a spermatophore. Position of sperm within the tract
was scored in one of four categories: absent, common oviduct, lower
spermatophore, and bulb of spermatophore (Fig. 3F). The presence or
absence of the spermatheca was also recorded. For A. planipennis, we
noted whether the sperm was still bundled or was individual.

Mating Duration, Success, and Fecundity

Using data from the sperm dynamics experiment described above, we
examined the relationship between copulation duration and mating
success. As described above, pairs of A. anxius and A. planipennis
were allowed to mate until they separated naturally, and were con-
sidered to be behaviorally complete. We then compared the copu-
lation duration of successful and unsuccessful copulations (i.e.,
whether or not a spermatophore had been transferred to the female)
using a Students z-test for both A. anxius and A. planipennis.

To ascertain the relationship between fecundity (number of eggs
laid) and mating duration, we used data from earlier experiments in
which one subset of female A. anxius and A. planipennis were ob-
served mating one time, and fecundity was recorded (Rutledge and
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Fig. 2. Simplified ethogram diagram for the three species showing relative probability of transitions between the various behaviors. Line thickness is relative

to transition frequency.

Keena 2012a,b). All copulations were timed for these experiments,
but the data had not been analyzed or published. Data from females
that survived for less than 21 d after mating were excluded from the
analysiss. We used the data to perform a linear regression of copula-
tion duration on fecundity with an alpha level of 0.05. All statistical
calculations were performed in Systat (Systat Software, Inc., v.9).

Results

Mating Behavior

An ethogram of behaviors displayed is listed in Table 1. The be-
haviors observed were highly stereotyped, and strongly conserved
among all three species. The wing buzz behavior of A. bilineatus
stood out as the only behavior unique to one of the three species. In
this behavior, the males opened their elytra and rapidly fanned their
wings while on the dorsum of the female. It often occurred immedi-
ately before the patting behavior (see Table 1), and males often were
buzzing throughout mounting until they had successfully coupled
their genitalia with the female beetle’s. Buzzing was also seen during
uncoupling of the genitalia and dismount from the female’s dorsum.
The other two species rarely exhibited wing buzzing.

All three species showed a significant first-order Markov Chain
process, in that certain preceding behaviors were more likely to be
followed by specific behaviors than others (A. anxius: y* = 1328.34,
df = 49, P < 0.001; A. bilineatus: y> = 1713.1, df = 49, P < 0.001;
A. planipennis: x> = 386.53, df = 25, P < 0.001). An example of
a typical transition matrix is shown in Table 2. The flow diagram
(Fig. 1) shows the most typical sequence of events during mating.
All three species showed limited pre-copulatory courtship, with the
male sometimes patting the female before inserting his aedeagus.
The beginning of copulation was characterized by alternating bouts
of patting by the males and wagging by the females. After an ac-
tive period, both males and females remained quiescent for the next
20-50% of the copulation period. Finally, there was another flurry
of activity, males patting and females wagging, and then the male
withdrew, dismounted, and rapidly left the female. Simplified flow
diagrams show the relative frequency of behavioral transitions for
each species (Fig. 2).

While the overall pattern of the copulation was very similar
among the three species, as were the stereotyped behaviors them-
selves, there were some differences among the species in terms of
the relative proportions of different behaviors. The duration of the
mating was strikingly and significantly longer for A. planipennis
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Fig. 3. Reproductive tract with spermatophore: (A) Agrilus planipennis, (B) A. anxius, (C) A. bilineatus. (D) Spermatophore of A. planipennis, (E) reproductive
tract of A. anxius, failed mating, and (F) idealized Agrilus reproductive tract. Note in the picture of the failed mating that the common oviduct was not expanded
as it was when mating was successful and that the bulb of the spermataphore was empty. S = spermatophore; b = bulb of spermatheca; Sp = spermatheca;
COD = common oviduct; E = ovum; O = ovary; St = strap of spermatophore; p = putative mating plug; IT = inner tunic; OT = outer tunic.

Table 3. Comparison of mating behaviors of A. anxius, A. bilineatus, and A. planipennis

A. anxius A. bilineatus A. planipennis
Total length of mating (s) 514.1 =861 482.2 +8.04 3926.8 =65.4°
Average number of patting bouts 9.8 09148 6.9=194 155488
Average number of pats per bout 8.0=124 53=1.04 9.8+3.14
Average number of wagging bouts 35=1.64 10.8 £2.94 10 =2.44
Average number of wags per bout 35+1.6% 8.4+334 11.5+2.74
Average proportion of quiescent period to length of mating 0.22 +0.034 0.51+0.08" 0.62+0.10®

Numbers shown are averages and SEs for 10 scored behaviorally complete matings per species. Values followed by the same letter are not significantly different

within the row (a = 0.05).

than for the two native species (F = 38.06, df = 2, 25, P < 0.001;
Table 3). The other differences among the species were less predict-
able. The quiescent period in the middle period of the copulation
was a significantly shorter proportion of the total mating period for
A. anxius than for A. planipennis or A. bilineatus (F = 9.70, df = 2,
25, P = 0.001). Agrilus bilineatus had significantly fewer bouts
of patting than A. planipennis, while A. anxius was intermediate
(F = 5.56,df = 2,25, P =0.010; Table 3). There was a borderline
significant difference among the species in the number of pats per
bout (F = 3.32, df = 2, 25, P = 0.052), but individual males ranged
considerably with averages of 1-28 pats per bout. Females did not
differ among the three species in the number of bouts of the wagging

behavior they performed (F = 1.3, df = 2, 25, P = 0.287; Table 3).
There was a borderline significance in the number of wags per bout
(F = 3.29, df = 2, 25, P = 0.054; Table 3), with A. anxius females
performing fewer wags per bout than the other two species. Across
all species, there was a significant correlation between the number of
wags and the number of pats, showing the reciprocal nature of the
two behaviors (F = 11.8, df = 1, 26, P = 0.002; Table 3).

Reproductive Anatomy

The reproductive tracts of female A. anxius, A. bilineatus, and
A. planipennis were strikingly similar (Fig. 3A-C and F). The sper-
matophores were also shaped in a similar fashion and shared the
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A. A. anxius

B. A. planipennis

C. A. bilineatus

B. A. planipennis C. A. bilineatus

Fig. 4. Sperm, at different magnifications, for (A) Agrilus anxius, (B) A. planipennis, and (C) A. bilineatus. From top to bottom for each species is the
spermatophore, somewhat pulled apart, at 50x magnification, and individual or groups of sperm at 1,000x. Note double flagella of A. anxius and A. bilineatus

sperm. Also note the bundled structure of the A. planipennis sperm.

Table 4. Results of mating disruption experiment

A. anxius

A. planipennis

% normal mating period Minutes mating

Females with spermatophores

Minutes mating Females with spermatophores

%10 1 min 0/5 S min 0/4
%20 NA NA 15 min 0/4
%40 3 min 0/5 30 min 0/4
%60 5 min 2/5 40 min 1/5
%100 avg = 8.5 min NN avg = 65 min 6/6

Numbers show number of matings in each time category for which the spermatophore had been successfully transferred to the female over the total number of

matings. Percentages refer to the time during mating at which we manually separated the couple.

“Mating allowed to finish.

same position in the common oviduct. Their spermatophores were
complex structures, with a conduit at the distal end leading to the
sperm storage area of the spermatheca, and a ‘strap’-like extension
that tethered the spermatophore to the wall of the common oviduct,
and extended through the mouth of the oviduct (Fig. 3D). This strap
appeared to plug the mouth of the oviduct, but this has not been
confirmed. The sperm themselves were distinct. The A. planipennis
sperm were contained within a hyaline sheath with approximately
20 sperm to a bundle and each had only one flagella (Fig. 4B). Those
of A. anxius and A. bilineatus by contrast were single and each had
two flagella (Fig. 4A and C).

Mating Success in the Wild

We dissected 51 A. bilineatus, 62 A. anxius, and 159 A. planipennis
females. We found that wild-caught female A. planipennis with
102 out of 159 females inseminated (64%) had a lower rate of

insemination than wild-caught A. anxius (52 out of 62, 84%) and
A. bilineatus (36 of 51,70%) (x* = 10.6,df = 1, P = 0.005).

Mating Disruption Experiment

Sperm was always passed in a spermatophore and at no time were
sperm seen outside of a spermatophore. We also did not see any
spermatophore without sperm (although we have seen this in
A. planipennis in other experimental settings; C.E.R., personal ob-
servation). Spermatophores were seen in all of the females that had
completed copulation naturally. They were also seen in two of the
five A. anxius females and one of the five A. planipennis females
who had been allowed to mate for 60% of the average copulation
time (5 min A. anxius and 40 min A. planipennis). Given that 60%
of the average mating time falls within in the range of completed
copulation times for each species, it seemed likely that the females
with spermatophores were in copulations that would have been
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Copulation Duration and Fecundity

Agrilus planipennis matings that resulted in a successful transfer of
a spermatophore to the female as determined by post-copulation
dissection were significantly longer in duration than those that
were not successful (Successful: N = 44, mean = 64.0 m = 3.56,
Unsuccessful: N = 9, mean = 32.5 m = 9.0; P = 0.021). For
A. anxius, there were too few unsuccessful matings for any mean-
ingful statistical analysis (Successful: N = 56, mean = 11.27 m =
0.08, Unsuccessful: N = 2, mean = 11 m = 3.0). Copulation dur-
ation was not significantly correlated with fecundity for A. anxius
(F=0.011,df =1, 65, P = 0.916, R* = 0.0001). In contrast, there
was a marginally significant positive correlation between copula-
tion duration and fecundity for A. planipennis (F = 4.080, df = 1,
32, P =0.052, R? = 0.113) (Fig. 5).

Discussion

The invasive A. planipennis and its native congeners A. bilineatus
and A. anxius share a stereotyped copulation behavioral pattern.
The behaviors and the sequence of the behaviors were conserved
across the three species, as was the proportion of time spent in
each behavior during the copulatory period. The most striking dif-
ference among the three species was the longer copulation time of
A. planipennis. While the average A. planipennis mating duration of
1 h is not remarkable in Buprestidae (Pinkaew 2001), it was eight
times longer than the average 8.5- and 8-min mating durations of
A. anxius and A. bilineatus, respectively.

Both the success rate of passing spermatophores and the fecundity
of females were related to the duration of mating in A. planipennis.
Unsuccessful matings for A. planipennis averaged about half the length
of successful ones, even though males performed the complete sequence
of mating behaviors during unsuccessful matings. There were too few
unsuccessful matings in A. anxius to statistically address whether or
not the duration of copulation had an impact on success. Fecundity
also varied with mating length for A. planipennis but not A. anxius.
Given these results, it appears that the duration of mating was very
important for A. planipennis mating success, but not for A. anxius.

We tested some of the hypotheses for the difference in copulatory
period between A. anxius and A. planipennis by examining when
the spermatophore was passed to the female during copulation. For
both species, the timing of the spermatophore passage was similar;
it was not passed until the end of the copulatory period. This sug-
gests that A. planipennis males are not gaining sperm precedence
by swamping the female’s reproductive tract with extra-amounts of
sperm. However, it is possible that additional accessory fluids leading
to increased sperm viability are being passed during the extended
copulation. Another hypotheses is that the extended mating may act
as ‘copulatory mate guarding’ in A. planipennis. Mate guarding is
favored when females mate more than once. But all three species
mate repeatedly, so that is not a unique condition for A. planipennis.
Another reason for mate guarding is a low availability of fecund
females, a higher operational sex ration. Perhaps the ecological con-
ditions of A. planipennis in its native habitat are sufficiently different
from those of A. anxius and A. bilineatus, that they have evolved a
form of mate guarding available within the behavioral repertoire of
the genus.

While the timing of the spermatophore transfer and courtship
behaviors is similar among the species, sperm morphology differs
between the native species and A. planipennis, with A. planipennis
sperm being bundled and A. anxius and A. bilineatus sperm being
single. Bundled sperm has been correlated with higher sperm

competition in a genus of Carabidae (Coleoptera) (Takami and Sota
2007b). The purpose of the bundling is unclear, but it is suggested
that the bundled sperm may move more quickly to the spermatheca.
Our results seem to support this explanation. In our post-copulation
dissections of the A. planipennis and A. anxius females, we saw a
difference in how quickly the sperm reached the spermatheca. In all
successfully mated A. planipennis females, there were sperm present
in the spermatheca immediately after mating was terminated. While
for A. anxius, sperm was not found in the spermatheca of any fe-
males until 30 min after mating, and it was not until an hour after
mating that all females examined had sperm in the spermatheca.
The longer copulatory period, presence of the sperm bundles,
and faster rate of sperm migration to the spermatheca post-mating
all support the hypothesis that A. planipennis is under greater sperm
competition pressure than is A. anxius. In an apparent contradiction,
A. planipennis has a lower rate of mating success than A. anxius by
several measures. In the laboratory, a greater proportion of behaviorally
complete matings were unsuccessful at transferring a spermatophore
from the male to the female. In addition, fewer of the eggs laid by female
A. planipennis were fertilized than those laid by A. anxius (Rutledge
and Keena 2012a,b). Fertility rates vary greatly in laboratory rearing,
often depending on the quality of host foliage provided to adults (Akers
and Nielsen 1990; D. Juan and L. Bauer, personal communication).
However, in wild-caught beetles, A. planipennis females were insemin-
ated at a lower rate than either A. anxius or A. bilineatus females.
Why would a species under high sperm competition be worse at
mating? Perhaps there is an Allee effect; A. planipennis females are
not able to access sufficient males to mate in this new environment
(Stephens et al. 1999, Taylor and Hastings 2005). However, given their
relative rarity in their native Eastern Asian range, and their outbreak
status in North America, this seems unlikely. Another possibility is
that the North American A. planipennis population is suffering from
a founder effect. Genetic work by Bray et al. (2011) showed that the
North American population of A. planipennis was much less genetic-
ally diverse than populations of A. planipennis in their native range
of Eastern Asia. Alternatively, perhaps there is a trade-off between the
production of the more complicated bundled sperm which ensures
quicker passage to the spermatheca, and the rate of spermatophore
transfer or even the ability to transfer the spermatophore. The benefit
of the former would need to be great enough to outweigh the costs
of the latter. Similar work looking at insemination and fertility rates
of A. planipennis populations in Asia, as well as exploration of other
species of Agrilus with single and bundled sperm, would be necessary
to understand if our observed results are a result of a homogeneous
gene pool or are typical for the species.
Disclaimer: The use of trade, firm, or corporation names in this pub-
lication is for the information and convenience of the reader. Such
use does not constitute an official endorsement or approval by the
U.S. Department of Agriculture or the Forest Service of any product
or service to the exclusion of others that may be suitable.

Acknowledgments

We thank K. Stafford, A. Bray, and T. Andreadis for reviewing an
earlier version of the manuscript and the two anonymous reviewers
for their suggestions that have made the paper better, and G. Ridge
for creating the drawing in Fig. 5. We also thank D. Agresti, A. Kahn,
V. Sanchez, M. Scott, and A. Vandel for technical assistance. This
work was supported in part by funding from Mclntire Stennis
Project #395 and #382 to C.E.R. and an interagency transfer 10-IA-
11242303-075 from USDA Animal and Plant Health Inspection
Service to USDA Forest Service.



2630

Journal of Economic Entomology, 2019, Vol. 112, No. 6

References Cited

Akers, R. C. 1985. Reproductive biology of the bronze birch borer Agrilus
anxius Gory, in Ohio (Coleoptera: Buprestidae), pp. 107. M.S. thesis,
Department of Entomology, The Ohio State University, Columbus, OH.

Akers, R. C., and D. G. Nielsen. 1990. Reproductive biology of the bronze
birch borer (Coleoptera: Buprestidae) on selected trees. J. Entomol. Sci.
25:196-203.

Anderson, R. 1944. The relation between host condition and attacks by the
bronzed birch borer. J. Econ. Entomol. 37: 588-596.

Avila, F. W,, L. K. Sirot, B. A. LaFlamme, C. D. Rubinstein, and M. F. Wolfner.
2011. Insect seminal fluid proteins: identification and function. Annu. Rev.
Entomol. 56: 21-40.

Barak, A. V., M. Messenger, P. Neese, E. Thoms, and 1. Fraser. 2010. Sulfuryl
fluoride as a quarantine treatment for emerald ash borer (Coleoptera:
Buprestidae) in ash logs. J. Econ. Entomol. 103: 603-611.

Barter, G. 1957. Studies of the bronze birch borer, Agrilus anxius Gory, in
New Brunswick. Can. Entomol. 89: 12-36.

Bishop, Y. M. M. 1975. Discrete multivariate analysis: theory and practive,
pp. 177-228. MIT Press, Cambridge, MA.

Bray, A. M., L. S. Bauer, T. M. Poland, R. A. Haack, A. I. Cognato, and
J. J. Smith. 2011. Genetic analysis of emerald ash borer (Agrilus
planipennis Fairmaire) populations in Asia and North America. Biol.
Invasions 13: 2869-2887.

Bright, D. E. 1987. The metallic wood-boring beetles of Canada and Alaska
Coleoptera: Buprestidae 15. Agriculture Canada, Ottawa, ON, Canada.

Brown, J. F,, and B. Baer. 2005. The evolutionary significance of long copula-
tion duration in bumble bees. Apidologie 36: 157-167.

Chapman, R. F. 1915. Observations on the life history of Agrilus bilineatus. J.
Agr. Res. 3: 286-294.

Chaudhary, D. D., G. Mishra, and G. Omkar. 2017. Strategic mate-guarding
behaviour in ladybirds. Ethology 123: 376-385.

Domingue, M. J., Z. Imrei, J. P. Lelito, J. Muskovits, G. Janik, G. Csoka,
V. C. Mastro, and T. C. Baker. 2013. Trapping of European buprestid bee-
tles in oak forests using visual and olfactory cues. Entomol. Exper. Appl.
148: 116-129.

Domingue, M. J., S. S. Andreadis, P. J. Silk, K. L. Ryall, and T. C. Baker.
2016. Interaction of visual and chemical CUES in promoting attraction of
Agrilus planipennis. J. Chem. Ecol. 42: 490-496.

Dunbar, D. M. 1975. Association of twolined chestnut borer and shoestring fungus
with mortality of defoliated oak in Connecticut. Forest Sci. 21: 169-174.
Dunn, J. P, T. W. Kimmerer, and G. L. Nordin. 1986a. The role of host tree
condition in attack of white oaks by the twolined chestnut borer, Agrilus

bilineatus (Weber) (Coleoptera: Buprestidae). Oecologia 70: 596—600.

Dunn, J. P, T. W. Kimmerer, and G. L. Nordin. 1986b. Attraction of
the twolined chestnut borer, Agrilus bilineatus (Weber) (Coleoptera:
Buprestidae), and associated borers to volatiles of stressed white oak. Can.
Entomol. 118: 503-509.

Eberhard, W. G. 1994. Evidence for widespread courtship during copulation
in 131 species of insects and spiders, and implications for cryptic female
choice. Evolution 48: 711-733.

Eberhard, W. G. 2002. The function of female resistance behavior: intro-
mission by male coercion vs. female cooperation in sepsis flies (Diptera:
Sepsidae). Rev. Biol. Trop. 50: 485-505.

Fagan, R. M., and D. Y. Young 1978. Temporal patterns in behaviours: dur-
ations, intervals, latencies and sequences, pp. 79-114. In P. W. Colgan
(ed.), Quantitative ethology. J. Wiley, New York.

Fairmaire, L. 1888. Notes sure les coléoptéres des environs de Pékin (2@
partie). Revue d'Entomol. 7: 111-160.

Firman, R. C., and L. W. Simmons. 2009. Sperm competition and the evolu-
tion of the sperm hook in house mice. J. Evol. Biol. 22: 2505-2511.

Fitzpatrick, J. L., and B. Baer. 2011. Polyandry reduces sperm length variation
in social insects. Evolution 65: 3006-3012.

Gao, Y., and L. Kang. 2006. Operational sex ratio and alternative reproductive
behaviours in Chinese bushcricket, Gampsocleis gratiosa. Ethology 112:
325-331.

Garcia-Gonzalez, F., and M. Gomendio. 2004. Adjustment of copula duration
and ejaculate size according to the risk of sperm competition in the golden
egg bug (Phyllomorpha laciniata). Behav. Ecol. 15: 23-30.

Haack, R., and R. Acciavatti. 1992. Twolined chestnut borer, No. 168. Forest
Insect and Disease Leaflet. USDA Forest Service, State and Private Forestry,
Northeastern Area, Newtown Square, PA.

Herms, D. A., and D. G. McCullough. 2014. Emerald ash borer invasion
of North America: history, biology, ecology, impacts, and management.
Annu. Rev. Entomol. 59: 13-30.

Hizal, E., and Z. Arslangiindogdu. 2018. The first record of two-lined chestnut
borer Agrilus bilineatus (Weber, 1801) (Coleoptera: Buprestidae) from
Europe. Entomol. News 127: 3.

Jang, E. B., D. O. Mclnnis, D. R. Lance, and L. A. Carvalho. 1998. Mating-
induced changes in olfactory-mediated behavior of laboratory-reared
normal, sterile, and wild female Mediterranean fruit flies (Diptera:
Tephritidae) mated to conspecific males. Ann. Entomol. Soc. Am. 91:
139-144.

Jersabek, C. D., M. S. Luger, R. Schabetsberger, S. Grill, and ]J. R. Strickler.
2007. Hang on or run? Copepod mating versus predation risk in con-
trasting environments. Oecologia 153: 761-773.

Johnson, W. T., and H. H. Lyon. 1991. Insects that feed on trees and shrubs.
Comstock Publishing Associates, Cornell University Press, Ithaca, NY.
Keena, M. A., J. Gould, and L. S. Bauer. 2009. Factors that influence emerald
ash borer (Agrilus planipennis) adult longevity and oviposition under
laboratory conditions, pp. 81. In K. W. Gottschalk (ed.), 20th U.S.
Department of Agriculture Interagency Research Forum on Gypsy Moth
and Other Invasive Species. U.S. Department of Agriculture, Forest Service,

Northern Research Station, Gen. Tech. Rep. NRS-P-51, Annapolis, MD.

Lelito, J., I Fraser, V. C. Mastro, J. H. Tumlinson, K. Béroczky, and T. C. Baker.
2007. Visually mediated ‘paratrooper copulations’ in the mating behavior
of Agrilus planipennis (Coleoptera: Buprestidae), a highly destructive in-
vasive pest of North American ash trees. . Insect Behav. 20: 537-552.

Lelito, J. P., K. Boroczky, T. H. Jones, I. Fraser, V. C. Mastro, J. H. Tumlinson,
and T. C. Baker. 2009. Behavioral evidence for a contact sex pheromone
component of the emerald ash borer, Agrilus planipennis Fairmaire. J.
Chem. Ecol. 35: 104-110.

Lelito, J. P., M. J. Domingue, I. Fraser, V. C. Mastro, J. H. Tumlinson, and
T. C. Baker. 2011. Field investigation of mating behavior of Agrilus
cyanescens and Agrilus subcinctus. Can. Entomol. 143: 370-379.

Linn, C. D., Y. Molina, ]. Difatta, and T. E. Christenson. 2007. The adaptive
advantage of prolonged mating: a test of alternative hypotheses. Anim.
Behav. 74: 481-485.

Muilenburg, V. L., and D. A. Herms. 2012. A review of bronze birch borer
(Coleoptera: Buprestidae) life history, ecology, and management. Environ.
Entomol. 41: 1372-1385.

Muzika, R. M., A. M. Liebhold, and M. J. Twery. 2000. Dynamics of twolined
chestnut borer Agrilus bilineatus as influenced by defoliation and selection
thinning. Ag. Forest Entomol. 2: 283-289.

Myers, S. W., L. Fraser, and V. C. Mastro. 2009. Evaluation of heat treat-
ment schedules for emerald ash borer (Coleoptera: Buprestidae). J. Econ.
Entomol. 102: 2048-2055.

Nash, R. W. 1943. Damage by the bronzed birch borer in Maine, pp. 12.
Bulletin. Maine Forest Service, Augusta, ME.

Orlova-Bienkowskaja, M. ]., and A. O. Biefikowski. 2015. The life cycle of the
emerald ash borer Agrilus planipennis in European Russia and compari-
sons with its life cycles in Asia and North America. Ag. Forest Entomol.
18: 182-188.

Petrice, T. R., and R. A. Haack. 2014. Biology of the European oak borer
in Michigan, United States of America, with comparisons to the native
twolined chestnut borer. Can. Entomol. 146: 36-51.

Pinkaew, N. 2001. Some biological aspects of Sternocera ruficornis Saunder,
1986 in dry dipterocarp forest at Sakaerat Environmental Research
Station. Kasetsart. J. Nat. Sci. 35: 132-138.

Rehfeldt, G. E. 1996. Copulation, oviposition site selection and predation risk
in the dragonfly species Crocothemis erythraea (Odonata: Libellulidae).
Entomol. Gen. 20: 263-270.

Reinhardt, K., R. A. Naylor, and M. T. Siva-Jothy. 2009. Ejaculate components
delay reproductive senescence while elevating female reproductive rate in
an insect. Proc. Natl Acad. Sci. USA 106: 21743-21747.

Reinhardt, K., R. Dobler, and J. Abbott. 2015. An ecology of sperm: sperm
diversification by natural selection. Annu. Rev. Ecol. Evol. Syst. 46:
435-459.



Journal of Economic Entomology, 2019, Vol. 112, No. 6

2631

Rhainds, M. 2010. Female mating failures in insects. Entomol. Exper. Appl.
136: 211-226.

Rodriguez-Saona, C. R., J. R. Miller, T. M. Poland, G. W. Otis, T. Turk, and
D. L. Ward. 2007. Behaviors of adult Agrilus planipennis (Coleoptera:
Buprestidae). Gt. Lakes Entomol. 40: 1-16.

Rutledge, C. E., and M. A. Keena. 2012a. Mating frequency and fecundity in
Agrilus anxius (Coleoptera: Buprestidae). Ann. Entomol. Soc. Am. 105:
852-858.

Rutledge, C. E., and M. A. Keena. 2012b. Mating frequency and fecundity in
the emerald ash borer Agrilus planipennis (Coleoptera: Buprestidae). Ann.
Entomol. Soc. Am. 105: 66-72.

Rutledge, C. E., M. K. Fierke, P. D. Careless, and T. Worthley. 2013. First de-
tection of Agrilus planipennis in Connecticut made by monitoring Cerceris
fumipennis (Crabronidae) colonies. J. Hymenotpera Res. 32: 75-81.

Ryall, K. L., P. J. Silk, P. Mayo, D. Crook, A. Khrimian, A. A. Cossé, J. Sweeney,
and T. Scarr. 2012. Attraction of Agrilus planipennis (Coleoptera:
Buprestidae) to a volatile pheromone: effects of release rate, host volatile,
and trap placement. Environ. Entomol. 41: 648-656.

Sakaluk, S. K., and J. K. Muller. 2008. Risk of sperm competition mediates
copulation duration, but not paternity, of male burying beetles. J. Insect
Behav. 21: 153-163.

Schofl, G., and M. Taborsky. 2002. Prolonged tandem formation in firebugs
(Pyrrhocoris apterus) serves mate-guarding. Behav. Ecol. Sociobiol. 52:
426-433.

Silk, P. J., K. Ryall, D. Barry Lyons, J. Sweeney, and J. Wu. 2009. A contact
sex pheromone component of the emerald ash borer Agrilus planipennis
Fairmaire (Coleoptera: Buprestidae). Naturwissenschaften 96: 601-608.

Simmons, L. W. 2001. The evolution of polyandry: an examination of the gen-
etic incompatibility and good-sperm hypotheses. J. Evol. Biol. 14: 585-594.

Siva-Jothy, M. 1987. Variation in copulation duration and the resultant degree
of sperm removal in Orthetrum cancellatum (L.) (Libellulidae: Odonata).
Behav. Ecol. Sociobiol. 20: 147-151.

Stephens, P. A., W. J. Sutherland, and R. P. Freckleton. 1999. What is the Allee
effect? Oikos 87: 185-190.

Sziranyi, A., B. Kiss, F. Samu, and W. Harand. 2005. The function of long
copulation in the wolf spider Pardosa agrestis (Araneae, Lycosidae) in-
vestigated in a controlled copulation duration experiment. J. Arachnol.
33:408-414.

Takami, Y., and T. Sota. 2007a. Rapid diversification of male genitalia and
mating strategies in Obomopterus ground beetles. J. Evol. Biol. 20:
1385-1395.

Takami, Y., and T. Sota. 2007b. Sperm competition promotes diversity of
sperm bundles in Ohomopterus ground beetles. Naturwissenschaften 94:
543-550.

Taylor, C. M., and A. Hastings. 2005. Allee effects in biological invasions.
Ecol. Lett. 8: 895-908.

Thornhill, R., and J. Alcock. 1983. The evolution of insect mating systems.
Harvard University Press, Cambridge, MA.

Wang, Q., L. H. Yang, and D. C. Hedderley. 2008. Function of prolonged
copulation in Nysius huttoni White (Heteroptera: Lygaeidae) under male-
biased sex ratio and high population density. J. Insect Behav. 21: 89-99.

Yamane, T., and T. Miyatake. 2010. Induction of oviposition by injection of
male-derived extracts in two Callosobruchus species. J. Insect Physiol. 56:
1783-1788.





