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Abstract Emerald ash borer (EAB), Agrilus planipennis
Fairmaire (Coleoptera: Buprestidae), is an invasive wood-
boring beetle first detected in North America in 2002.
Relatively little is known about the factors affecting the
mating and oviposition behavior of EAB, even though they
could have implications for the management of this spe-
cies. Consequently, we conducted field surveys in Michi-
gan to observe the diurnal behavior of EAB adults, in
addition to examining how their behaviors associated with
reproduction varied in relation to the size and condition of
host trees. We observed most EAB adults between 11:00
and 15:00, and this pattern was the same for both sexes and
for all of the specific behaviors examined (feeding, flying,
mating, resting, and walking). Regarding host tree size and
crown condition, we consistently found that the most EAB
eggs, adults, mating pairs, and ovipositing females were
observed on intermediately stressed trees with 40-60 %
crown reductions (likely resulting from earlier EAB
infestations). Additionally, host tree crown condition
appeared to be a more important factor than diameter at
breast height. Our results therefore provide support to the
hypothesis that host tree crown (stressing) condition
influences EAB oviposition behavior. Determining which
trees are likely to contain the most EAB eggs should help
to guide efforts for releasing and promoting the
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establishment of parasitoids utilized in biologic control.
However, future work should attempt to experimentally
test the hypothesis that host tree condition (e.g., crown
reduction) drives EAB oviposition behavior, and investi-
gate the fitness implications of these host choices.
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Introduction

Emerald ash borer (EAB), Agrilus planipennis Fairmaire
(Coleoptera: Buprestidae), is an invasive wood-boring
beetle that is responsible for killing millions of ash trees
(Fraxinus spp.) in North America after being accidentally
introduced from northeastern Asia. First identified in the
United States in Michigan in 2002 (Cappaert et al. 2005b;
Poland and McCullough 2006), as of October 2013 EAB
has spread to a further 20 states and two Canadian prov-
inces (USDA-APHIS 2013). Future treatment and/or
removal of affected ash trees is projected to cost more than
$10 billion over the next decade (Kovacs et al. 2010), and
the loss of ash stands will likely have a myriad of other
ecological impacts (Gandhi and Herms 2010; Hausman
et al. 2010; Ulyshen et al. 2011; Flower et al. 2013a).
Consequently, suppressing populations of EAB will have
clear benefits both economically and environmentally.
However, we still know relatively little about the repro-
ductive behavior of this species or how host trees affect
their mating and oviposition behavior, which could have
implications for predicting EAB spread and biologic
control.

Understanding the life-cycle of EAB could provide
some insight into what factors influence their reproductive
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behavior. Adult females produce around 100 eggs (Wei
et al. 2007; Wang et al. 2010) which are oviposited into
crevices in the bark of ash trees in the summer. After
hatching, EAB larvae tunnel through the bark and begin
feeding in the cambium for one (univoltine) or two
(semivoltine) growing seasons (Cappaert et al. 2005a),
where they form characteristic serpentine galleries (Bauer
et al. 2004; Lyons et al. 2004). Both univoltine and semi-
voltine life-history strategies require larvae to develop
through four instars before folding into a J-shape and
overwintering via an obligatory diapause. In spring, larvae
pupate and emerge as adults after around one month, where
they proceed to feed on ash leaves for two to three weeks
before females begin ovipositing. While EAB adult feeding
typically does not cause any significant damage to ash
trees, with sufficient larval galleries the flow of nutrients
within the tree becomes restricted and can result in tree
death in 3—4 years (Siegert et al. 2007).

For many insects whose offspring develop at the site of
oviposition (as with EAB), host plant selection often can be
a complex decision involving many factors, and it can have
a considerable impact on egg and larval survival (Jaenike
1978; Thompson 1988; Hanks 1999). Among these dif-
ferent factors influencing oviposition, host size can be
particularly important because larger plants might provide
more resources for larvae (Hanks et al. 2005). Furthermore,
hosts with a larger diameter at breast height (DBH) might
confer more protection from some natural enemies (e.g.,
parasitoids) and increase larval survival (Abell et al. 2012).
Alternatively, larger and more mature hosts could possess
more effective defenses against larvae and be more
attractive to certain predators (e.g., woodpeckers), making
them suboptimal for oviposition (Boege and Marquis
2005).

Host plant growing condition can also be an important
factor affecting oviposition behavior. For instance, host
condition is known to affect oviposition in coleopterans,
with stressed hosts apparently making more attractive sites
for depositing eggs (Hanks et al. 2005; Timms et al. 2006;
Tluczek et al. 2011). Indeed, some of this previous work
has focused on EAB in particular and has shown that
artificially stressed (girdled) (Tluczek et al. 2011), and
naturally stressed (previously infested with EAB) (Timms
et al. 2006) ash trees are more susceptible to EAB infes-
tations (i.e., recruiting more EAB larvae). Further, leaves
from stressed ash trees might be more attractive for adult
females to feed on (Chen and Poland 2009). Thus, there is
some evidence to suggest that host size and condition could
also affect the distribution and abundance of EAB.

We had three specific objectives for the present study:
(1) to observe how the mating, oviposition, and other
behaviors displayed by EAB adults varied diurnally, (2) to
investigate how the number of EAB eggs per tree varied
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with tree size and crown condition, and (3) to explore how
certain EAB behaviors (mating and oviposition) varied
with host size and crown condition. Because EAB females
are thought to be phototactic and thermotactic (Lyons et al.
2009) and might be attracted to stressed trees (Timms et al.
2006; Tluczek et al. 2011), we predicted that EAB would
most be active during the middle of the day and would
more frequently select weakened trees as hosts for mating
and oviposition.

Methods
Diurnal behavior

Observations of adult EAB diurnal activities were con-
ducted on two sunny days (22 June and 13 July) in the
summer of 2008. Based on previous studies (Brown-Ryt-
lewski and Wilson 2005; Cappaert et al. 2005b) and our
own anecdotal evidence, June through July appears to
represent the pre-peak to peak oviposition period for EAB
in southeastern Michigan. Prior to observations, 10 mod-
erately infested (as determined by examining trunks for the
presence of any D-shaped exit holes, epicormic growth,
and woodpecker damage) green ash trees (Fraxinus penn-
sylvanica) (DBH range 10-25 cm), were located along the
roadside of Grand River Avenue, East Lansing, Michigan.
Beginning from 07:00 on each of the two observation days,
the main trunks (along with any epicormic shoots) of each
tree within 2 m above the ground were searched every hour
by an observer for approximately 2 min, for the presence of
EAB adults. EAB adults observed during the 2 min search
were numerated and then collected with a sweeping net.
Observations for each day ended at 19:00 in the early
evening, which was primarily for convenience. We
acknowledge that we are likely to have missed some EAB
adults that were active outside of our period of observation
and/or that were active higher up in the trees, but there is
some evidence to suggest that these beetles might be most
active during the day and on the lower sections of trees
(Wei et al. 2007).

Egg survey

EAB egg surveys were conducted in natural ash stands
located at three forest sites in Ingham County near Lansing,
Michigan. Two sites were ~35 km from each other in
Meridian Township (3-5 km east of Lansing) during the
summer (18 June to 16 July) of 2009. Site one (42°43'N/
84°25'W) included two contiguous Meridian Township,
Michigan, parks (Central and Nancy Moore Parks). Site
two (42°41'N/84°22'W) spanned two other Meridian
Township parks (Harris Nature Center and Legg Park). The



J Pest Sci (2014) 87:71-78

73

third site (42°34/N/84°36'W) was located in Holt, Michi-
gan (~25 km south of Lansing) in the William M. Bur-
chfield Park, approximately 32 km away from the Meridian
Township study sites. Tree species composition and other
characteristics of these three forests were previously
described in studies by Duan et al. (2010, 2011, 2012a).
Briefly, these sites were early to intermediate successional
stage secondary-growth forests initially dominated
by green ash (F. pennsylvanica). Other tree species present
included white ash (F. americana), black ash (F. nigra),
maple (Acer spp.), oak (Quercus spp.), black cherry
(Prunus serotina), poplar (Populus spp.), black walnut
(Juglans nigra), basswood (Tilia americana), and pine
(Pinus spp.).

At each site, 20 green ash trees (F. pennsylvanica)
(DBH range 7-35 cm) were randomly selected by walking
10 m wide belt transects in each forest. Upon selection for
the EAB egg survey, the crown condition (CC) of each
selected ash tree was then categorized to five classes
according to the method utilized by Smith (2006) and
Flower et al. (2013b). Class 1 crowns represent the
healthiest ash trees with no or little EAB infestation while
Class 5 crowns represent the worst ash trees with >80 %
crown reduction mostly due to EAB infestations (mean
CC + SE = 3.02 &+ 0.13). Freshly laid EAB eggs (with
white to yellowish color) were then located by looking
beneath flakes of bark on the trunk of each tree for 30 min
(up to 2 m above the ground).

Mating and oviposition behavior

Observations of mating and oviposition behavior in rela-
tion to host tree CC were conducted on 40 landscaped ash
trees (DBH range 7-37 cm) located in Hana Plaza center
and the campus of Lansing Community College (both in
East Lansing, Michigan). Thirty-seven of the trees were
green ash (F. pennsylvanica) and three were white ash
(F. americana). Observations were conducted on 6, 8, 9,
12, and 13 July 2009 when EAB adults were near or at the
peak of mating and oviposition activities. At each obser-
vation time, the main trunk (up to 2 m above the ground) of
each tree was searched by an observer for 5 min for the
presence of mating and oviposition activities. The total
numbers of mating pairs and/or ovipositing adults from
each tree were then recorded and numerated.

Data analysis

All of our statistical analyses were conducted using R
2.15.1 (R Development Core Team 2010). We examined
how ash tree CC, DBH, site, and date influenced the
number of EAB eggs, total number of adults, mating pairs,
and females ovipositing per tree. Data were first tested for

normality using the Shapiro—-Wilk test (package ‘stats’,
function ‘shapiro.test’). None of the data met the assump-
tions of normality (all p < 0.001), and because they were
also overdispersed, we tested their fit to a negative bino-
mial distribution using Chi square tests based on residual
deviance and degrees of freedom. The data fit the negative
binomial distribution (all p > 0.05) and were then analyzed
using generalized linear models (package ‘MASS’, func-
tion ‘glm.nb’). We compared fits for models with and
without the predictor variable of interest (CC, DBH, site, or
date) with Chi square tests based on log-likelihood ratios
(package ‘car’, function ‘Anova’). Additionally, to com-
pare pairwise differences in behaviors between all combi-
nations of CC classes, we conducted separate multiple
comparisons using log-likelihood ratio tests. Because there
is no directly analogous R* available for negative binomial
models, pseudo-R* values were calculated for the rela-
tionship between DBH and EAB behaviors using McFad-
den’s R* (package ‘pscl’, function ‘pR2’).

Results
Diurnal behavior

We observed a total of 230 EAB adults on trees, of which
159 were female and 71 were male. With the exception of
one female resting on the trunk, all individuals were
observed on foliage. The number of observations was
highest between 11:00 and 15:00, and this trend was sim-
ilar for males and females (Fig. 1a). Resting was by far the
most frequently observed behavior (78.26 %), followed by
flying to or from the trunk or epicormic shoots (10.43 %),
feeding (7.39 %), mating (2.17 %), and walking (1.74 %).
When examining the timing of these specific behaviors,
resting (Fig. 1b), flying (Fig. 1c), and feeding (Fig. 1d) all
followed the general pattern of observations, peaking
between 11:00 and 15:00.

Egg survey

In our egg survey, we recorded a total of 705 EAB eggs
(mean number of eggs per tree = 11.75 £ 1.38 SE). The
number of eggs on ash trees was significantly affected by
CC (;(2 = 30.83, df = 4, p < 0.001), and trees with inter-
mediately reduced crowns (CC 3) were found to host the
highest mean number of eggs (16.44 £+ 2.08 SE). No eggs
were found on healthy trees (CC 1), which was signifi-
cantly lower than all other CC classes (Table 1; Fig. 2a).
Tree DBH appeared to have no effect on the number of
eggs found (3> = 0.21, df = 1, p = 0.646; Fig. 3a) and
neither did site (;{2 = 6.48,df = 3, p = 0.091) or sampling
date (> = 2.58, df = 4, p = 0.630).
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Fig. 1 Diurnal patterns of behavior for EAB adults, including a the total number of adults, b the number of adults resting, ¢ flying, and
d feeding. Solid line represents females and dashed line represents males

Table 1 Results from pairwise

No. of adults

No. of mating pairs No. of females ovipositing

comparisons of EAB behaviors CC pair No. of eggs laid
between all combinations of 1-2 17.76 (<0.001)
crown condition (CC)
1-3 43.25 (<0.001)
14 24.18 (<0.001)
1-5 18.20 (<0.001)
Crown condition measured on a 2-3 8.24 (0.004)
scale of 1-5, with 1 being 2.4 2.51 (0.113)
healthy trees and 5 being trees
with >80 % crown reduction. - 0.04 (0.851)
Shown are %> values with 34 0.76 (0.382)
p values in parentheses, and 3-5 3.92 (0.048)
statistically significant results 4-5 1.29 (0.256)

9.00 (0.003)
78.32 (<0.001)
78.04 (<0.001)

6.94 (0.008)
31.01 (<0.001)
38.58 (<0.001)

1.24 (0.265)

0.60 (0.439)
62.12 (<0.001)
69.20 (<0.001)

1.69 (0.194)
21.63 (<0.001)
33.17 (<0.001)
0.91 (0.339)
25.45 (<0.001)
43.67 (<0.001)
0.25 (0.619)
0.62 (0.432)
26.89 (<0.001)
44.48 (<0.001

7.25 (0.007)
40.15 (<0.001)
49.00 (<0.001)
10.30 (0.001)
19.51 (<0.001)
28.56 (<0.001)

0.03 (0.857)

0.19 (0.664)
20.30 (<0.001)
29.12 (<0.001)

are indicated by bold type

Mating and oviposition behavior

We observed the behavior of 443 EAB adults. We found no
significant differences in any EAB behaviors between ash
species (all p > 0.05) and therefore data were pooled
together for subsequent analyses. Both CC (y* = 96.75,
df =4, p<0001) and site (y* =5529, df=3,
p < 0.001) significantly affected the total number of EAB
adults observed on trees. Specifically, the highest mean
number of adults (5.95 + 0.84 SE) was found on trees with
considerably reduced crowns (CC 4). There were signifi-
cantly fewer adults on healthy trees (CC 1) compared to all
other trees with reduced crowns (i.e., all other CCs), but

@ Springer

there were no significant differences between the number
of adults on trees with CC 3 and 4, and CC 2 and 5
(Table 1; Fig. 2b). The total number of adults was not
significantly affected by tree DBH (3* = 0.79, df = 1,
p = 0.374; Fig. 3b) or sampling date (y*> = 9.08, df = 4,
p = 0.059).

The number of mating pairs per tree was significantly
affected by CC (y* = 55.02, df = 4, p < 0.001), site (> =
10.37, df = 3, p = 0.016) and sampling date (12 = 14.94,
df = 4, p = 0.005), but not tree DBH (Xz = 0.06, df =1,
p = 0.801; Fig. 3c). Trees with considerably reduced
crowns (CC 4) had the highest mean number of mating pairs
(1.42 £ 0.28 SE). There were no significant differences in
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the number of mating pairs found on trees with CC 1, 2, and
5, or between CC 3 and 4 (Table 1; Fig. 2c).

Oviposition behavior of EAB adults was significantly
affected by CC (> = 44.71, df = 4, p < 0.001), site (;* =
26.56, df = 3, p < 0.001), and sampling date (XZ =961,
df = 4, p = 0.048). Tree DBH did not affect the number of
ovipositing females (y* <0.01, df =1, p = 0987;

Fig.
was

3d). The highest mean number of females ovipositing
observed on trees with considerably reduced crowns

(CC 4) (2.31 £ 0.34 SE). There were significantly fewer
females ovipositing on trees with CC 1 compared to all other
CCs, but we found no significant differences in the number
of females ovipositing on trees with CC 2 and 5, or between

CcC

3 and 4 (Table 1; Fig. 2d).
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Discussion

Our results provide support for the hypothesis that host tree
growing condition (as measured by crown condition classes)
is an important factor that could influence EAB oviposition
and mating behavior. Trees with an intermediate to con-
siderable reduction of crown coverage (i.e., CC 3 or 4) were
consistently selected by EAB adults as hosts for oviposition
and mating. EAB females might select trees in an interme-
diately stressed condition for oviposition for several reasons.
For example, healthier trees could be expected to offer
higher resistance, while larvae in the most heavily infested
hosts will likely experience greater competition for limited
resources (Hanks et al. 2005; Limback et al. 2010). Alter-
natively the patterns we observed could be explained by
EAB females simply aggregating on the host trees from
which they emerged, and presently we are not able to dis-
tinguish between these two competing hypotheses.

The influence of host condition on larval success likely
depends on several other factors, such as competition,
parasitism, and predation. For instance, Flaherty et al.
(2011) studied larval success of the cerambycid Tetropium
fuscum on red spruce (Picea rubens) and found that in the
presence of natural enemies larvae had a longer develop-
ment time, but grew larger and had higher survival on
healthy trees (Flaherty et al. 2011). However, when T. fu-
scum larvae were protected from natural enemies, survival
was highest on girdled trees. If applicable to EAB, such
results could have implications for biologic control. In
addition to several native parasitoids (Duan et al. 2009),
three introduced parasitoids (Duan et al. 2010, 2012b) are
presently being released to suppress EAB populations and
are successfully establishing in some locations (Duan et al.
2013). Determining which trees are likely to contain the
most EAB eggs will be particularly useful in guiding
efforts for releasing the egg parasitoid Oobius agrili
(Zhang et al. 2005; Duan et al. 2011, 2012b).

While we are not aware of any other studies that have
quantified EAB host selection using the same methods
presented here, our findings regarding host condition are
generally consistent with previous work. For example,
Timms et al. (2006), McCullough et al. (2009), Tluczek
et al. (2011), and Flower et al. (2013b) all found higher
numbers of EAB adults or larvae associated with more
stressed trees. Furthermore, Ball and Simmons (1986)
showed that larvae of another buprestid, the bronze birch
borer (Agrilus anxius), were found at higher densities in
weakened host trees. Our results indicating a non-signifi-
cant relationship between DBH and EAB behaviors are
also comparable to those of Lyons et al. (2009) and Mar-
shall et al. (2013b). One explanation for the differing
influences of tree size and crown condition could be that
host selection is scale dependent (Saint-Germain et al.
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2007, 2010). Host plant volatiles (associated with tree
stress) could be attracting EAB over larger spatial-scales,
but random chance (associated with tree size) could be
more important at smaller spatial-scales.

We found considerable variation in EAB behaviors
among sites, which might reflect differences in their
infestation history and tree composition, as well as the bark
roughness of trees present among other factors. We did not
quantify bark roughness, but EAB females have been
shown to prefer ovipositing on trees with rougher bark
(Marshall et al. 2013b). There is also evidence for latitu-
dinal variation in EAB body size and egg production
(Marshall et al. 2013a), however, it is unlikely that our sites
were far enough apart for this to be a significant factor.
Additionally, there were significant differences in the
numbers of adults and frequencies of behaviors among
sampling dates, but these were not entirely unexpected
because we anticipated that our observations would occur
over the pre-peak and peak activity periods for EAB.

In terms of the diurnal behavior of EAB, we found that
most adults were observed in the late morning and early
afternoon. These findings are not surprising as EAB
females are thought to be phototactic and thermotactic
(Lyons et al. 2009), and previous observations have indi-
cated that adults might be most active in the afternoon
(Bauer et al. 2004). Similar to prior work, we also found
that foliage was utilized as a location for mating behavior
(Lelito et al. 2007), and it is possible that aggregating
together for mating could increase the chances of multiple
mating success for EAB (Rutledge and Keena 2012). These
results provide further support for the idea that visual cues
are important for EAB feeding and possibly mate location.
However, further sampling is required to determine the
generality of the patterns we observed and to specifically
explore the influence of abiotic factors such as temperature.

While our results suggest that host tree crown condition
is an important factor influencing EAB behavior, we
acknowledge that our data are correlative and therefore we
are not able to isolate cause and effect in these relation-
ships. Consequently, it would be beneficial for future work
to explicitly test our findings using manipulative experi-
ments. Perhaps more importantly, future work should also
attempt to unify the relationship between oviposition
behavior and larval success in EAB. The results from the
present study, and potentially those of our suggested future
work, may also be used to help parameterize models pre-
dicting the future spread of EAB (Prasad et al. 2010;
Mercader et al. 2011; Sobek-Swant et al. 2012).
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