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Abstract

Two procedures were evaluated for assessing tree susceptibility to Anoplophora glabripennis. Inthefirst procedure, adult beetleswere
caged with a section of sugar maple, northern red oak, white oak, honeylocust, eastern cottonwood, sycamore or tulip poplar wood.
Results showed that females laid viable eggs on sugar maple, red oak, white oak and honeylocust. Oviposition did not occur on
cottonwood, sycamore, or tulip poplar. Eighty-seven percent of the first instar larvae survived in white oak, followed by sugar maple
(82%), honeylocust (50%), and red oak (39%). In the second procedure, first instar larvae were manually inserted into potted sugar
maple, green ash, and red oak trees and allowed to feed for 60 or 90 days. Significantly more larvae survived for 90 days within the red
oak (67%) compared to green ash (17%). Larvae recovered from red oak weighed significantly more than larvae from sugar maple or
green ash. Larval survival was positively related to height of insertion. These resultsindicate: 1) controlled laboratory and greenhouse-
based procedures can be used to assess tree suitability to A. glabripennis and 2) A. glabripenniswill oviposit and larvae can developin
northern red oak for up to 90 days, suggesting that this species may be a potential host.

Index words: host plant resistance, invasive pest, Populus deltoides, Fraxinus pennsylvanica, Gleditsia triacanthos, Quercus rubra,
Acer saccharum, Platanus occidentalis, Liriodendron tulipifera, Quercus alba.

Speciesused in thisstudy: eastern cottonwood (Populus deltoides Marsh.); green ash (Fraxinus pennsylvanica Marsh.); honeylocust
(GleditsatriacanthosL.); northern red oak (Quercusrubral..); sugar maple (Acer saccharumMarsh.); striped maple (Acer pensylvanicum

L.); sycamore (Platanus occidentalis L.); tulip poplar (Liriodendron tulipifera L.); white oak (Quercusalba L.).

Significance to the Nursery Industry

TheAsianlonghorned beetle, Anoplophoraglabripennis,
was inadvertently introduced into the United States from
China, probably on infested wooden packing material on
cargo ships. Populations of thiswood-boring beetleweredis-
covered in 1996 in New York and in 1998 in Chicago; more
than 8000 street trees have been destroyed so far in New
York and Chicago. This exotic insect pest has the potential
toimpact every aspect of thelandscape and nursery industry,
from production scheduling and product mix through land-
scape plant selection for new and infested sites to mainte-
nance and pest management strategies. Currently, infested
treesmust be destroyed and control optionsarelimited, costly
and only somewhat effective. Little information is available
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on the potential host range of this beetle in North America.
This paper represents a preliminary step in experimentally
defining the susceptibility of commonly grown and planted
urban treesto the Asian longhorned beetle.

Introduction

Anoplophora glabripennis (Motschulsky) (Coleoptera:
Cerambycidae), the Asian longhorned beetle, is believed to
have been introduced into North America as a stowaway in
solid wood packing materials, which includes crating, pal-
lets, dunnage, and stowage, originating from China (5). The
first established population in North Americawas identified
in 1996 on Long Island, NY, (5) and a second population
was discovered two years later in the Chicago, IL, metro-
politan area (8). The United States Department of Agricul-
ture (USDA) is currently attempting to eradicate A.
glabripennis from both areas. The eradication programs re-
quire time and labor intensive surveys of trees throughout
neighborhoods with known infestations. All infested trees
are felled, chipped and stumps are removed (11). In New
York and Illinois, 8077 trees have been destroyed from 1996
to 2001 (C. Markham, USDA-APHIS, personal communi-
cation). Recent projections suggest that if A. glabripennis
spreadsto urban trees across North America, therewould be
aloss of 35% of total canopy cover (1.2 billion trees) and a
compensatory value loss of $669 billion (7). While species
within the genus Acer are the most commonly infested trees
in New Y ork and Chicago, trees within the genera Aesculus,
Betula, Fraxinus, Salix, and Ulmushave also been attacked
at these two locations (A. Sawyer, USDA-APHIS, personal
communication).

Thelifecycle of A. glabripennisin North Americais gen-
erally completed in one year. An adult female chews a small
depression called an egg niche into the bark and inserts a
single egg at the phloem-bark interface. Eggs hatchin 1to 2
weeks and the young larvae feed on phloem, just under the
bark. Older larvae tunnel deeper and feed in the sapwood of
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the branches or stem, periodically pushing coarse sawdust
and fecal particles out of their galleries. Larvae spend the
winter in galleries in the wood, and then pupate in spring or
early summer. Newly developed adult beetles |eave a round
hole, roughly 18 mm in diameter, where they exit from the
tree. Adult beetles may be present from May to October and
often feed on bark and cambium of twigs and shootsin tree
canopies (1, 10).

Given the potential damage thatA. glabripennismay cause
in urban forests, thereis an urgent need to eval uate the suit-
ability of commonly planted landscape treesto beetle ovipo-
sition and larval devel opment. By proactively screening land-
scape trees, we can identify species and varieties of trees
that are not suitable hostsfor A. glabripennis. Replacing in-
fested trees with species or cultivarsthat are not susceptible
to A. glabripenniswill reduce the overall vulnerability of the
infested areas in New York and Chicago. This information
will also help to prioritize speciesfor surveysand could help
to limit the damage to urban forests if populations spread or
new populations are discovered in the future. The objectives
of this study wereto (1) evaluate two techniques for assess-
ing susceptibility of selected speciesto A. glabripennis un-
der controlled laboratory and greenhouse-based conditions,
and (2) assessthesuitability of selected North American spe-
ciesfor A. glabripennisoviposition and larval development.

Materials and Methods

Oviposition preference on wood sections Suitability of
sugar maple (Acer saccharum), northern red oak (Quercus
rubra), white oak (Quercus alba), honeylocust (Gleditsia
triacanthos), eastern cottonwood (Populus deltoides), sy-
camore (Platanus occidentalis) and tulip poplar
(Liriodendron tulipifera) for A. glabripennisoviposition and
early larval survival was assessed at the USDA Forest Ser-
vice, Northeastern Research Station Quarantine Laboratory
in Ansonia, CT. Branches and twigs of sugar maple, white
oak, sycamore and tulip poplar were collected from awoodl ot
in Ansonia. The other species were collected at Michigan
State University’sW.K. Kellogg Forest, Kalamazoo Co., M.
Cut ends of bolts and branches were waxed and all material
was shipped in coolersby overnight mail to the Ansonialabo-
ratory. Sections of wood were cut with a band saw before
each host preference test to asize of 5 x 20 cm (2.0 x 8 in)
and the cut ends were waxed with paraffin to slow desicca-
tion. Wood and twigs were stored in a cool growth chamber
for no more than 2 days before tests.

Beetles used in the oviposition trials had emerged from
infested maple bolts collected in New Y ork and transported
to the Ansoniafacility. One male-female pair of adult beetles
was placed in a 3.8 liter (1 gal) glass jar that contained a
section of wood with bark attached of one of thetest species.
Sugar maple twigs were included in each jar to ensure that
beetles would survive during the test period. Nearly all of
the twigs had some evidence of feeding. Jars with beetles
were held in a growth chamber at 21C (70F) and 16:8
light:dark photoperiod. Thenumber of host speciesthat could
be tested was determined by availability of healthy beetles.
Four male:female pairsof beetleswereusedin Test 1to evalu-
ate oviposition on northern red oak, honeylocust, eastern
cottonwood and sugar maple. Four different pairs of beetles
were used in Test 2 to evaluate white oak, sycamore, tulip
poplar and sugar maple. Beetles used in Test 1 were 25 to 48
days old, and those used in Test 2 were 54 to 55 days old
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when bioassays began. Beetlesused in Test 1 had intact an-
tennal segments, but one female was missing her left front
tarsus, while one female in Test 2 had a maformed anten-
nae.

InTest 1, three pairs of beetles were randomly assigned to
northern red oak, honeylocust, or eastern cottonwood, while
one beetle pair remained on sugar maple for the duration of
the test. Beetles were allowed to mate, feed, excavate egg
niches and oviposit on the wood in each jar for four days.
After four days, each mating pair was placed into a new jar
containing fresh sugar maple twigs and a sugar maple wood
section for two daysto allow beetlesto recover. Each mating
pair was then assigned to a new species for four days, fol-
lowed by a two-day recovery period on sugar maple. This
process was repeated again, so that each pair of beetleswas
exposed to three different host species. Test 2 included white
oak, sycamore and tulip poplar along with sugar maple and
followed the same methods described for Test 1. A 61-day-
old female of one of the mating pairs died during the second
resting period in Test 2, so another mating pair of beetles
was used to complete the test. At the end of each 4-day pe-
riod, wood sections were examined to determine the number
of egg niches on thewood wherethe female beetle had clearly
used her mandibles to scrape the bark. Wood sections were
placed on end in a 21C (70F) growth chamber for rearing,
then were carefully dissected 21 days after completion of
each test. Number of eggs and first instar larvae were re-
corded for each section.

Data were tested for normality using the Shapiro-Wilkes
residual test and residual plots. Data were not normally dis-
tributed so the nonparametric Kruskal-Wallis test (p < 0.05)
was used to determine whether the number of egg nichesand
first instar larvae differed significantly among host species
that were tested. When the Kruskal-Wallis test was signifi-
cant, the Kruskal-Wallis multiple comparison procedure (p
< 0.05) was used to identify differences among species (3).

Larval performance in potted trees: Two larval insertion
experiments were conducted within a 111 sqg m (1200 sq ft)
quarantinegreenhouse at The PennsylvaniaState University.
Thisfacility was equipped with screened cages measuring 3
x 2.7 x 21 m (10 x 9 x 7 ft) in which the trees and larvae
were confined. Sugar maple, green ash (Fraxinus
pennsylvanica), and northern red oak trees averaging 2 cm
(5.1in) in caliper were cultured in #20 contai ners containing
Fafard 52 (FAFARD Inc, Agawam, MA) pine bark medium
within an adjacent greenhousefor 6 to 12 months prior to the
initiation of the experiments. First instar A. glabripennis lar-
vae were implanted into the trees by making a downward
tangential incision to a depth of 5 mm aong the trunk of
each tree at a predetermined height with a scalpel through
the bark, near the bark-cambium-phloem interface, creating
abark flap. One larvawas inserted under each bark flap. The
flap was carefully closed and sealed witha5 x 15cm (2% 6
in) piece of plastic wrap and anchored with tape at both ends
to confine the larva to the insertion site. The plastic wrap
was removed after 14 days and larval status was observed
and recorded when possible without harming the larvae. In
the second experiment, the insertion area was covered with
gauzeafter theplastic wrap wasremoved. The gauzeremained
in place for 28 days. Both experiments were terminated by
destructively harvesting theimplanted sectionsof trunk, care-
fully splitting open the section with a chisel and hammer,
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and removing each implanted larva. Weight, length, gallery
size measurements, and observations on gallery characteris-
tics were recorded.

The first insertion trial was initiated in September 2000
using larvae provided by the USDA Otis Plant Protection
Center (Otis Air National Guard Base, MA). These larvae
werereared inthelaboratory from oviposition |ogs of striped
maple (Acer pensylvanicum) and placed on northern red oak
borer diet (4) prior to transport to the quarantine testing fa-
cilitiesin Pennsylvania. Thetrial was set up as arandomized
complete block design with two cages each containing two
sugar maple, northern red oak and green ash trees. Larval
insertions were made in each tree at heights of 1, 1.5, 1.75,
and 2 m (3.3, 4.9, 5.7, and 6.6 ft) above the soil line follow-
ing the implantation protocol described above. The mean
caliper and standard error of the mean (x SEM) in mm for
each tree species measured at 0.15 m (6 in) above the soil
line were: green ash 33.7 + 0.9, sugar maple 25.3 + 0.7, and
northern red oak 20.8 = 0.6. Sixty days after implantation
the trees were destructively harvested.

The second trial was initiated in April 2001. Sugar maple
logs containing eggs were obtained from the Cornell Uni-
versity Department of Entomology and transported to the
guarantine greenhouse. Once the larvae began feeding on
the host log, they were removed and immediately placed into
theinsertion site. Larvae were inserted into each of the three
tree species at heights of 1.0, 1.25, 1.5, 1.75 and 2.0 m (3.3,
4.1, 4.9, 5.7, and 6.6 ft) above the soil line. The insertions
were replicated in three cages containing two trees of each
species. The mean caliper (+ SEM) in mm for each tree spe-
cies measured at 0.15 m (6 in) above the soil line were: green
ash 33.0 £ 1.0, sugar maple 23.2 + 1.1, and northern red oak
22.6 + 0.5. Ninety days after implantation the trees were de-
structively harvested and data coll ected as described above.

Differencesamong speciesinlarval length and weight were
subjected to analysisof variance by general linear model pro-
ceduresfollowed by the protected | east significant difference
test (PLSD) at the P < 0.05 level (9). Two methods were used
to analyze survival of implanted larvae at 60 and 90 days
post-implantation. First, logistic regression with entry of

variables specified (height, tree species, block, followed by
interaction terms) was performed to determine which vari-
ables influenced survival (2). Differencesin survival among
tree specieswere then compared using Pearson’ s Chi-square
Test of Independence (13). Data were analyzed using SPSS
(Mac version 10) (SPSS Inc, Chicago, IL).

Results and Discussion

Oviposition preference on wood sections Excavation of
egg niches, number of eggs laid, and survival of first instar
larvae varied widely among the host speciestested (Table 1).
The number of eggslaid onthewood sections of the species
tested ranged from 0 to 23 per section. Overall, 68% of eggs
hatched and those that did not hatch often appeared to be
desiccated. Relatively little phloem feeding had occurred at
the time of dissection; by the end of the 21-day rearing pe-
riod, most first instar larvae had consumed an area slightly
larger than their body size.

InTest 1, more eggs and larvae were recovered from sugar
maple than from any of the alternate species (Table 1) and
the numberswere comparable to numbers of eggsand larvae
reared in other A. glabripennis projectsat the Ansoniafacil-
ity (M. Keena, USDA Forest Service, unpublished data). In
Test 2, however, relatively few eggs and larvae were recov-
ered from the sugar maple sections, probably because the
beetles assigned to sugar maplein Test 2 wererelatively old.
At the end of Test 2, the female beetles were up to 73 days
old, while at the end of Test 1, beetles were no more than 66
days old. Recent research has shown that egg production
decreases as A. glabripennisfemales age, although the pro-
portion of viable eggs may increase (6, 12). Female A.
glabripennis, however, are fairly long-lived beetles and av-
erage adult female survival may exceed 100 days on some
hosts (12). Northern red oak (Test 1) and white oak (Test 2)
appeared to be more suitable hosts for ovipositing A.
glabripennis beetles than we originally expected. Female
beetles assigned to northern red oak sectionsin Test 1 usu-
ally excavated egg nichesand oviposited around branch nodes
wherethebark wasrelatively rough and thick. Thetotal num-

Tablel. Meanandstandarderror of themean (+ SEM) arelisted for number of A. glabripennis eggs, egg nichesand first instar larvaeon 5 x 20cm
wood sectionsof six North American trees; n=3logsper species. Sugar maple, afavor ed host, wasused for comparison

Test 1l
Northern red oak Honeylocust Easter n cottonwood Sugar maple
Total number of egg niches 28 16 5 40
Mean number of egg niches per wood section 9.3+2.40a 5.3+1.33b 1.7+£1.20c 13.3+0.88d
Tota number of eggs 23 10 0 2
Mean number of eggs per wood section 7.7+1.45a 5.3+1.20a 0.0a 7.3+3.28a
Total number of larvee 9 5 0 21
Mean number of larvae per wood section 3.0+ 1.53a 1.7+0.67a 0.0a 7.0+3.46a
Test2
Whiteoak Sycamore Tulip poplar Sugar maple
Total number of egg niches 122 8 0 54
Mean number of egg niches per wood section 40.7+1.20a 2.7+1.45¢c 0.0c 18.0+3.46b
Total number of eggs 16 0 0 7
Mean number of eggs per wood section 5.3+0.88a 0.0a 0.0a 23+145a
Total number of larvee 14 0 0 4
Mean number of larvae per wood section 4.7+ 1.45a 0.0c 0.0c 1.3+0.88b

“Within rows, meansfollowed by the sameletter are not significantly different (Kruskal-Wallistest and multiple comparison procedure; P< 0.05).
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Table2. Mean (+ SEM) caliper (mm) and percent larval survival at four heightsfor each treespeciesand for each treesspeciesmeasured at 0.15m

abovethesail linein potted treetrial 1, n =4treesper species.

Height abovesoil line(m)

Treecaliper
1.00 150 175 2.00 (at 0.15m)
Greenash
Caliper (mm) 369+16 354+09 334+03 29.3+38 337+35
Larvaesurvival 0% 0% 75% 25% 25%
Sugar maple
Cdliper 269+22 265+20 243+20 236+33 253+26
Larvaesurvival 50% 50% 75% 50% 56%
Northernred oak
Cdliper 224+05 212+12 19.8+23 19.6+3.1 208+22
Larvaesurvival 25% 50% 75% 100% 62%

ber of eggs laid on northern red oak (23) was comparable to
the number laid on sugar maplein Test 1 (22), although only
39% of the eggs on northern red oak hatched compared with
82% of the eggs on sugar maple. At least 8 of the unhatched
eggs on northern red oak appeared desiccated at the time of
dissection and the northern red oak appeared to dry out more
rapidly than sections of other species. White oak sections
had significantly more egg niches than any other speciesin
Test 2 (T =9.43; p < 0.05) (Table 1), but the shape of the
niches was unusual. We observed femal es repeatedly scrap-
ing the thick, corky bark on the white oak sections, presum-
ably to find suitable sites for oviposition, but they actually
laid an egg in less than half of the egg niches. Females laid
significantly more eggs on white oak than on other species
inTest 2 (T = 8.50; p < 0.05) and atotal of 87% of the eggs
on white oak sections hatched successfully. Significantly
more larvae were recovered from white oak sections than
from the other Test 2 species (T = 8.77; p < 0.05). The other
tree species appeared | ess suitable for egg niche excavation
and oviposition. The number of egg niches differed signifi-
cantly among honeylocust, northern red oak and sugar maple
(T =8.59, p < 0.05), but the number of eggs and larvae did
not differ significantly between honeylocust and northernred
oak or honeylocust and sugar maple (Table 1). However, less
than half as many eggs were laid on honeylocust as on the
sugar maple in Test 1, and only 50% of the eggs on
honeylocust hatched. Beetles did excavate afew egg niches
on rough-barked areas of cottonwood and sycamore sections,
but no eggs were laid on any of these sections. Tulip poplar
appeared to be highly unsuitable asahost; therewasno evi-
dence of any attemptsto excavate egg niches or oviposit on
these sections.

Based on these results, it appears that northern red oak
and white oak may be acceptable hosts for ovipositing A.
glabripennisbeetles, especially in situationswheremore pre-
ferred hosts are not available. This may also be true for
honeylocust. In contrast, femal eslaid no eggs on eastern cot-
tonwood, sycamore and tulip poplar. Thelack of oviposition
on eastern cottonwood isinteresting given that hybrid pop-
larsin Chinaare readily attacked by A. glabripennisand are
suspected of being the dissemination source for A.
glabripennisthroughout theworld in the form of solid wood
packing materials (11). These results should, however, be
considered preliminary, given that relatively few beetleswere
exposed to each of the specieswetested. Additional research
isneeded to further assesshow A. glabripennisrespondsto
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Populus species, as well as hybrid poplar varieties and to
evaluate whether the response of female beetlesto live trees
is similar to their response to cut sections of wood that we
usedinthisstudy.

Larval performancein potted trees: It was not possibleto
accurately determine survival at 14 dayswithout injuring the
larvae or trees. It appears, however, that if the larvae sur-
vived theinsertion process and started to tunnel into thetree,
then they survived until they were harvested from the tree.
In the first insertion trial, tree species was not predictive of
survival (Logistic regression: X? = 3.18, df = 1, p = 0.0744);
thus, larval survival did not differ significantly among the
three tree species 60 days after insertion (X? = 5.18, p =
0.0752). Overall survival was 62%, 56%, and 25% on north-
ern red oak, sugar maple, and green ash, respectively (Table
2). Sixty days after insertion, larvae in green ash weighed
significantly more (F = 8.11; df = 6; P = 0.0003) (Fig. 1) and
were significantly longer (F = 6.22; df = 6; P = 0.0013) (Fig.
2) than larvae inserted into sugar maple or northern red oak.

In the second trial, tree species was predictive of survival
(Logistic regression equation: probability of survival = 1.16
—0.70, tree species; oak = 0, ash = 1, maple = 2; X2 = 6.89, df
=1, p = 0.0087). In addition, significantly more larvae sur-
vived in northern red oak (67%) than in green ash (17%),

1
0.8 0O Trial 1 (60 Days)
S | OTrial 2 (90 days) b
— 0.6 - a L
S
6 04 T b a L
= 0.2 4 —~t a a
0 B B
Green Sugar Red Oak
Ash Maple

Fig.1. Meanlarval weight (+ SEM)in gramsof A. glabripennislar -
vaerearedingreenash, northernred oak,and sugar maple,n
=4treesper species. Different letter sindicateasignificant
differencebetween treatmentswithin each trial (PLSD, P <
0.05).
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O I I
Green Sugar Red Oak
Ash Maple

Fig.2. Meanlarval length (£ SEM) of A. glabripennislarvaereared
in green ash, northern red oak, and sugar maple, n=6trees
per species. Different letter sindicateasignificant difference
between treatmentswithin each trial (PL SD, P <0.05).

while surviva in sugar maple (50%) was not significantly
different from larval survival in northern red oak or green
ash (X2 = 15.75, p = 0.0004) (Table 3). Larvae harvested
from northern red oak weighed significantly more than lar-
vae from sugar maple or green ash (F = 3.53; df = 7; P =
0.0064) (Fig. 1), but no significant difference was found in
larval length among the three tree species (F = 0.90; df = 7; P
= 0.5167) (Fig. 2).

In both studies, the higher in the tree the beetles were in-
serted, the greater chance of survival (Logistic regressions:
Trial 1. probability of survival = -5.28 + 3.81(height); X? =
54.48, df = 4, p = 0.018. Tria 2: probability of survival =
—2.4 + 1.84(height); X2 = 100.84, df = 7, p = 0.002) (Tables 2
and 3). In addition the caliper of the tree at the insertion site
was negatively correlated with survival (Logistic regression:
probability of survival = 1.85 — 0.08(caliper); X? = 11.4, df =
1, p=0.0007). In other words, as caliper decreased, the num-
ber of larvae that survived increased. From theseresultsitis
not possible to determineif the increased survival isaresult
of caliper or the height of the insertion site because these
two variables were highly correlated (—0.42, p < 0.001). Fur-
ther testing needs to be completed to conclude whether tree
caliper or height in the tree is responsible for increased sur-
vival. Field observations indicate that when a tree is first
colonized by A. glabripennis, the adultslay their eggsin the

upper part of the tree canopy. This may be aresult of higher
nitrogen levels, thinner bark or thicker phloem in upper
canopy, which could facilitate egg or early larval survival
(M. Smith, USDA-ARS, personal communication). This pat-
tern may al so occur because adult beetles often feed on small
twigs and shootsin the canopy and females may simply ovi-
posit near their twig-feeding sites.

Green ash exhibited dramatic sap flow after incisions were
made in both insertion trials, while northern red oak exhib-
ited a delayed but prolonged sap flow during both insertion
trials and sugar maple exhibited the least sap flow of the
trees. Sap flow in green ash was more pronounced at the
insertion sites closer to the soil surface than higher in the
stem. Heavy sap flow may have contributed to the relatively
high rate of larval mortality inthe green ash. Further research
is needed to determine if sap flow is similarly pronounced
when adult beetles are twig-feeding or ovipositing.

These preliminary experiments demonstrate that host suit-
ability to A. glabripennis can be evaluated under laboratory
and greenhouse conditions. Eval uating oviposition and early
larval survival on wood sections in the laboratory and the
insertion of larvae into potted trees both provide ameansfor
evaluating host suitability. In these tests, we were able to
quantify egg niche excavation, oviposition, and larval devel-
opment including growth, gallery size, and survival. We also
found that larval insertion can be accomplished without a
significant reduction in larval survival. Results from the ovi-
position teststogether with the potted treetrial sindicate that
northern red oak may be an acceptable host for oviposition
by A. glabripennisfemales, at |east under limited choice con-
ditions, and that larvae are able to develop on northern red
oak phloem and wood. Likewise, white oak and honeylocust
appeared to be acceptable to ovipositing females, but the
ability of larvaeto develop in these species has not yet been
determined. Results of the oviposition study indicate that
eastern cottonwood, sycamore and tulip poplar are unlikely
to be used as hosts for A. glabripennis. Further research on
A. glabripennishost preference and larval development with
living trees is underway.
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