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Abstract

Goldspotted oak borer, Agrilus auroguttatus Schaeffer (Coleoptera: Buprestidae), is a new invasive
species in southern California, USA. The extent of the host range of this insect is not known, but this
knowledge will have a major impact on assessment of the risks that this pest poses to oaks [Quercus
spp. (Fagaceae)]. We conducted laboratory tests to determine the potential suitability of native and
ornamental oak species for larvae and adults of A. auroguttatus. We infested 179 cut logs (from 163
different trees) with eggs or larvae, measured neonate survival and, after 5 months, counted feeding
galleries, and noted the proportion of galleries with late instars. Initial larval survival was generally
high when larvae penetrated the phloem (range: 62-98% among oak species), and low by the time
larvae began to feed at the phloem/xylem interface (range: 0-25% among oak species). The majority
of larvae that established a visible feeding gallery survived to the fourth instar (total of 73% for all oak
species). Larval galleries were established with greater frequency in red oaks (Section Lobatae) com-
pared with other oaks (19 vs. 7 or 4%). All red oaks tested (Q. agrifolia Née, Q. kelloggii Newberry,
and Q. wislizeni A. DC.) were likely suitable hosts for larvae. Larvae were apparently able to feed on
some of the other oaks (Q. chrysolepis Leibmann, Q. suber L., Q. lobata Née, and Q. douglasii Hook
& Arn), although it remains unclear whether these species would be preferred hosts under natural
conditions. Adult longevity and fecundity varied little by species of oak foliage fed to adults. The host
range of A. auroguttatus is likely limited by suitability of oak species for the larval rather than the
adult life stage. Results support published field observations that red oaks are more suitable hosts
than white oaks.

2000; Logan & Powell, 2001; Bentz et al., 2010). For any of

Introduction

Herbivorous insect invasions can occur inter- and intra-
continentally, when a species is introduced to a new
ecosystem and attacks novel plant species (e.g., Haack
et al., 2002; Rabaglia & Williams, 2002; Coleman &
Seybold, 2008) or attacks its co-evolved hosts growing in a
non-native ecosystem (e.g., Paine et al., 1995; Carnegie &
Bashford, 2012). As a result of global change, herbivorous
insects may also expand their ranges, and they may
encounter new host species (e.g., Ayres & Lombardero,
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the above situations, the pest’s relationship with one or
several host species may be known or not. Knowledge of
such relationships is critical for predicting the economic
and ecological impacts of these pests in new habitats. Pest
risk assessments are important tools that rely on basic bio-
logical information, including an invasive insect’s host
range, to forecast its establishment and spread (Yemsha-
nov et al., 2009; Venette et al., 2010).

The goldspotted oak borer, Agrilus auroguttatus Schaef-
fer (Coleoptera: Buprestidae), is a new invasive species in
southern California, USA (Coleman & Seybold, 2008).
Agrilus auroguttatus most likely arrived in southern Cali-
fornia years before it was first detected in 2004 (Westcott,
2005), and may have been transported there from its
native range in southeastern Arizona by way of infested
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firewood (Coleman & Seybold, 2011; Coleman et al,
2012a). As of early 2013, A. auroguttatus has been col-
lected from only two counties in California [San Diego
(Coleman & Seybold, 2011) and Riverside (calfire.ca.gov,
2013)]. A risk assessment is needed to evaluate the proba-
bility and impact of A. auroguttatus spreading beyond its
current range.

In southeastern Arizona, A. auroguttatus feeds on two
red oaks (Section Lobatae): Emory oak, Q. emoryi Torrey,
and silverleaf oak, Q. hypoleucoides A. Camus (Coleman &
Seybold, 2011; Coleman et al., 2012b). Co-occurring white
oaks (Section Quercus), Arizona white oak (Q. arizonica
L.), and gray oak (Q. grisea Liebmann) do not appear to
be hosts for the beetle (Coleman & Seybold, 2011;
Coleman et al., 2012b).

In southern California, A. auroguttatus feeds on and
kills two red oaks, coast live oak (Q. agrifolia Née) and
California black oak (Q. kelloggii Newberry), and a species
that is taxonomically intermediate between red and white
oaks, canyon live oak (Q. chrysolepis Leibmann; Section
Protobalanus) (Coleman & Seybold, 2008, 2011). A
co-occurring white oak, Engelmann oak (Q. engelmannii
Greene) is also colonized by A. auroguttatus, but at a low
frequency in areas with very high beetle population densi-
ties (Coleman et al., 2012b).

The ranges of Q. agrifolia and Q. kelloggii extend from
Oregon and northern California south to Baja California
(Mexico) contiguously along coastal mountain ranges and
throughout the lower elevations of the Sierra Nevada
Mountain range (Stuart & Sawyer, 2001). There are other
ecologically and economically important oak species
native to and planted in California and Oregon that
A. auroguttatus has not yet contacted within its current
range.

Both A. auroguttatus larvae and adults feed on oaks.
Larvae feed mostly at the phloem/xylem interface, creating
meandering galleries that effectively girdle trees when pop-
ulations are high (Coleman & Seybold, 2008). Adults must
feed on oak leaves to complete maturation, but this feed-
ing is not likely to have an adverse effect on tree health
(Flint et al., 2013). In the laboratory, adults feed on
Q. agrifolia or Q. kelloggii foliage. Adults are in flight from
May to October (Coleman & Seybold, 2008; Haavik et al.,
2013). Eggs are rarely observed in the field; females proba-
bly oviposit singly or in small clumps in cryptic locations
such as bark cracks or under lichens. Upon eclosion, larvae
chew directly into the phloem tissue, migrate to the cam-
bial region (i.e., phloem/xylem interface), where they feed
on vascular tissue and complete four instars (Haavik et al.,
2013). Fourth instars create a pupal cell in the phloem, just
underneath the outer bark, where they fold in half upon
themselves and overwinter in the typical Agrilus spp.
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hairpin formation (i.e., J-larva) (Coleman & Seybold,
2008; Haavik et al., 2013). In southern California, most of
the A. auroguttatus population completes one generation
per year (Haavik et al., 2013). Agrilus auroguttatus
colonizes the lower bole (<2 m) at a higher density than
the mid-bole (ca. 6 m), and branches are rarely colonized
(Haavik et al., 2012). In southern California, larger trees
(>50 cm diameter at breast height, dbh) are infested more
often with A. auroguttatus than smaller diameter trees
(Coleman et al., 2012b).

Our objective was to determine the suitability of several
native or ornamental oak species that occur in California
and Oregon for both larvae and adults of A. auroguttatus.
Most of these species occur outside the beetle’s adventive
range in southern California. For this study, we define a
suitable larval host as an oak species in which larvae appar-
ently feed and exhibit evidence of development. We define
a suitable adult host as one on which foliar feeding results
in adult maturation, mating, and egg production. To
determine the suitability of nine different oak species for
A. auroguttatus larvae, we artificially inserted eggs and
neonates into cut logs. We also conducted a no-choice
feeding test with adults to determine the effect of the foli-
age from nine oak species and a co-occurring non-oak spe-
cies, white alder (Alnus rhombifolia Nuttall, Betulaceae),
on adult longevity and fecundity.

Materials and methods

Collection and preparation of logs for larval host tests
To test oak suitability for A. auroguttatus larvae, we used
cut logs in the laboratory. We were not able to use live trees
in a wildland or nursery setting because four of the eight
oak species of interest do not grow within the current
range of A. auroguttatus in California, and because this
beetle has shown a propensity in the field to naturally
infest only large diameter trees (Coleman et al., 2012b).
Likewise, field containment procedures are not adequate
to allow us to introduce the beetle to standing trees with-
out worsening the current geographic extent of infestation.
We conducted tests in 2010 and 2011, and applied differ-
ent methods in 2011 based on limited success in 2010.
From February to July of 2010 and 2011, we removed
one log from each of 163 (74 in 2010, 89 in 2011)
un-infested trees at sites in southern and central California
(see Table S1 for oak species sample sizes and site infor-
mation). Logs (range: 0.25-0.5 m long, 11-27 cm in
diameter, standardized to 2 000 cm? of bark surface area)
were cut from the stems of small trees or from the branches
of large trees. In the laboratory, we sealed cut ends of each
log with a water-based sealant (Anchorseal; UC Coatings,
Buffalo, NY, USA) within 2 days of cutting and stored logs
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in the laboratory at 24 + 3 °C for 7-10 days (or in cold
storage at 4 °C, if stored for longer than 10 days) until
eggs or larvae could be inserted.

Collection of infested material to rear adults

In March and April of 2010 and 2011, we removed logs or
bark from 10 to 15 naturally infested Q. agrifolia cut on
the Descanso Ranger District, Cleveland National Forest,
San Diego, CA, USA (see geographical coordinates in
Table S1). We transported rearing logs and bark to the
laboratory and placed them in screen observation cages
(1.8 m>; BioQuip Products, Rancho Dominguez, CA,
USA) inside a heated greenhouse (26 & 7 °C). Once adult
emergence began, cages were checked daily and newly
emerged beetles were immediately transferred to smaller
rearing containers. Beetles were used directly for host tests
with foliage and as parents to produce eggs for the larval
host test.

Rearing adults and larvae

We adapted procedures used to rear emerald ash borer,
Agrilus planipennis Fairmaire (Yang et al., 2012). We
placed one or two females in a ventilated plastic container
(2010: 16 x 8 x 6 cm; Tupperware®, Orlando, FL, USA;
2011: 10 x 10.5 x 16.5 cm; Candy Concepts, Pewaukee,
WI, USA) with one or two males, fresh Q. agrifolia foliage
(replaced every 3—4 days), and a water source. We kept the
plastic containers on the laboratory bench underneath a
window with a natural photoperiod of ca. L14:D10 at
24 + 3 °C. We used different oviposition substrates in
each year. In 2010, we placed accordion-folded card stock
in the plastic containers, and in 2011, we used coffee filters
underneath a 2-mm-mesh window screen placed over a
ca. 5-cm-diameter circular hole cut through the con-
tainer’s lid. In each year, ca. 75 beetles produced eggs and
first instars for the larval host test. In 2011, an additional
104 beetles were used for the adult host test.

Larval host tests

Egg and larval insertions 2010. In June and July of 2010,
2—4 eggs or neonates were placed at least 5 cm apart on
each log. First, a circular plug (same size as a gelatin
capsule, ca. 4 mm in diameter) of outer bark was
removed with an arch punch; a single egg or larva was
placed directly on the phloem surface with a fine-tipped
paintbrush; and one-half of the capsules were secured
over the hole with an insect pin. In total, 109 eggs and
246 larvae were placed on logs.

Larval insertions 2011. In April and May of 2011, we
used a different larval insertion technique, modified from
procedures developed for Phoracantha semipunctata (Fab-
ricius) (Hanks et al., 1993) and Agrilus anxius Gory (Ball

& Simmons, 1986). With a razor blade, we cut a 5- to 10-
mm long v-shaped groove or slit in the outer bark just
penetrating the phloem. This v-shape created a tight, cre-
vice-like space that helped larvae attain a purchase to tun-
nel into the phloem. We lifted a neonate with surface
tension on a wetted fine-tipped paintbrush, and carefully
placed it inside the groove, making four larval insertions
per log. Insertion locations were approximately evenly dis-
tributed along the exposed bark surface of logs resting hor-
izontally on the laboratory bench. We placed a dry paper
towel over each insertion and taped it in place onto the
outer bark.

Evaluation of larval host suitability. To determine
whether larvae successfully entered logs, we inspected each
entrance site 24 h after insertion with a binocular micro-
scope or hand lens to confirm whether larvae were present.
If they were not visible, we assumed that they had success-
fully entered the log. If they were present and had died, we
noted this, and made a second insertion attempt with a
new egg or larva. We completed one replicate log of each
oak species before infesting the next replicate.

Once all insertions were complete, logs were transferred
to 1.8-m’ screen cages and held with a natural photope-
riod at 24 + 3 °C until December. At this time, we
expected that larvae would be fourth instars. Because we
were unsure whether larvae required a cold period to com-
plete development, and rather than waiting until the fol-
lowing spring to collect emerged adults, we destructively
sampled all logs to assess the presence and extent of feed-
ing galleries and larvae.

We first inspected logs for characteristic D-shaped
emergence holes (Hishinuma et al., 2011), then carefully
peeled bark from sapwood with a drawknife or a hatchet
and hammer. To search for larvae, we cut the bark into
pieces with a scissors. Presence or absence of a feeding
gallery at the phloem/xylem interface was noted, and
width of galleries was measured to the nearest mm. We
compared gallery width with approximate head capsule
size of each instar to estimate the final instar attained by
each larva that survived long enough to establish a
visible gallery.

Adult host test: no-choice feeding on foliage

In 2011, to determine if diet during the maturation feeding
period affected adult longevity and female fecundity, we
implemented a laboratory feeding test of nine oak species
and a co-occurring non-oak, A. rhombifolia (Table S2),
whereby newly emerged mating pairs (five replicates per
host species, total n = 50 mating pairs) were held in
containers, fed fresh field-collected foliage (replaced every
3—4 days), and provided with an oviposition substrate.
Containers were kept on a laboratory bench underneath a



window with a natural photoperiod of ca. L14:D10 at
24 + 3 °C until beetles died. Each replicate contained
foliage from a different individual oak tree. Not all repli-
cates were initiated at the same time; in general, one or
two replicates of each oak species began before the third
and so on. Oviposition substrate (i.e., coffee filters) was
replaced twice per week once females became fecund. We
recorded observations daily to evaluate adult longevity
and fecundity. We used a binocular microscope to inspect
coffee filters from containers that contained eggs 1 month
after the final female died to assess egg melanization and
hatch.

Data analysis

Larval host tests. We assessed suitability of cut logs initially,
at the time of artificial insertion (neonate survival and lar-
val entry), and finally, when larvae were allowed to feed
within cut logs for at least 4 months (gallery establishment
and survival to the fourth instar). Neonate survival was the
number of first instars that apparently survived to feed
beyond the insertion site per number of neonates intro-
duced to all logs of each oak species or section. Larval entry
measured the relative rate at which neonates entered logs
to begin feeding, and was the proportion of surviving neo-
nates that required less than 1 day to enter cut logs beyond
the visible insertion site (measured in 2011 only). We
expected that time required for larvae to enter logs was
related to suitability of host material; oak species requiring
more time for larvae to enter were likely to be less suitable
hosts. Gallery establishment was the proportion of larvae
that successfully entered the host and survived long
enough to create a visible gallery. Survival to the fourth
instar was measured to determine if some larvae, once they
had established galleries, were able to grow larger than
others; it was the proportion of established galleries of each
oak species or section that were wide enough to have been
created by a fourth instar.

Within the R statistical environment, version 2.15.0
(R Development Core Team, 2012), we used generalized
linear models assuming a binomial distribution of residu-
als (i.e., logistic regression) to test the four measurements
described above by oak species or section [Lobatae, Quer-
cus, and other (Protobalanus combined with Cerris)]. We
applied Bonferroni correction factors to account for infla-
tion of possible Type I errors from multiple pairwise com-
parisons. To achieve an overall a-level of 0.05, P-values
were adjusted by a factor of eight, four, or two, whereby
the null hypothesis was rejected if P<0.006, 0.013, or 0.025
for tests by oak species, oak species with established larval
galleries, or sections, respectively.

Results of 2010 and 2011 larval host tests were analyzed
separately because of the different artificial insertion
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methods used in each year. We did not analyze egg and
larval insertions separately in 2010 because egg and larval
insertions were often applied to the same logs and
few larvae survived long enough to leave evidence of
feeding.

Adult host test. With R (R Development Core Team,
2012), we used analyses of variance (ANOVA) to test
the effect of oak species foliage fed to adults on longev-
ity, time until females were fecund, length of time that
females remained fecund, total fecundity, egg hatch, and
melanization. Females that did not produce any eggs
were not included in tests of fecundity because approxi-
mately one third of A. auroguttatus females do not ovi-
posit in rearing containers when held in the laboratory
(L] Haavik, unpubl.). If ANOVA were significant,
Tukey’s honestly significant difference (HSD) mean sep-
aration tests were applied. When data did not meet
model assumptions of normality or homogeneity of vari-
ance, we applied the Box-Cox method to determine
appropriate transformations of the data to satisfy those
assumptions (Box & Cox, 1964). ANOVA were applied
to transformations of male longevity (A = 0.35), total
fecundity (A = 0.4), proportion of eggs melanized, and
proportion of eggs hatched (A =2 for both). Model
checks were as follows: studentized residual plots,
normal probability plots, and the Shapiro-Wilk test
(Shapiro & Wilk, 1965). We also applied Pearson’s cor-
relations to response data to evaluate relationships
among longevity and fecundity-related measures. Statis-
tical significance was set at P<0.05, error terms are pre-
sented as one standard error from the mean (SEM), and
means presented in Table 2 are untransformed values.

Results

Larval host tests

In 2010, 79% of eggs and first instars survived to enter logs.
Of these 252 successful insertions, 16 larvae (6%) survived
long enough to establish a detectable gallery. Of those that
created visible galleries, 13 survived to the final instar
(81%). No galleries were found within Q. lobata, Q. engel-
mannii, or Q. garryana. Two fourth instars were recov-
ered: both were from Q. agrifolia logs.

In 2011, 90% of first instars survived to enter logs. Of
these 405 successful insertions, 35 larvae (9%) survived
long enough to establish a gallery. Of those that created
galleries, 24 survived to the final instar (69%). No
galleries were found within Q. douglasii, Q. engelmannii,
or Q. garryana. Four larvae were recovered: two fourth
instars from the same Q. agrifolia log, one second
instar from a Q. wislizeni log, and one first instar from a
Q. lobata log.
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Table 1 Results of generalized linear models (binomial distribution of errors) for measures of suitability by oak species (upper portion)

and oak section (lower portion) for Agrilus auroguttatus larvae

2010 2011
n x d.f. P n r d.f. P
Oak species
Neonate survival 333 28.49 8 <0.001" 413 27.01 8 <0.001"
Larval entry - - - - 405 29.77 8 <0.001"?
Gallery establishment 252 13.39 8 0.099 405 44.25 8 <0.001"?
Survival to fourth instar 15 3.60 0.46 34 2.61 4 0.63
Oak section
Neonate survival 333 0.09 2 0.96 413 11.72 2 0.003"
Larval entry - - - - 405 6.64 2 0.036
Gallery establishment 252 4.95 2 0.084 405 20.91 2 <0.001"
Survival to fourth instar 16 1.00 2 0.61 35 1.10 2 0.58

los - . .
Significant after Bonferroni corrections.

*Model only significant for intercept (i.e., majority of larvae required less than 24 h to enter logs of all host species).
*Model only significant for intercept (i.e., majority of larvae did not establish galleries in logs regardless of host species).

In 2010, neonate survival varied significantly by oak spe-
cies (Table 1, Figure 1A), but not by section (Table 1,
Figure 2A), wherein survival was greater in Q. wislizeni
than in Q. kelloggii and did not vary significantly among
those and the remaining oaks. In 2011, neonate survival
varied significantly by oak species (Table 1, Figure 1B)
and section (Table 1, Figure 2B), wherein survival was
lowest in Q. chrysolepis and greatest in Q. wislizeni,
Q. engelmannii, and Q. garryana; it did not vary signifi-
cantly among those and the remaining oaks. Neonate sur-
vival was greater in white oaks (Section Quercus) than for
species in sections Protobalanus and Cerris, combined
(Figure 2B). Neonate survival in red oaks (Section Loba-
tae) was not significantly different from that in white or
other oaks. In 2011, the proportion of first instars that
required less than 24 h to enter logs beyond the insertion
location (i.e., larval entry) did not vary significantly by oak
species or section (Table 1). Most neonates required less
than 24 h to enter logs (mean and range among all oak
species were 89 £ 3% and 73—-100%, respectively).

Although no larvae survived long enough to establish
galleries in some oaks, the proportion of larvae that estab-
lished galleries and the proportion of those larvae that
reached the fourth instar did not vary significantly by oak
species in 2010 (Table 1; Figure 3A and B) or 2011
(Table 1; Figure 3C and D). The proportion of larvae that
established galleries did not vary significantly by section in
2010 (Table 1; Figure 2C), yet it did in 2011 (Table 1;
Figure 2D), wherein it was significantly greater in red oaks
than in white or other oaks. Of larvae that established gal-
leries, the proportion that reached the fourth instar did
not vary significantly among sections in 2010 or 2011
(Table 1; Figure 2E and F).

Adult host test

Beetles readily ate the foliage of, and produced frass from
all nine oak species. Some individuals that were offered
A. rhombifolia leaves ate them and produced frass, but in
much smaller quantities than beetles that were fed oak foli-
age. Ten of the 45 females (22%) did not produce any eggs
(see Table 2 for oak species). Female longevity did not vary
significantly by oak species, although male longevity did
(Table 2). Males lived longest when fed Q. kelloggii and
shortest when fed either Q. douglasii or A. rhombifolia;
male longevity did not vary significantly among those and
the remaining oaks (Table 2). Measures of fecundity did
not vary significantly by species of oak foliage that adults
were fed (Table 2). Although not included in ANOVA,
one female that was fed A. rhombifolia produced nine eggs,
three of which melanized and later hatched. Some mea-
sures of fecundity were significantly correlated, and were
thus not likely independent of one another (Table 3). For
instance, female longevity was significantly positively cor-
related with total fecundity, length of time that eggs were
produced (i.e., time fecund), and mean number of eggs
produced per day (Table 3). Once fecund, females contin-
ued to produce eggs until death, resulting in higher
measures of fecundity for females that lived longer.

Discussion

Suitability of larval hosts

Survival was generally high when A. auroguttatus larvae or
eggs were introduced to cut logs but was reduced by the
time larvae began to feed at the phloem/xylem interface.
However, the majority of larvae that established a feeding
gallery reached the fourth instar (81 and 69% in 2010 and
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Figure 1 Agrilus auroguttatus neonate survival from (A) 2010 and
(B) 2011 artificial insertions. Gray bars represent oaks in Section
Lobatae, black bars represent oaks in other Sections (Quercus
chrysolepis Section Protobalanus, Q. suber Section Cerris) and
white bars represent oaks in Section Quercus. (A) and (B) were
analyzed separately, and different letters above bars indicate
significant differences (y*: P<0.006). Sample sizes are indicated at
the base of the bars.

2011, respectively). Once larvae had apparently entered
the host successfully but had not yet established a visible
gallery was a crucial point during development at which
most larvae died. In a previous study, we (Haavik et al.,
2013) noted the difficulty of sampling early instars of
A. auroguttatus in standing oak trees in the field, particu-
larly in thick-barked species. Larvae that were no longer
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visible at the point of insertion had likely started to form a
gallery, but the gallery was so small (i.e., narrow and short)
that we were unable to locate it.

For subcortical insects, mortality is often greater in early
life stages (e.g., egg and early instars) compared with later
life stages (e.g., later instars and pupa). High mortality
among young larvae was noted in several studies on sub-
cortical beetles (Grimble & Knight, 1970; Linit, 1985;
Shibata, 1987; Banno & Yamagami, 1991). On naturally
infested paper birch (Betula papyrifera Marshall),
A. anxius mortality was extremely variable, but generally
greater in the first instar (range: 0-100%) than in later
instars (range: 0-36%) (Barter, 1957). High mortality
among young larvae may occur, at least in part, because
the effects of food quality are generally greatest for
voraciously feeding early instars (Scriber & Slansky, 1981;
Cornell & Hawkins, 1995).

Quantitative estimates of buprestid larval survival are
rare, but suggest that survivorship during the larval stage is
low. For example, only 10-20% of the oak leaf-mining
buprestid Brachys ovatus (Weber) survived to late instars
(Connor, 1988). From 4 to 52% of the oak branch-girdling
buprestid, Coraebus florentinus Herbst survived to the
adult stage, with much of this variation explained by
temperature (Cdrdenas & Gallardo, 2012). Agrilus anxius
survival to the adult stage was extremely variable among
girdled paper birch trees, and ranged from 0 to 83%
(Barter, 1957). Duan et al. (2010) found that only 14-27%
of A. planipennis eggs artificially placed on green ash
(Fraxinus pennsylvanica Marshall) trees yielded larvae,
while at least 70% of eggs laid by females established. These
published results are comparable to the 9-25% of larvae
that formed a detectable gallery from artificial infestations
on known hosts (Q. agrifolia and Q. kelloggii) in this
study.

We observed significant variation in neonate survival
among some oak species — these differences were not gen-
erally consistent between years (Figure 1), except that neo-
nate survival was generally high in Q. wislizeni (>90%)
and all neonates entered logs of this species within 24 h
(2011). White oaks may have been more suitable hosts ini-
tially than other non-red oaks (Sections Protobalanus
combined with Cerris) (Figure 2B) and red oaks may
ultimately be slightly more suitable hosts than white oaks
and other non-red oaks (Figure 2D), yet these trends only
emerged in 2011 and when individual oak species were
pooled by section.

Our results are consistent with field observations that
red oaks were infested more often and experienced greater
mortality than white oaks (Coleman & Seybold, 2011;
Coleman et al., 2012b). Gallery establishment was extre-
mely low in Q. chrysolepis logs (<5%) and no larvae
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survived to establish galleries in Q. engelmannii logs
(Figure 3A and C). In contrast, field studies suggest that
some A. auroguttatus can complete development on
Q. engelmannii, and Q. chrysolepis is frequently colonized
by the beetle (Coleman et al., 2012b).

Moisture may be an important, often overlooked, com-
ponent of host suitability for immature insects (Scriber &
Slansky, 1981), and moisture loss from cut logs may have
affected success with our artificial insertion methods.
Agrilus spp. are sensitive to moisture during larval devel-
opment; if logs or trees become too dry, then larvae will
develop more slowly or not complete development at all
(Chapman, 1915; Barter, 1957; Haack & Acciavatti, 1992;
Moraal & Hilszczanski, 2000). However, a lack of moisture
might not completely explain our results.

Although not described in the methods, we attempted a
rearing method with A. auroguttatus that has been

base of the bars.

successful with A. planipennis (Duan et al., 2011). We
artificially inserted eggs and larvae into freshly cut Q. agri-
folia branches (2-5 cm in diameter) sealed at one end with
the other end in a tub filled with moistened foam cubes.
This method was only 8% successful, which was similar to
our results from cut logs (6 and 9% in 2010 and 2011,
respectively). However, from the branches, we were able to
recover a majority of those larvae that survived to establish
a visible gallery in comparison with the recovery of very
few larvae from the cut logs. In other words, more larvae
remained intact when the thin bark of a small branch was
carefully peeled back than when the thicker, drier bark
from a larger log was removed more coarsely with a
hatchet. If the lack of moisture in the phloem/xylem was
the primary cause of larval mortality in our cut log assays,
then the branch technique should have had better survi-
vorship, but this was not the case.
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Suitability of adult hosts

Foliage from any oak species that we tested was probably
suitable as host material for adults (Table 2). Variation in
fecundity among individual females was likely to be more
important than species of oak foliage that beetles were fed.
For instance, females that lived longer were most fecund,
but not most fertile (Table 3). Apparently, all nine oak
species contained sufficient nutrition for adults to mature
and for females to produce eggs that melanized and

hatched. Choice tests, however, can reveal whether
A. auroguttatus adults prefer some species of oak foliage
over others. Studies that evaluated preference and amount
of foliage eaten by adult Agrilus spp. often found a prefer-
ence for some host species over others, or that weight gain
was greater when fed one host species rather than another
(Barter, 1957; Haack & Benjamin, 1982). Akers & Nielsen
(1990) reported that although adult A. anxius longevity
and fecundity varied significantly depending on what



94 Haavik et al.

Table 2 Results of no-choice adult Agrilus auroguttatus feeding tests on oak (Quercus species) and alder (Alnus rhombifolia) foliage and
ANOVA on longevity and fecundity-related measures [mean (SEM)]

Daily
Female Male Days Time  Total oviposition  Proportion
longevity longevity — until fecund fecundity (eggs per eggs Proportion
Section Species (days) (days) fecund (days) (no.eggs) day) melanized eggs hatched
Lobatae Q. agrifolia" 41(6) 32(5)ab  13(1) 20(5)  77(28) 3(1) 0.82 (0.05) 0.52 (0.08)
Q. kelloggii' 57 (10) 60(12)a  16(4) 39(8) 85(28) 3(1) 0.62(0.11) 0.45(0.12)
Q. wislizeni® 31(9) 37 (4)ab 15(1) 23(3) 120(15) 5(1) 0.86 (0.06) 0.77 (0.05)
Quercus Q. douglasii 38 (3) 22 (5)b 11(1)  21(5) 52(27) 2(1) 0.76 (0.06) 0.59 (0.10)
Q. engelmanrzii1 37(8) 36 (2)ab 12(3) 16(5) 59(16) 4(1) 0.81 (0.05) 0.55(0.02)
Q. lobata 39 (4) 41 (4)ab 11(1) 20(2) 102(25) 5(1) 0.73(0.05) 0.56 (0.06)
Q. ilex 41(5) 32(6)ab  11(3) 24(8) 100 (25) 5(1) 0.80 (0.03) 0.65 (0.04)
Protobalanus Q. chrysolepis 40 (6) 38 (3)ab 11(1) 24(5) 116(23) 5(1) 0.74 (0.03) 0.59 (0.04)
Cerris Q. suber' 37 (5) 30 (2)ab 15(1)  15(3) 75 (36) 5(1) 0.81(0.06) 0.62 (0.06)
- A. rhombifolia 28 (5) 26(6)b  NA NA 9* NA 0.33* 0.33*
F 1.47 3.32 1.09 1.58 0.95 1.45 1.14 1.09
d.f. 9,40 9,40 8,29 8,31 8,31 8,31 8,31 8,31
p 0.19 0.004 0.40 0.17 0.49 0.22 0.22 0.40
Mean of all 41(2) 36 (2) 12(1)  23(2) 86(9) 4(0) 0.77 (0.02) 0.58 (0.03)
spp.”

If ANOVA were significant, different letters after means indicate significant differences (Tukey’s HSD: P<0.05); n = 5 beetles for each foli-
age species unless otherwise indicated.

'n = 4 for fecundity measures.

n = 3 for fecundity measures.

*All species included except A. rhombifolia.

“n = 1, not included in ANOVA.

Table 3 Pearson’s correlation coefficients (r) for adult longevity and female fecundity variables for no-choice adult Agrilus auroguttatus
feeding tests on all oak species (n = 40). Male and female pairs that were not fecund were not tested. Units for all variables are listed in
Table 2.

Male Days until Time Total Daily Proportion eggs Proportion eggs

Variable longevity  fecund fecund fecundity oviposition ~ melanized hatched
Female longevity 0.70%* 0.20 0.79%* 0.38%* —0.20 —0.41%%* —0.16
Male longevity 0.36* 0.59%* 0.24 —0.08 —0.56%* —0.41%*
Time until fecund -0.22 —0.37* —0.02 —0.23 —0.14
Time fecund 0.58%* 0.58%* —0.41%* —0.15
Total fecundity 0.60%* 0.08 0.27
Daily oviposition 0.27 0.38*
Proportion eggs 0.79%*

melanized
*P<0.05; **P<0.01.
species of foliage adults fed upon, they could survive and Risk of Agrilus auroguttatus to California oaks
oviposit on several non-larval host species. Similarly for The host range of A. auroguttatus is likely limited by suit-
A. auroguttatus, suitability of oak species for adults may ability of hosts for the larval rather than the adult life stage.
not necessarily be an indicator of suitability for larvae. Our data support field observations that red oaks are more
Chen et al. (2013) report a tendency for A. auroguttatus to suitable hosts for larvae than white oaks. Despite low
prefer the foliage of Q. kelloggii over three other oak survival after larvae were initially introduced to cut logs,

species. some larvae survived to establish feeding galleries, and



often reached the fourth instar, in some logs of all red oaks
tested. Two species, Q. agrifolia and Q. kelloggii, are clearly
suitable hosts for the beetle under natural conditions
(Coleman et al., 2012b). Q. wislizeni is also a suitable host,
but is only present at low density and at small diameters in
the current range of A. auroguttatus, and so far has not
been colonized.

It remains unclear from our results whether, in natural
conditions, the remaining oaks would be preferred hosts
for A. auroguttatus larvae. We observed that A. aurogutta-
tus larvae may be able to feed upon Q. suber, Q. lobata,
and Q. douglasii in the laboratory. However, field observa-
tions suggest that where white oaks co-occur with red
oaks, the beetle colonizes the latter with much greater
frequency and at higher densities than the former
(Coleman & Seybold, 2011; Coleman et al,, 2012b).
Our tests were limited to cut logs because few oak
species grow within the currently restricted range of
A. auroguttatus in southern California. Further studies
should examine factors that influence colonization and
suitability of naturally infested live oaks, as well as the
importance of site and climate conditions on the
survival of A. auroguttatus.
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Additional Supporting Information may be found in the
online version of this article:

Table S1 Site information and sample sizes of oak spe-
cies (n) collected for Agrilus auroguttatus egg and larval
insertions in 2010 and 2011 (NF = National Forest).
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Table S2 Site information and sample sizes (n) of oak
and alder foliage collected for the adult Agrilus aurogutta-
tus no-choice feeding test in 2011 (NF = National Forest).



