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Abstract

Invasive alien pest species periodically infest forests in North America and worldwide, resulting in significant economic and
ecological losses for areas involved. One common approach used to control pests is the establishment of quarantine zones, which
impose limitations on circulation of products and therefore affect the economic viability of goods already affected by the
infestation. This project investigated the use of kiln and microwave heat treatments for the sanitization of emerald ash borer
infested logs. Four treatment temperatures of 50, 55, 60, and 65 °C were used; the logs were evaluated for insect emergence after
appropriate time for insect maturation. Results showed that the kiln temperature of 65 °C was successful at sanitizing infested
logs. This level is slightly above the Food and Agriculture Organization (FAO) level of 56 °C for 30 minutes recommended for
pallets and wood packaging material. Microwave treatments were not as effective as kiln treatments, probably due to uneven
distribution of the heat inside the microwave. Approaches to improve the microwave treatment are proposed.

Invasive alien insects and diseases are a continuous threat
for trees and forest ecosystems due to international trade and
involuntary movement and spread of vectors. Well-known ex-
amples of alien insect invasions include the chestnut blight
disease, the Dutch elm disease, the gypsy moth, the Asian
longhorn beetle, the Eurasian pine shoot beetle, and the hem-
lock woolly adelgid (Haack and Poland 2001, Fernandez
2003).

More recently, several areas in northeastern United States
were infested with the emerald ash borer (EAB), Agrilus pla-
nipennis (Coleoptera: Buprestidae). This particular insect was
first discovered in southeastern Michigan in the summer of
2002 (Poland and McCullough 2006). It is largely believed
that infested crates, dunnage or pallets were the transportation
mechanism that brought larvae or adult insects into the region
(Haack et al. 2002). Since then the beetle has been identified
throughout most of Michigan’s Lower Peninsula, and in
smaller occurrences in Ohio, Illinois, Indiana, Maryland, and
southern Ontario, Canada. It is estimated that 25 million ash
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trees have been infected or killed in Michigan alone (roughly
2 percent of the state’s 850 million ash trees) (Poland and Mc-
Cullough 2006). In the United States as a whole, more than 8
billion ash trees, comprising 16 species and approximately 7.5
percent of the nation’s hardwood volume, are at risk (Poland
and McCullough 2006).

Similarly to other exotic insect infestations, the initial agen-
cy’s response included imposing strict quarantine regulations
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on all articles or products capable of spreading the EAB. To
date, most of the Lower Peninsula of Michigan is under quar-
antine, and new infestations areas have been discovered in the
Upper Peninsula (Michigan Department of Agriculture 2006).
The EAB has caused significant economic and environmental
losses to private landowners and municipalities who are re-
sponsible to pay for the removal of infested trees on their
properties. In addition to these direct losses, quarantine re-
strictions have also undoubtedly caused economic losses by
preventing the movement of logs and certain types of valued
wood products to their traditional markets.

We have been investigating approaches that could be used
to sanitize logs and wood products, allowing their free circu-
lation and marketing (Nzokou et al. 2006). Having more mar-
ket opportunities for infested logs will provide additional rev-
enue to non industrial private landowners, municipalities, and
states and help alleviate some of the cost of tree removal pro-
grams in infested areas.

Several chemical treatments including borate (disodium oc-
toborate tetrahydrate) and preventol TM (an imidacloprid
formulation produced by Bayer Chemicals) were tested and
proven effective at reducing insect emergence under labora-
tory conditions (Nzokou et al. 2006). However, concerns were
raised over the environmental and health impact of wood
products treated with chemicals, thus nonchemical ap-
proaches are being considered. The current project investi-
gates the use of kiln and microwave heat treatments as saniti-
zation methods for EAB infested logs. Both heat and micro-
wave methods have been proven effective in other
applications. For example, kiln treatment at 56 °C for 30 min-
utes is the recommended FAO standard (FAO 2002) for sani-
tizing wood packaging material.

The effectiveness of microwaves as a control of pathogens
and pests in plants and soils has been known for a number of
years (Baugh et al. 1998). In the food industry, where there
has been considerable pressure to reduce the use of pesticides,
microwave treatments have been used as an alternative for the
eradication of insect pests with positive results (Shayesteh
and Barthakur 1996, Tang et al. 2000, Phillips et al. 2001).
Microwave technology was also used successfully in eradi-
cating webbing clothes moths, Tineola bisselliella (Humm.),
in textiles (Reagan 1982). In addition, a study of heat transfer
in spruce wood conducted by Zielonka and Gierkik (1999)
showed that microwaves developed peak temperatures at a
layer 30 to 40 mm below the wood surface. The actual loca-
tion of the feeding area of the Emerald Ash Borer is immedi-
ately below the bark in the phloem and outer secondary xy-
lem, corresponding to the area of peak temperature for the
microwave heating curve proposed by Zielonka and Gierkik
(1999). Such characteristics make microwave treatment the-
oretically very well adapted to sanitizing ash logs against
EAB.

The goal of this study was to investigate the use of kiln and
microwave heat treatments for sanitization of logs infested by
EAB. We also evaluated these treatments in relation to the
posttreatment handling method by comparing indoors and
outdoors rearing.

Materials and methods

Log preparation

Green logs were cut from infested ash trees harvested near
Ann Arbor, Michigan. Before felling each tree, infestation by

FOREST PRODUCTS JOURNAL VoL. 58, No. 7/8

EAB was confirmed by removing small portions of the bark at
breast height with a bark knife and looking for the presence of
galleries and larvae. Only trees with evidence of recent infes-
tation (having fresh galleries) were harvested for the study.
Trees were harvested in February and March with insects still
at their overwintering larval or prepupae stage about a centi-
meter inside the phloem. The main stem was divided into logs
measuring approximately 0.9 m. Logs were assigned to the
different treatments so that all treatments of the same type
(heat or microwave) had logs coming from the same trees. The
logs were then further divided into two halves; with one as-
signed to a treatment with logs reared indoors and the other to
the exact same treatment with logs reared outdoors. The over-
all experimental design was a randomized complete blocks
with 5 treatments replicated four times. Length and diameter
were measured at three different points on each log, and the
average of these three measurements used to compute the total
bark surface area (Table 1). The average bark thickness was
also measured and recorded (Table 1).

Treatments

Kiln heat treatments were applied using a 5.09 m® conven-
tional laboratory kiln manufactured by Standard Dry Kiln
Co., Indianapolis, Indiana. Preliminary trials were conducted
to determine the dry and wet bulb settings needed to obtain a
stable ambient kiln temperature of 82 °C (Fig. 1). Once the
kiln temperature was stable, logs were inserted and monitored
to the desired temperature and kept in for an additional 30
minutes before they were removed. Microwave treatments
were conducted in a 2.8 GHz conventional inverter micro-
wave (volume: 0.062 m>, power: 1250 W) manufactured by
Panasonic (Panasonic Co., Secaucus, New Jersey). Due to the
limited volume of the microwave, two runs were necessary to
treat logs assigned to each treatment temperature, and the
treatment was stopped 30 minutes after the center thermo-
couple reached the treatment temperature.

For all treatments, two type K thermocouples wired to a
datalogger were inserted to the center of the log and one cen-
timeter into the phloem for continuous monitoring of tem-
perature changes inside the log. For that purpose, a hole was
drilled to the desired depth, the thermocouple was then in-
serted into the hole and the clear space around the wire filled
with the powder removed from the drilling process. The hole
was then sealed with silicone to avoid any temperature ex-
change between the hole and the ambient environment. The
kiln air temperature was continuously measured using a third
thermocouple placed inside for the kiln treatment. The ambi-
ent temperature was not monitored for the microwave treat-
ment for safety reasons. Logs were removed 30 minutes after
the temperatures of the core thermocouple reached levels of
50, 55, 60, or 65 °C. (Fig. 1) All treatments were applied on
green logs with the initial MC between 40 percent and
70 percent.

Rearing

After treatment, logs were reared indoors and outdoors in
structures constructed to allow for insect development to oc-
cur, while still trapping them and preventing them from es-
caping. Logs reared indoors were placed in thick walled card-
board tubes with plastic lids at both ends as described by Nzo-
kou et al. (20006).

Logs reared outdoors were placed in individual wood en-
closures covered with a mesh screen. Enclosures were placed
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Table 1. — Average dimensions and bark area and thickness of logs used for each

track the emergence progress. After

treatment. emergence stopped, the enclosures
Treatment Length Diameter Bark area Bark thickness were opened and the number of dead
. were counted and recorded. Enclo-
""""""" (mm)----oocooee oo (m) (mm) sures were then resealed, and re-
Heat (kiln)  Control 453.7 (11.0)* 149.6 (7.8) 0.21(0.012) 8.9 (1.9) evaluated in the spring and summer
HT50 4643 (21.7) 142.0 (22.8) 0.20 (0.034) 8.0 (0.0) of 2007
HT55 460.9 (13.0) 142.4 (14.2) 0.20 (0.022) 9.3(1.8) .
HT60 4554 (22.8) 144.4 (25.2) 0.20 (0.039) 8.9 (1.9) Data analysis
HT65 4492 (28.2) 159.5 (19.0) 0.22 (0.039) 9.9(2.3) For each type of heat treatment,
Microwave  Control 419.1 (41.8) 13.01 (50.1) 0.16 (0.047) 8.5(23) faﬁgerta;:r;;zei’n?:rd ersséuéinss‘;te'
MC50 4572 (13.9) 9.68 (14.0) 0.14 (0.020) 8.0 (0.0) (MEI’)) calulated as tl%e mean num3_’
MC55 448.4 (59.5) 10.43 (19.0) 0.14 (0.018) 7.1(0.9) ber of emerged EAB adults per
MC60 456.4 (26.8) 10.04 (14.2) 0.14 (0.026) 7.1(0.9) square meter of bark was computed.
MC65 436.8 (19.8) 1047 (27.4) 0.14 (0.034) 8.1 (2.6) Due to large differences in variance,

* Numbers in parentheses are standard deviations.
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Figure 1. — Ambient and log temperatures during the kiln
treatments. The small dips in ambient temperatures indi-
cate the opening of the kiln for removal of logs for a given
treatment. The removal decision was based on the center
thermocouple.

outside at Michigan State University’s Tree Research Center
in East Lansing, Michigan, where they were fully exposed to
rainfall, sunlight, and other weather events during the winter
and following spring.

Data collection

For the indoors logs, rearing tubes were checked daily. In-
sects were collected in separate screw cups and labeled by
emergence date and log identifier. Collected insects were fed
ash leaves and cups were checked daily to measure the sur-
vival longevity of the insects under each treatment. After
emergence had ceased, the rearing tubes were opened and the
trapped EAB were collected and counted. A total count of
emergent adults was calculated for each log by summing the
number of EAB previously found in the cups to the number
found in the tube. Tubes were then resealed and stored in an
unheated storage area for the winter. They were reevaluated
again in the summer of 2007 for further insect emergence.

The outdoors enclosures were checked for adult EAB
weekly. Once emergence started, a weekly count was made to
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a Logl0 transformation was applied

to the data. The computer software,
SAS version 9.1, was used to perform one-way ANOVA
(PROC MIXED) tests. Kiln and microwave heat treatments,
with logs reared both indoors and outdoors, were separately
compared. If one or more of the means was found to differ
from the rest at a multiple comparison adjusted significance
level of 0.025, the Dunnett’s procedure was used to determine
which treatments were significantly different from their con-
trol using the same significance level. In order to compare the
indoors-reared treatments to the outdoors-reared treatments,
the mean difference between corresponding indoors and out-
doors-reared logs was calculated for each treatment using the
untransformed data. This value was then compared to an ex-
pected value of zero using a paired t-test at a significance level
of 0.025.

Results and discussion

Emergence density

The average MED and standard errors for all treatments are
summarized in Table 2. The data presented shows that kiln
heat treatments were very effective in reducing insect emer-
gence both for logs reared indoors and outdoors. For indoors-
reared logs, the average MED of treated logs ranged from 0 to
1.8 adults per square meter compared to 58.7 adults per square
meter for control logs. Both the lowest (50 °C) and highest
(65 °C) temperature trials resulted in zero emergence. Similar
trends were observed for logs reared outdoors with MED
ranging from 0 to 1.2 adults per square meter for treated logs
compared to 47.2 for control logs. Treatments at 50 °C, 60 °C,
and 65 °C resulted in full control of the insect emergence and
only the 55 °C treatment logs differed with a MED value of
1.2 adults per square meter. Treatments at the 50 °C tempera-
ture produced no insect emergence; however the next higher
temperature tested of 55 °C failed to completely eradicate the
insect in both the indoors and outdoors rearing methods. The
reason why we obtained better control at 50 °C compared to
55 °C are not clear. However, we suspect that this could be
due to uneven heat distribution in the 55 °C logs caused by
variation in logs MC. The 65 °C treatment offered complete
control for both indoors and outdoors rearing, indicating that
it might be safer to go to this higher temperature to ensure
killing of insect larvae from infected logs.

The one-way ANOVA tests (Table 3) showed that indoors
and outdoors-reared conventional heat trials both produced a
highly significant difference in MED (p < 0.0001 in both
cases). The Dunnett’s procedure showed that the MED for all
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Table 2. — Mean emerald ash borer emergence densities
(with standard error in parentheses) from logs treated with
conventional and microwave heat and subsequently reared
indoors and outdoors. Mean emergence densities that are
significantly lower than their control at a significance level of
0.01 are marked with an asterisk (*).

Mean emergence density (insects/m?)

Treatment

Treatment temperature Kiln Microwave
Control 58.7(17.1) 36.3(19.3)

50°C 0.0 (0.0)* 37.3(9.2)
55°C 1.9 (1.8)* 21.9 (11.0)
60 °C 1.0 (1.0)* 26.8 (15.1)

Indoor rearing 65 °C 0.0 (0.0)* 1.4 (1.3)
Control 47.2(25.0) 64.7 (19.5)

50 °C 0.0 (0.0)* 15.6 (8.8)

55°C 1.2 (1.2)* 10.0 (7.5)
60 °C 0.0 (0.0)* 20.0 (13.8)

Outdoor rearing 65 °C 0.0 (0.0)* 20.7 (2.8)

temperature treatments were significantly lower than those of
the control treatment in both indoors and outdoors rearing.
Although we obtained full control for some treatments tem-
peratures (50 °C, and 65 °C) more extensive testing should be
done to determine the exact sufficient temperature require-
ments for treating EAB infested logs, despite the current FAO
standard for treatment of packaging material is 56 °C for half
an hour. It should be reminded the FAO standard is aimed at
pallets and packaging materials and not logs as it was the case
in the present study.

The microwave treatments surprisingly produced inconsis-
tent reductions in MED. Indoors-rearing treatments resulted
in average MED varying from 1.4 to 37.3 insects per square
meter, compared to the control treatment MED of 36.3. When
the logs were reared outdoors, average MED values ranged
from 9.9 to 20.7, compared to a control treatment MED of
64.3. The statistical analysis showed that the microwave treat-
ments did not significantly reduce the MED in both indoors
(p = 0.132) and outdoors (p = 0.138) rearing. These results
were surprising because similar temperature treatments were
successful at controlling insect emergence using kiln heat
treatments. We are hypothesizing that the ineffective saniti-
zation with the microwave treatments could have been caused
by the uneven distribution of the heating temperature inside
the microwave during the treatment, because we observed that
at the end of the treatments some sides of treated logs seemed
to be warmer than others. Similar temperature distribution
problems have been reported before (Zhao and Turner 2000).
With the high costs of energy, and the level of energy needed
to thoroughly heat logs to the desired 60 to 65 °C, microwave
technology is still a very attractive solution for rapid heat ster-
ilization of infested wood materials. However, the problem of
ensuring appropriate temperature distribution needs to be ad-
dressed in the design and operation of the microwave.

There are several other ways to streamline the microwave
heating process. Water greatly affects the dielectric properties
of a substance (Zielonka and Gierlik 1999). Decreasing the
MC of ash logs would allow microwaves to penetrate deeper
into the wood. However, achieving a given MC for logs be-
fore treatment may be impossible and impractical in applica-
tions outside of the laboratory. Another avenue that may be
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used to improve microwave treatments involves radio wave
frequency. It has been shown that for a given substance, di-
electric properties are dependent upon the frequency of the
microwaves used. These properties have been closely exam-
ined for the food and agriculture industries. Documented di-
electric property curves have been developed that describe the
function of wave frequencies in microwave sterilization for a
number of foods and their common insect pests (Wang et al.
2003, Wang and Tang 2004, Nelson 2005). If these curves
could be estimated for both ash wood and the EAB, it may be
possible, with a known MC of the wood, to choose a fre-
quency that increases the treatment efficiency and decreases
the risk of damaging the wood by more accurately targeting
the insects for heating.

The comparison between indoors and outdoors rearing
methods (Table 2) shows no difference between the two
methods for both heat and microwave treatments. This was
confirmed by the statistical analysis that showed no signifi-
cant difference between logs reared indoors and logs reared
outdoors for either the conventional heat treatment (p = 0.29)
or the microwave treatment (p = 0.46). These results indicate
that the rearing method and posthandling conditions of the
logs did not affect the efficacy of the treatments, suggesting
that the most important factor in such treatment is the effec-
tive application and distribution of the appropriate tempera-
ture levels.

Survival longevity

Table 4 shows the mean number of days that the insects
survived after emergence. The data presented is limited to
treatments where adult insects emerged, were captured, and
reared. The results show no difference in survival longevity
between the various microwave treatments, indicating good
potential for survival development and spread if for any rea-
son the insect survived any of the heating temperatures tested.
This result underscores the need to achieve full control to
eliminate any chance of dispersal due to poor or uneven
treatment.

All logs were reevaluated for further emergence in late
spring and summer of 2007, and no adult emerged neither
from any of the indoors or outdoors rearing treatments nor
from control samples. This indicates that all insect develop-
ment and emergence from the infested logs harvested for the
current study occurred during the first year.

Conclusions
Emerald ash borer-infested logs were treated using two
types of heat treatments (kiln and microwave) to identify non-
chemical sanitization methods for EAB infested logs.

The kiln heat treatments produced highly significant reduc-
tions in the mean adult insect emergence density on logs
reared both indoors and outdoors. However, although tem-
peratures of 50, and 65 °C produced complete control of adult
insect emergence, few adults emerged from some of the 55 °C
and 60 °C treated logs preventing any claim of full control for
all treatment temperatures used.

Microwave treatments did not provide significant reduc-
tions in insect emergence for all temperatures tested. We at-
tributed the low effectiveness of microwave treatments to un-
even heat distribution inside the microwave. As expected, no
significant difference in treatment effectiveness was found
between logs reared indoors and the logs reared outdoors for
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Table 3. — Mixed model Anova results for MED of kiln and microwave treatments.
Analysis was performed on the log10 transformed data set. Critical Dunnett’s t values

and Dunnett’s minimum significant values are presented.

Inter. standards for phytosanitary mea-
sures—guidelines for regulating wood
packaging material in international trade.
Publication no. 15. FAO of the United

Nations, Rome. 14 pp.

Dunnett’s .

Critical minimum  Haack, R.A., E. Jendek, H. Liu, K.R.

Mean Dunnett’s  significant Marchant, T.R. Petrice, T.M. Poland, and

Source Anova SS  square  F value P t value difference H. Ye. 2002. The emeﬁald ash borer: A

B new exotic pest in North America. News-

Indoor rearing Heat treatment 8.32 2.08 27.09 <0.0001 2.76 0.50 letter of the Michigan Entomological
Microwave 3.79 0.05 2.10 0.1320 2.76 1.30 Soc. 47(3/4):1-5.

Outdoor rearing ~ Heat treatment 7.01 176 2626  <0.0001 2.78 0.50 __and T.M. Poland. 2001.

Microwave 3.68 092 205 01297 273 1.30 Evolving management strategies for a re-

cently discovered exotic forest pest: The

Table 4. — Survival longevity of adult emerald ash borers, in
number of days, after emerging from logs heat treated using
microwaves to eliminate infestation.

Sample Mean survival period
Treatment® Temperature size (no. of days)
Microwave Control 10 13.7 (2.1)
50° 12 12.8 (1.7)
55¢ 8 17.1 (2.4)
60° 11 14.8 (2.5)
65° 0 ---

#Kiln heat treatment not included because only a few adult insects emerged
from these treatments.

either microwave heat treatments or kiln heat treatments; in-
dicating that the posttreatment handling method will not have
any influence on insect survival and emergence. Data of the
survival longevity showed no apparent difference between
temperature treatments, indicating that the insects will do well
ifthey survived the treatment. This study suggests that the kiln
heat treatment at a level of 65 °C or greater could be an effec-
tive sanitization process for EAB-infested logs and wood ma-
terials. Further studies using larger sample size are needed to
determine the actual viability of the cutoffs temperature range
and relation to the FAO standards on wood packaging
materials.
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