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bstract

This paper reports on the second part of a scaling-up study investigating the technical feasibility of using radio frequency (RF) energy in
ommercial postharvest insect control in in-shell walnuts as an alternative to chemical fumigation. A large-scale treatment for conveyorized
alnuts was designed based on a 25 kW, 27 MHz RF system to achieve an average walnut surface temperature of 60 ◦C, and minimum temperature
f 52 ◦C, for 5 min. The treatment caused 100% mortality of fifth-instar navel orangeworm larvae, the most heat tolerant target pest, in both
nwashed and air-dried walnuts, and was effective over a relatively wide range of walnut moisture contents (3–7.5%). Walnut quality was not
ffected by the RF treatments; kernel color, peroxide values and fatty acid values of treated walnuts were similar to untreated controls after 20 days

t 35 ◦C simulating 2 years of storage under commercial conditions at 4 ◦C. The RF treatment slightly reduced the moisture content of the walnuts,
specially the shells. The RF treatment developed in this study should also control codling moth, Indianmeal moth and red flour beetle in in-shell
alnuts. This treatment will provide an effective and environmentally friendly phytosanitary treatment technology for the walnut industry.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Field and stored-product insect pests, such as the codling
oth (Cydia pomonella [L.]), navel orangeworm (Amyelois

ransitella [Walker]), Indianmeal moth (Plodia interpunctella
Hübner]) and red flour beetle (Tribolium castaneum [Herbst]),
ause major economic losses during production, storage and
arketing of walnuts (Juglans regia L.). These pests reduce

roduct quality through feeding damage and by contaminating
he product with webbing, cast skins and frass. Codling moth
nd navel orangeworm larvae are field pests that may also be
resent in processed nuts. Codling moth is regulated by both
apan and Korea as a quarantine pest, and navel orangeworm is
phytosanitary concern for Australian and European markets.

he Indianmeal moth and red flour beetle, two common pests
f stored nuts, are the insects most often responsible for con-
umer complaints (Johnson et al., 2004). Walnuts infested with

∗ Corresponding author. Tel.: +1 509 3352140; fax: +1 509 3352722.
E-mail address: jtang@wsu.edu (J. Tang).

i
l
i
i
q

o

925-5214/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.postharvbio.2006.12.020
hese pests are not easily detected by external inspection, causing
any processors and regulatory agencies to require phytosan-

tary treatments of product. Walnut processors normally use
hemical fumigants to disinfest product of these pests, but recent
egulatory restrictions on the most commonly used fumigant,
ethyl bromide, has generated interest in alternative disinfesta-

ion methods (UNEP, 1995).
Heating with radio frequency (RF) energy has been proposed

s a potential alternative to chemical fumigation for postharvest
ontrol of insects infesting agricultural products (Tang et al.,
000). A laboratory scale RF system was used to evaluate the
otential of RF heat treatments to control insect pests in walnuts
Wang et al., 2001, 2002c). Wang et al. (2007) studied heating
niformity of walnuts in a 25 kW industrial-scale RF system
n an attempt to scale-up treatment protocols developed from
aboratory tests. To further evaluate the 25 kW RF system, it
s necessary to determine its efficacy in disinfesting walnuts of

nsect pests and to evaluate the effect of the treatments on product
uality.

Developing a successful thermal treatment relies on a thor-
ugh knowledge of the thermal death kinetics of the targeted

mailto:jtang@wsu.edu
dx.doi.org/10.1016/j.postharvbio.2006.12.020
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nsects. Several experimental methods have been reported for
haracterizing the effect of thermal treatments on insect mortal-
ty (Yokoyama et al., 1991; Neven, 1994; Thomas and Shellie,
000), of which direct hot water bath immersion is the most com-
only used method (Hayes et al., 1984; Jang, 1986; Thomas and
angan, 1997). A heating block system developed by Washing-

on State University (Ikediala et al., 2000) eliminates the effect
f heat transfer on the intrinsic thermal death kinetics of insect
ests and is able to generate highly repeatable results for any
iven set of conditions (Wang et al., 2002b). Using the heat-
ng block system, parameters for effective RF treatments were
etermined and confirmed in laboratory RF units using insect-
nfested walnuts (Wang et al., 2002c; Mitcham et al., 2004). The
hermal death kinetics of various life stages of codling moth,
ndianmeal moth, navel orangeworm and red flour beetle have
een reported elsewhere (Wang et al., 2002a,b; Johnson et al.,
003, 2004). At temperatures over 50 ◦C we found that the fifth-
nstar navel orangeworm larva is the most heat resistant life stage
nd species among these four insects. Consequently, efficacious
reatments developed for fifth-instar navel orangeworm that pro-
ide product temperatures of 50 ◦C or above should control the
ther three walnut pests.

Commercially viable RF phytosanitary treatments for wal-
uts must also retain product quality. Because of the potential of
alnut kernels to undergo rapid oxidative and hydrolytic ran-

idity at elevated temperatures, the main quality parameters
f concern include peroxide values (PV, meq/kg), fatty acids
FA, % oleic) and kernel color. Peroxides are products from
he primary oxidation of unsaturated fatty acids in walnut oils,
hile hydrolytic rancidity results in the release of fatty acids

Buranasompob et al., 2003, 2007). According to the industry
tandard (Diamond Walnut Growers, Inc., Stockton, CA), good
uality walnuts should have a PV < 1.0 meq/kg and a FA < 0.6%.
uranasompob et al. (2003) reported that heating shelled wal-
ut kernels with 60 ◦C hot air for up to 10 min did not increase
ancidity compared to untreated walnuts. Mitcham et al. (2004)
bserved that final kernel temperatures around 75 ◦C did not
lter walnut quality after laboratory RF treatments. Although
hese laboratory studies indicate that short term exposure to
F should not affect product quality, the effect of industrial-

cale RF treatments on quality must be evaluated because
hese treatments may result in more variability in product
emperature.

The objective of this study was to determine the potential of
F phytosanitary treatments for in-shell walnuts under commer-
ial conditions by evaluating treatment efficacy and the effect on
oisture content and product quality of an industrial-scale RF

reatment system.

. Materials and methods

.1. RF treatment procedure
The typical commercial walnut process begins with harvest
nd proceeds through hull removal, heated air dehydration, fumi-
ation, sizing, washing/bleaching, static air drying, packaging
nd storing (Fig. 1). We studied the use of RF treatments in two

v
b
r
o

ig. 1. Two options for placement of RF treatment in place of fumigation
reatment to control pests in in-shell walnuts during industrial processes.

ossible places in the process: (1) after receiving and before
ashing/bleaching; (2) after static air drying and before pack-

ging (Fig. 1). The first option fits in the same location in the
andling system as methyl bromide fumigation, disinfesting
roduct as it enters the processing facility. At this point, any
roposed RF treatment must be suitable for walnuts with a rela-
ively wide range of moisture content as the product may come
rom different dehydrators. In the second option where RF treat-
ent occurs after air drying, moisture content of the walnuts at

he start of RF treatment would be more uniform. In addition,
he second option would serve to reduce the amount of time
nd energy used to dry washed nuts because RF heating might
emove some moisture from the treated walnuts. This option
hould also require less RF energy than the first option because
f the high initial walnut temperatures (37–41 ◦C) found after
ir drying.

The efficacy tests were conducted in a 27.12 MHz industrial-
cale, 25 kW RF system (Model, S025/T, Strayfield International
imited, Wokingham, UK) at a large processing plant owned by
iamond Walnut Growers, Inc., in Stockton, CA. A detailed
escription of the RF system is provided in Wang et al. (2007).
efore the tests, walnut samples were collected either from

rucks bringing new product to the plant (unwashed nuts) or
rom the processing line immediately after air drying (air-dried
uts). During RF treatments, walnuts were held in high-density
olyethylene containers (0.6 m × 0.4 m × 0.22 m) with perfo-
ated bottoms and side walls. Each container was evenly filled
ith 11 kg of in-shell walnuts (about 800 walnuts) and placed
n the conveyor belt for treatment. Before treatment, the hot air
ortion of the RF system ran for 2 h to ensure an air temperature
f at least 60 ◦C in the RF cavity. Based on our previous study
Wang et al., 2007), we used an electrode gap of 280 mm, a con-

eyor belt speed of 57 m/h, and one thorough mixing of the nuts
etween two consecutive RF exposures to meet the treatment
equirements needed for 100% mortality of fifth-instar navel
rangeworm. To achieve less than 100% insect mortality, two
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ig. 2. Arrangement of containers during RF treatments: (a) beginning of treatm
laced back in RF system to finish treatment. Only containers 9 and 12 (shaded

ests were also done with an electrode gap of 285 mm, thereby
educing the power and final walnut temperatures to confirm the
aseline of an optimum treatment.

For each treatment, 17 containers of walnuts were used to
imulate a continuous operation with the RF system. Before the
rst container entered the RF cavity (Fig. 2a), the electrical cur-
ent was about 0.41 A. The current then increased as containers
oved into the system and eventually stabilized after the first

ontainer reached the far edge of the second pair of electrodes. At
his point (Fig. 2b), the first eight containers were completely
nder the two top electrodes. In order to avoid the influence
f the transient condition, none of the first eight containers of
alnuts were used for efficacy and quality evaluations. Instead,

ontainers #9 and #12 were selected for evaluation. As con-
ainers completed the passage through the RF cavity, they were
eturned to the front of the RF system and placed on the con-
eyor belt for a second pass (Fig. 2c and d). This whole process
as considered a treatment run.
Before each treatment run, about 2 kg of untreated walnuts

ere randomly collected for initial moisture content determina-
ions and quality evaluations. The walnut surface temperatures
or the two selected containers (#9 and #12) were mapped with
thermal imaging camera (Thermal CAMTM SC-3000, N. Bil-

erica, MA, USA) before RF treatments. Each thermal image
ook less than 1 s. Ten walnuts were also randomly selected
rom each of the containers for kernel temperature measure-
ents before RF treatments using two thin Type-T thermocouple

hermometers (Model 91100-20, Cole-Parmer Instrument Com-
any, Vernon Hill, IL, USA) having an accuracy of ±0.2 ◦C

nd 0.8 s response time. For each replicate, the initial walnut
urface and kernel temperatures were averaged across con-
ainers and treatment runs and reported as control tempe-
atures.

E
v
w
a

) point where current is stabilized, (c) RF cavity fully loaded, and (d) containers
e used for efficacy and quality evaluations.

After the first pass through the RF cavity, the walnuts in con-
ainers #9 and #12 were quickly mixed through a riffle-type
ample splitter (SP-1, Gilson Company, Inc., Ohio, USA). The
plitter divided the treated nuts into two approximately equal
ortions which were then poured back to the container. The
ontainers were placed back on the conveyor belt for the second
ass through the RF cavity. Immediately after the RF treatment
as completed, the surface temperatures of the two selected

ontainers (#9 and #12) were mapped with the thermal imaging
amera. Another 10 walnuts were randomly selected from each
f the selected containers (#9 and #12) for kernel temperature
easurements as described above. This temperature measure-
ent process took about 5 min which was considered as the

xposure time at the final temperatures needed to provide ade-
uate lethality to the insects in the infested walnuts. Our previous
tudies showed that walnut kernel temperature dropped only
◦C during this 5 min period (Wang et al., 2002c). After that,

nfested walnuts were removed for insect mortality evaluation
nd about 2 kg of un-infested walnuts were collected from each
ontainer for final moisture content measurements and quality
nalysis.

.2. Infestation procedure and mortality evaluation

Fifth-instar navel orangeworms, reared at the USDA-ARS
an Joaquin Valley Agricultural Sciences Center (SJVASC),
arlier, CA, were brought to Diamond Walnut Growers, Inc.,
tockton, CA on the morning of each test day. One larva was
laced in each walnut through a 4 mm hole drilled in the shell.

ach hole was closed with a white polyethylene plug to pre-
ent the insects escaping from the walnuts. Because the plugs
ere hollow, there was concern that test larvae might use them

s a refuge to escape the hot nutmeat. Consequently, the plugs
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Table 1
Mortality (mean ± S.D., %) of fifth-instar navel orangeworm, final kernel (n = 10) and surface (n = 45,056) temperatures in control and RF treated walnuts

Unwashed walnuts (option 1)

Replicates Runs Containers Kernel temperatures (◦C) Surface temperatures (◦C) Mortality (%)

Rep 1 Control 25.8 ± 0.7 26.4 ± 1.6 0
1 #9 60.0 ± 5.2 63.4 ± 2.8 100

#12 58.3 ± 3.4 63.5 ± 3.3 100
2 #9 57.4 ± 2.0 64.3 ± 2.8 100

#12 58.5 ± 4.7 64.0 ± 2.6 100

Rep 2 Control 23.7 ± 0.5 23.0 ± 0.5 1.1
1 #9 57.5 ± 1.9 62.3 ± 2.9 100

#12 58.2 ± 1.9 62.4 ± 3.1 100
2 #9 57.4 ± 2.2 61.8 ± 3.1 100

#12 58.5 ± 1.6 63.8 ± 3.5 100

Rep 3 Control 23.6 ± 0.9 23.9 ± 0.5 0
1 #9 54.8 ± 2.1 58.6a 100

#12 56.7 ± 2.3 59.6 100
2 #9 57.0 ± 2.8 58.6 100

#12 55.3 ± 2.3 60.1 100

Hot air-dried walnuts (option 2)
Rep 1 Control 27.1 ± 1.1 26.7 ± 0.6 1

1 #9 59.0 ± 2.3 67.2 ± 5.0 100
#12 61.4 ± 5.9 68.4 ± 6.2 100

2 #9 59.2 ± 3.0 64.5 ± 3.3 100
#12 59.0 ± 2.4 66.0 ± 4.0 100

Rep 2 Control 27.7 ± 1.1 27.4 ± 0.6 0
1 #9 58.9 ± 1.7 60.8a 100

#12 59.8 ± 5.8 61.9 100
2 #9 55.2 ± 1.8 58.8 100

± 1.8
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#12 56.6

a Only mean surface temperatures were obtained.

ere filled with plasticine, which did not heat in the RF field.
oth unwashed walnuts collected before fumigation and air-

ried walnuts collected before packaging were used in separate
ests. Each replicate consisted of 75 infested walnuts for each
f the two treatment containers (#9 and #12), and two runs
ade on the same day under the same test conditions. Efficacy

ig. 3. Final walnut kernel temperatures (mean ± S.D.) after RF treatments
elated to insect mortality as determined by thermal-death–time (TDT) curve for
omplete kill of 600 fifth-instar navel orangeworm larvae obtained in a heating
lock system (Wang et al., 2002b).
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60.0 100

ests with unwashed walnuts were done three times (900 test
arvae), while tests with the air-dried walnuts were done twice
600 test larvae), for a total of 1500 test larvae. We also
et aside 100 infested walnuts as unheated controls for each
eplicate.

Before treatment, each of the two treatment containers (#9
nd #12) was prepared by mixing infested and uninfested nuts
ith the sample splitter. Each treatment container held 75

nfested nuts and enough uninfested nuts to make a total of 11 kg
about 800 nuts). This represented an artificial infestation level
f 9.4%, well above the 5% action level for insect damaged nuts
USDA-AMS, 1997) and 16 times the natural infestation level
0.55%) for codling moth in walnuts found by Vail et al. (1993).
t the end of each treatment, all infested walnuts were taken
ack to USDA-ARS, Parlier, CA and held at 25 ◦C, 60% RH
ith a 14:10 (L:D) h photoperiod for 1 day before examination.
ll infested walnuts were cracked open for examination. Insects
ere considered dead if no movement was observed. Mortality
as calculated as the percentage of dead insects relative to total

reated insects for each treatment.

.3. Walnut quality analyses
Walnut samples taken before and after RF treatments from
ach run per treatment day were transferred directly to the Dia-
ond Walnut Growers Quality Assurance Laboratory where PV,



S. Wang et al. / Postharvest Biology and Technology 45 (2007) 247–253 251

Table 2
Moisture contents (mean ± S.D., % w.b.) of the kernel, shell and whole walnuts in unwashed (n = 3) and air-dried (n = 2) samples before and after RF treatments

Walnut sample type Kernel Shell Whole nut

Control RF treated Control RF treated Control RF treated

Unwashed 3.2 ± 0.1aa 3.0 ± 0.1b 7.2 ± 0.4a 6.3 ± 0.3b 4.7 ± 0.4a 4.3 ± 0.3b
Air dried 3.3 ± 0.2a 3.0 ± 0.1b 7.4 ± 0.3a 6.4 ± 0.3b 4.9 ± 0.2a 4.3 ± 0.3b

a Different letters for each walnut fraction indicate that means are significantly different (P < 0.05) between the control and RF treated walnuts.

Table 3
Storage quality characteristics (mean ± S.D.) of unwashed (n = 3) and air-dried (n = 2) in-shell walnuts before and after RF treatments

Storage time at 35 ◦C (days)a Peroxide valueb (meq/kg) Fatty acidb (%) Kernel color (L-value)c

Control RF treated Control RF treated Control RF treated

Unwashed walnuts
0 0.04 ± 0.03 0.18 ± 0.29 0.15 ± 0.07 0.19 ± 0.06 – –

10 0.32 ± 0.21 0.21 ± 0.03 0.23 ± 0.07 0.24 ± 0.04 47.46 ± 1.04 46.55 ± 1.29
20 0.71 ± 0.41 0.86 ± 0.26 0.20 ± 0.02 0.20 ± 0.05 46.80 ± 0.97 45.76 ± 1.00

Hot air-dried walnuts
0 0.15 ± 0.11 0.09 ± 0.11 0.42 ± 0.36 0.17 ± 0.12 – –

10 0.41 ± 0.13ad 0.75 ± 0.08b 0.17 ± 0.07 0.26 ± 0.07 46.30 ± 3.14 46.77 ± 2.77
20 0.74 ± 0.30 0.82 ± 0.28 0.23 ± 0.02 0.22 ± 0.08 44.98 ± 2.46 44.94 ± 2.42

a 10 and 20 days at 35 ◦C simulate 1 and 2 years storage at 4 ◦C.
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b Accepted peroxide value and fatty acid values for good quality are less than
c L-value (lightness): 0 = black and 100 = white; good quality ≥40.
d Different letters indicate that means are significantly different (P < 0.05) bet

A and color, the quality indexes that are most likely to change
t elevated temperatures, were evaluated by lab personnel. The
ffect of storage time on PV and FA changes were also evaluated
n accelerated shelf life tests. In those tests, in-shell walnuts were
tored in an incubator at 35 ◦C and 30% relative humidity (RH)
or 10 and 20 days to simulate commercial storage at 4 ◦C for 1
nd 2 years, respectively. The storage time at 35 ◦C was calcu-
ated based on a Q10 value of 3.4 for lipid oxidation (Taoukis et
l., 1997) and was confirmed by real-time storage experiments
Wang et al., 2006). The PV and FA values were determined
sing methods Cd 8-53 and Ca 5a-40 of the American Oil
hemists Society (AOCS, 1998a,b). Detailed measurement pro-
edures and calculation of PV and FA values described in Wang
t al. (2001). Walnut kernel color was measured with a colorime-
er (Model CM-2002, Minolta Corp., Ramsey, NJ) calibrated to
standard white reflective plate, and expressed in Hunter scale
arameters. The change in kernel color was only analyzed for L-
alues that represent the light–dark spectrum with a range from
(black) to 100 (white). Color measurements were made for

amples held under accelerated storage at 35 ◦C for 10 and 20
ays. Due to technical problems, color measurements were not
aken from samples immediately after RF treatment (0 days).

.4. Walnut moisture content measurement and statistical
nalyses

Walnut samples taken before and after RF treatments were

racked manually. The shells and kernels were separated. Shell,
ernel and whole walnut samples were ground into meal using
RAS mill (Romer Labs, Inc., Union, MO) for measurement
ith a moisture meter (GAC, 2000, Dickey-John Cooperation,

i
t
i
m

eq/kg and 0.6%, respectively.

the control and RF treated walnuts.

uburn, IL) pre-calibrated against the standard oven method
AOAC, 1990).

The initial (control) and final moisture content and quality
arameters following RF treatment of the walnut samples from
ach of the two runs per day were averaged within each RF
reatment date and considered as a replicate. Mean values and
tandard deviations were calculated from replicates for each
F treatment. The mean values were compared using the SAS
nalysis of variance (ANOVA) procedure (SAS Institute, 1989).

here there were significant differences (P ≤ 0.05), means were
eparated using least significant difference (LSD) t-test (SAS
nstitute, 1989).

. Results and analyses

.1. Insect mortality

Table 1 shows insect mortality and final kernel and surface
emperatures in unwashed and air-dried in-shell walnuts after
F treatments. The low mortality of controls (≤1%) indicated

hat the effects of transport and handling were negligible and
he mortality data for samples after RF treatments required no
orrection. Final average shell and kernel temperatures were
55 ◦C due to RF heating, resulting in 100% insect morality

or all RF treatments. It should be noted that shell tempera-
ures were 2–8 ◦C higher than kernel temperatures, probably
ecause of the higher moisture content in shells (Table 2). That

s, RF energy was absorbed more in materials with higher mois-
ure. Although variation in moisture content was the single most
mportant contributor to non-uniform RF heating, the RF treat-

ent developed in this study was effective for the moisture
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ontent variations found in unwashed kernels (3.1–3.3%),
nwashed shells (6.6–7.7%), air-dried kernel (3.1–3.4%) and
ir-dried shells (7.1–7.7%).

The efficacy results agreed with the thermal death time (TDT)
urves of fifth-instar navel orangeworm obtained by the heating
lock system (Wang et al., 2002b). The TDT curve showed that
min exposure to 52 ◦C or 1 min exposure to 54 ◦C should result

n 100% mortality of a sample size of 600 insects (Fig. 3). In the
urrent study, complete kill of test insects was observed when
he final kernel temperature was located above and to the right
f the TDT curve, and was as good as earlier, small-scale studies
ith infested walnuts (Wang et al., 2001, 2002c). Specifically,
00% mortality was achieved as long as the mean and the stan-
ard deviation of the final walnut kernel temperatures remained
bove the TDT curve. In the two treatment runs using an elec-
rode gap of 285 mm, only 98% mortality was obtained because
nal walnut kernel temperatures (52.1 ± 2.8 and 54.9 ± 4.5 ◦C)
ropped below the TDT curve boundary (Fig. 3). Generally, a
arger kernel temperature variation requires an increase in mean
arget temperatures to achieve complete kill.

.2. Walnut moisture content

Table 2 shows the moisture contents of the kernel, shell and
hole walnuts before and after RF treatments. The average mois-

ure content was highest in the shell, followed by whole nuts
nd then the kernel. The moisture content in RF treated wal-
uts was significantly less than that of untreated control walnuts
P < 0.05). In particular, the moisture content in the shell was
educed by 1% (from 7.2% in controls to 6.3% in treated sam-
les). In contrast, moisture content dropped only 0.2–0.6% in
ernels and whole nuts, respectively, during RF treatments. The
nal moisture content difference after RF treatment was less than
.2% between the unwashed and air-dried in-shell walnuts. The
rying effect RF treatments have on air-dried walnuts may be
eneficial, allowing the industry to reduce overall static air dry-
ng time and associated costs after washing. However, if drying
s excessive, this could result in loss of saleable weight.

.3. Walnut quality

Table 3 summarizes the results of quality evaluations during
ccelerated storage. Only samples from treatments that resulted
n 100% kill were evaluated. Mean PVs increased with storage
ime for both control and RF treated walnuts, but FA values
id not show a similarly clear trend during storage. There was
o statistically significant difference in PVs and FA values
etween control and RF treated samples except for the PVs of
ir-dried walnuts stored at 35 ◦C for 10 days (P < 0.05). For both
nwashed and air-dried nuts, the final PVs and FA values during
ccelerated storage for up to 20 days remained within the accept-
ble range (PV < 1.0 meq/kg and FA < 0.6%) used by industry
or good walnut quality. Our quality evaluations confirmed ear-

ier results in which RF heating to 53 ◦C for 5 min (Wang et al.,
001), 55 ◦C for 10 min (Wang et al., 2002a,b,c), and 75 ◦C for
min (Mitcham et al., 2004) did not increase walnut rancidity
fter 10- and 20-day accelerated storage.

B
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On the Hunter scale, L-values decrease as product color dark-
ns. In our study, kernel color was slightly darker after RF
reatments and after storage (Table 3). However, there was no
tatistically significant difference between untreated controls
nd RF treated walnuts for different storage times (P > 0.05).
ccording to walnut industry standards, acceptable L-values for
roduct color are >40. Consequently, the final color of treated
alnuts, even after accelerated storage, would still be acceptable

o the walnut industry.

. Conclusions

By completely controlling navel orangeworm within in-shell
alnuts without adversely affecting product quality, our study

uccessfully demonstrated the efficacy of RF treatments as an
lternative to methyl bromide fumigation for postharvest insect
ontrol in in-shell walnuts. We have previously demonstrated
hat fifth-instar navel orangeworm larvae are the most heat tol-
rant species and life stage of the important postharvest walnut
ests in California, therefore the RF treatment developed in this
tudy would also control codling moth, Indianmeal moth and red
our beetle in in-shell walnuts. In addition to providing insect
ontrol for incoming, unwashed walnuts, RF treatments may be
seful in reducing drying time and energy costs for air-dried
alnuts.
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