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The effect of exposing apples to brown marmorated stink bug, Halyomorpha halys, for discrete intervals before
harvest and of post-harvest cold storage on feeding injury expression was evaluated in 2011 and 2012. Individual
apples from four cultivars in experimental orchards in Virginia and West Virginia, USA were caged soon after
fruit set to protect them from insect injury. During each of the four weeks preceding harvest of each cultivar, five
adult H. halys were placed in a subset of cages for 7-days, then removed. Control fruit were not exposed. The
proportion of injured fruit and the number of external injuries was evaluated at harvest, after which the fruit
were held in cold storage for about 5 weeks, followed by assessments of the proportion of fruit injured and the
number of external and internal injuries. Most exposure timings resulted in external injury at harvest, but fruit
exposed closer to harvest tended to show less injury than those exposed earlier. Fruit from all cultivars showed
external injury at harvest, with variation in the proportion of injured fruit among them. The proportion of injured
fruit and the number of external injuries tended to increase during post-harvest cold storage in some, but not all
cultivars. The number of external injuries at harvest and after cold storage underrepresented the number of
internal injuries. Results are discussed in the relation to the length of pre-harvest protection required to mitigate

fruit injury from H. halys.

1. Introduction

The invasive brown marmorated stink bug, Halyomorpha halys (Stél)
(Hemiptera: Pentatomidae), has impacted tree fruit production in
several Mid-Atlantic States in the USA since its initial outbreak in 2010
(Leskey et al., 2012a). Subsequently, it has invaded tree fruit production
regions in other parts of the USA and Europe, where it is causing
increasing issues or concerns (Haye et al., 2015; Leskey and Nielsen,
2018). Injury to apples from feeding by the brown stink bug, Euschistus
servus (Say) (Leskey et al., 2009; Brown and Short, 2010) and H. halys
(Joseph et al., 2015; Acebes-Doria et al., 2016) is first manifest as a tiny
discolored dot at the stylet insertion point, which may be undetectable
to the untrained eye or without magnification and which is not
considered economic injury per se. These injuries can progress into de-
fects that can cause economic losses and that are much more apparent,

including shallow, often discolored depressions or deformations on the
fruit surface and, in the flesh, discrete areas of brown necrosis that tend
to be associated with external injuries. Unlike the native stink bug
species, both nymphs and adults of H. halys feed on and can cause
economic injury to fruit (Acebes-Doria et al., 2016).

In the Mid-Atlantic region, adult H. halys emerge from overwintering
sites between about mid-April and mid-June (Bergh et al., 2017),
resulting in overlapping generations (Nielsen et al., 2016) and the
presence of adults and/or nymphs during much of the fruiting period of
orchard crops (Bakken et al., 2015; Leskey et al., 2015). Highest cap-
tures of H. halys in black pyramid traps deployed adjacent to agricultural
crop fields, including tree fruit orchards, and baited with its aggregation
pheromone (Khrimian et al., 2014) and a pheromone synergist (Weber
et al, 2014) typically occur from late August through much of
September (Leskey et al., 2015), prior to the mass dispersal of adults to
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overwintering sites beginning in late September (Bergh and Quinn,
2018). Using exclusion cages to selectively expose apple and peach fruit
to natural H. halys populations in Virginia for discrete intervals during
two growing seasons, Joseph et al. (2015) showed that some apples
exposed in May expressed injury at harvest, but that most injury was
incurred during exposures in July, August, and September.

From early September onward, apple growers in the Mid-Atlantic
and elsewhere must increasingly divert resources to the harvest, dur-
ing which time their use of many of the insecticides considered effective
against H. halys (Leskey et al., 2012b; Lee et al., 2013) is precluded by
pre-harvest intervals and restricted entry intervals that affect harvest
activities. Furthermore, most insecticides considered effective for man-
aging H. halys have relatively brief residual field activity against this
pest (Leskey et al., 2014); thus, many apple cultivars may not be opti-
mally protected during the period preceding harvest, when H. halys
populations are highest. Indeed, H. halys injury to apples in northern
Virginia in recent years has been relatively low through much of August
but appears to increase thereafter, such that injured fruit are detected at
harvest in September and October (Bergh, personal observation).

The initial, widespread outbreak of H. halys in the Mid-Atlantic re-
gion that began in about mid-summer 2010 occurred quite suddenly and
growers had very little information about the pest or effective products
to manage it. The peach crop in some orchards was decimated (Leskey
et al., 2012a) and considerable damage to the apple crop at harvest was
ascribed to H. halys (Herrick, 2011). Moreover, there were numerous
anecdotal reports from apple storage facilities of fruit that showed little
or no apparent external injury from H. halys at harvest but expressed
considerable amounts of this injury after a period in post-harvest cold
storage. In combination, pre- and post-harvest injury to the 2010 apple
crop resulted in an estimated loss in value of $37 million (Herrick,
2011). These reports raised the questions of whether H. halys feeding
during the final weeks preceding harvest was expressed as economic
injury at harvest and/or during cold storage and whether this response
was affected by cultivar. These questions related directly to the length of
pre-harvest protection required to avoid additional economic injury
from H. halys at harvest or during post-harvest storage, and particularly
to apple cultivars harvested during and after September. Here, we report
field experiments using inclusion cages to examine the effects of
exposing fruit from several apple cultivars to adult H. halys for 7-d in-
tervals during each of the four weeks preceding harvest on injury at
harvest and after a period in post-harvest cold storage.

2. Materials and methods
2.1. Orchard sites

The same experimental protocols were employed in two consecutive
years, using two different apple cultivars each year and a total of 3 or-
chard blocks in Virginia and West Virginia. In 2011, 2012, respectively,
a 1.5 ha orchard of 35-yr-old ‘Redspur Delicious’ on M111 rootstock and
a 1.1 ha orchard of 4-yr-old ‘Smoothee Golden’ on EMLA.26 rootstock
was used at Virginia Tech’s Alson H. Smith, Jr., Agricultural Research
and Extension Center (AREC), Winchester, VA (39.111181,
—78.280397). In both years, a ~2.0 ha orchard of mixed cultivars was
used at the USDA ARS Appalachian Fruit Research Station (AFRS),
Kearneysville, WV (39.355267, —77.877169). In 2011, 2012, respec-
tively, 22-yr-old ‘Fuji’ on EMLA.7 rootstock and 16-yr-old ‘Honeycrisp’
on Mark rootstock were used at the AFRS. Trees at the AREC were
sprayed with chlorantraniliprole or spinetoram at points during the
post-bloom period to protect them from lepidopteran pests; neither of
these products has activity against H. halys (Leskey et al., 2012b). At the
AFRS, the trees were sprayed with acetamiprid, endosulfan, fenpropa-
thrin, methomyl, and phosmet in both years, but none of these products
were applied later than one month before or during the study. At the
AREC and AFRS, standard apple disease and weed management pro-
grams for this region were used (Virginia Cooperative Extension, 2011).
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Injury from H. halys can be similar in appearance to the physiological
disorders caused by calcium deficiency, known as “cork spot” or “bitter
pit” (Brown, 2003a); therefore, foliar CaCl, was applied to the AREC
trees during the 2011 season to minimize the potential for confounding
effects of these disorders on injury evaluations. In 2012, adequate Ca
levels in the soil at the AREC orchard precluded additional CaCly ap-
plications. Foliar CaCl, was applied at biweekly intervals in July and
August to trees at the AFRS in 2011, but applications in 2012 were not
necessary.

2.2. Inclusion cages

Cylindrical, open-ended cages (17.8 cm diam., 17.8 cm long) were
those used by Joseph et al. (2015) and Acebes-Doria et al. (2016) and
constructed of semi-rigid, black, plastic mesh (13 x 13 mm openings)
covered by a sleeve of flexible white fabric mesh (~30.5 cm diam. and
53.3 cm long). A wood dowel (0.7 cm and 18 cm long) placed vertically
in the middle of the cage was attached to the cage at both ends using
wire. To protect fruit from insect injury prior to the experiment, cages
were deployed at or soon after fruit set, and only fruit that were free of
any injury were used. Treatments included fruit that were never exposed
to H. halys and fruit that were exposed to five adult H. halys for 7 days
during the fourth, third, second, or final week before harvest, using
adults collected from wild hosts in the field. The experimental design
was a randomized complete block, with four trees of each cultivar as
blocks and five replicates of each of the five treatments randomly
assigned to fruit within the canopy of each tree (n = 20 fruit/treatment).
Table 1 shows the dates on which fruit were caged, adult H. halys were
placed in the cages, and fruit were harvested. The 2012 season began
with an unusually early spring, resulting in an earlier harvest than is
typical, but fruit harvest in both years coincided with the commercial
harvest of each cultivar.

2.3. Injury evaluations

All fruit that were attached to the branch at harvest were evaluated
and included in statistical analyses. Feeding injury from H. halys on the
fruit surface (external injury) was evaluated by recording the number of
discolored spots and discolored depressions on each apple that would be
readily apparent to an inspector and that would represent economic
injury (Joseph et al., 2015; Acebes-Doria et al., 2016). Apples grown in
this region are typically held in post-harvest cold storage for 4-5 weeks
before distribution; therefore, fruit from the treatments in the AREC and
AFRS orchards were placed in a commercial cold storage facility and a
research cold storage room, respectively, at 2-3 °C for 4.5-5 weeks, after
which external injuries were measured again. A wedge-shaped cut was
made through a few of the discolored spots on the surface of all apples
showing this injury before peeling them to confirm the presence of a
feeding sheath. Each apple was then peeled and sliced to the core in all
quadrants to measure internal injury, expressed as the number of
discrete areas of brown necrosis in the flesh.

2.4. Statistical analysis

Because the apple cultivars evaluated were not consistent between
sites or years, datasets were analyzed by variety. The effect of exposure
timing on the proportion of fruit with external and internal injury was
analyzed using a generalized linear mixed model ANOVA (PROC
GLIMMIX, SAS ver. 9.4, 2012), with exposure timing considered the
fixed effect and block and fruit subsample from each tree considered
random effects (Gbur et al., 2012; Stroup, 2013). Assumptions of the
binomial distribution were used for the expected proportion of injury.
The effect of exposure timing on the mean number of external and in-
ternal injuries per fruit (injury severity) was examined using the same
procedure, assuming the normal distribution. When a significant treat-
ment effect was observed, Fisher’s LSD with a=0.05 was used to
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Table 1
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Inclusion cage protocols used to expose individual apples to five adult Halyomorpha halys for seven days during each of the four weeks preceding harvest in Virginia and

West Virginia 2011, and 2012.

Year Site Cultivar Date fruit caged Date H. halys placed in cages (weeks before harvest) Harvest date
2011 VA Redspur Delicious 3 May 24 Aug (4) 31 Aug (3) 7 Sep (2) 14 Sep (1) 21 Sep
2011 wv Fuji 24 May 15 Sep (4) 22 Sep (3) 29 Sep (2) 6 Oct (1) 13 Oct
2012 VA Smoothee Golden 1 May 3Aug (4 10 Aug (3) 17 Aug (2) 24 Aug (1) 31 Aug
2012 A% Honeycrisp 3 May 23 Jul (4) 30 Jul (3) 6 Aug (2) 13 Aug (1) 17 Aug

separate means.

In addition, the effects of exposure timing and types of injury eval-
uation (e.g. external vs internal, at harvest vs after cold storage, etc.) on
the mean number of injuries per fruit was determined used a longitu-
dinal generalized linear mixed model (PROC GLIMMIX) (Gbur et al.,
2012). Treatment, types of injury evaluation, and their interactions were
considered fixed factors, tree (block) was considered a random factor,
and each fruit (subsample) was defined as a subject for repeated mea-
surement (i.e. the same fruit was measured three times). The compound
symmetry covariance structure was selected for both models, based on
comparisons of several covariance structures. When a significant factor
effect was observed, Student’s t-test was used for individual
comparisons.

3. Results
3.1. Proportion of fruit with external injury at harvest

Across both years, 379 of the 400 caged apples (94.75%) were
attached to the branch at harvest and evaluated; those that dropped
prematurely were excluded from the study. Control apples that were not
exposed to H. halys showed no external injury at harvest or external or
internal injury after cold storage (Table 2), confirming that the cages
prevented insect injury prior to or during the experiment, as they did in
previous experiments (Joseph et al., 2015; Acebes-Doria et al., 2016).

Among the treatments involving exposure to adult H. halys, the
proportion of fruit showing external injury at harvest ranged from 0.00
to 1.00 (Table 2). Overall, ‘Smoothee Golden’ and ‘Honeycrisp’ had the
highest proportion of fruit with external injury and ‘Fuji’ the lowest,
with ‘Redspur Delicious’ being intermediate. There were significant
(P < 0.05) differences among exposure timings on the proportion of fruit
with external injury for ‘Redspur Delicious’ and ‘Smoothee Golden’, but
not ‘Honeycrisp’ or ‘Fuji’ (Table 2). ‘Redspur Delicious’ exposed during
the second or final week before harvest showed significantly lower
proportions of fruit with this injury than those exposed during the third
or fourth week. Exposing ‘Smoothee Golden’ to H. halys during the final
week before harvest resulted in a significantly lower proportion of fruit
with external injury than the other timings, which did not differ
significantly.

3.2. Proportion of fruit with external and internal injury after cold storage

For each exposure timing, ‘Redspur Delicious’ and ‘Fuji’ showed no
change in the proportion of fruit with external injury at harvest and after
cold storage, whereas there was an overall increase in the proportions of
this injury in ‘Smoothee Golden’ and ‘Honeycrisp’ after storage
(Table 2). Statistical outcomes among exposure timings for each cultivar
were similar or identical between the consecutive assessments of
external injury. All treatments involving exposure to H. halys resulted in
internal injury to fruit from all cultivars, with proportions ranging from
0.30 to 1.00 (Table 2). Most or all ‘Smoothee Golden’ and ‘Honeycrisp’
fruit showed internal injury. This injury was least in ‘Fuji’ and at in-
termediate levels in ‘Redspur Delicious’. Overall, there was a greater
proportion of fruit with internal than external injury across all cultivars,
but the magnitude of the difference between external and internal injury
after cold storage varied among them; ‘Smoothee Golden’ and

Table 2

Estimated mean (+SE) proportion of apples with feeding injury from Halyo-
morpha halys at harvest and after cold storage, following exposure to five adults
for seven days during each of the four weeks preceding harvest.

Cultivar Exposure Estimated mean proportion® + SE
(Year) timing . . .
(week External u]'qury External injury  Internal injury
at harvest” after cold after cold
before
harvest) storage storage
Redspur Final 0.00 + 0.06b 0.00 + 0.06b 0.30 +0.10bc
Delicious (20)
(2011) Second 0.25 4+ 0.09b 0.25 4+ 0.09b 0.65+0.10 ab
(20)
Third 0.95+0.076.9a 0.95+0.07a 0.95+0.07a
(20)
Fourth 0.75+0.09a 0.75+0.09a 0.90 +0.08a
(20)
Not 0.00 + 0.06b 0.00 + 0.06b 0.00 +0.06¢
exposed (20)
F416=9.5 F416=9.5 F416=8.0
P <0.001 P <0.001 P=0.001
Fuji (2011) Final 0.50 +0.08 (20) 0.50+0.08 0.45+0.13
Second 0.10+0.09 (20)  0.10+0.09 0.50 +0.14
Third 0.30+0.12(20) 0.30+0.12 0.35+0.13
Fourth 0.35+0.13 (20) 0.35+0.13 0.30+0.12
Not 0.00+0.06 (20)  0.00 +0.06 0.00 +0.07
exposed
Fa16=2.2 Fa16=2.2 Fa16=1.9
P=0.12 P=0.12 P=0.16
Smoothee Final 0.15+0.08b 0.55+0.10b 1.00 + 0.06a
Golden (20)
(2012) Second 0.80 £0.09a 0.94 £ 0.08a 1.00 +0.07a
19
Third 0.90 +0.08a 0.94 +0.08a 1.00+0.07a
(18)
Fourth 1.00 + 0.06a 1.00 £+ 0.07a 1.00 4+ 0.07a
19
Not 0.00 + 0.06b 0.00+0.6¢ 0.00 + 0.60b
exposed (20)
F416=10.1 F416=7.6 F416=8.3
P <0.001 P=0.001 P <0.001
Honeycrisp Final 0.63+0.10a 0.83+0.09a 0.83+0.09a
(2012) (18)
Second 0.80 +0.10a 0.87 £ 0.09a 0.93+0.09a
(15)
Third 0.75+0.10a 0.85+0.10a 0.85+0.10a
(16)
Fourth 1.00 +0.07a 1.00£0.07a 1.00 £0.07a
(15)
Not 0.00 + 0.06b 0.00+0.06.2b  0.00 + 0.06b
exposed (19)
F416=>5.4 F416=6.0 F416=6.2
P=0.006 P=0.004 P=0.003

@ Assumptions of the binomial distribution were used to estimate the mean
proportion (np) and a variance (np(1-p)) of a fruit being injured in a generalized
linear mixed model (GLIMMIX, SAS ver. 9.4), where the logit was used as a link
function and the ILINK option was used to generate the inverse link
transformation.

> Number in parentheses indicates the number of fruits evaluated at harvest
for each exposure timing.

‘Honeycrisp’ showed less difference between these types of injury than
‘Fuji’ and ‘Redspur Delicious’. While there was not a consistent rela-
tionship overall between these injury types among exposure timings,
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there were larger differences in ‘Redspur Delicious’, ‘Fuji’ and
‘Smoothee Golden’ exposed during the final and/or second weeks than
during the third or fourth weeks before harvest.

3.3. Number of external injuries at harvest

Among the exposed fruit treatments, the mean number of external
injuries per fruit at harvest ranged from 0 to 36 (Table 3). Overall, the
number of external injuries was lowest on ‘Fuji’ and highest on
‘Smoothee Golden’ and ‘Honeycrisp’, with ‘Redspur Delicious’ being
intermediate. There were significant effects (P <0.05) of exposure
timing on the number of injuries per fruit at harvest for all cultivars
except ‘Fuji’ (Table 3), which showed only numerical differences. There
was a tendency for exposures during the fourth and third weeks before
harvest to result in significantly or numerically greater numbers of
external injuries at harvest than during the second or final weeks,
although for ‘Honeycrisp’ this was true only for the fourth week before
harvest.

3.4. Number of external and internal injuries after cold storage

As with the proportion of injured fruit, there was no change in the
numbers of external injuries during cold storage for ‘Redspur Delicious’
and ‘Fuji’, but the mean number of these injuries per fruit increased
across all exposure timings for ‘Smoothee Golden’ and ‘Honeycrisp’
(Table 3). Again, there were similar or identical statistical outcomes
among exposure timings for each cultivar between the consecutive as-
sessments of external injury numbers. Overall, there were more internal
than external injuries per fruit after cold storage for all cultivars and
most exposure timings, with the exception of ‘Fuji’, which showed

Table 3

Number of Halyomorpha halys feeding injuries per apple at harvest and after cold
storage, following exposure to five adults for seven days during each of the four
weeks preceding harvest.

Cultivar Exposure Mean =+ SE no. of injuries per fruit®
(Year) timing (week .
before External External Internal injury
harvest) injury at injury after after cold
harvest cold storage storage
Redspur Final 0.0b 0.0b 0.6 +£0.2¢
Delicious Second 0.4+0.2b 0.4+0.2b 4.24+1.2c
(2011) Third 10.0+1.3a 10.0+1.3a 24.2+3.6a
Fourth 7.8+2.1a 7.8+2.1a 13.6 +3.1b
Not exposed 0.0b 0.0b 0.0c
Fa16=14.4 Fa16=14.4 Fa16=20.1
P <0.001 P <0.001 P <0.001
Fuji (2011) Final 0.1+0.1 0.1+0.1 1.1+0.4
Second 0.7 +0.6 0.7 +0.6 1.5+0.5
Third 1.3+0.5 1.3+0.5 1.14+0.4
Fourth 1.5+05 1.5+05 0.9+0.4
Not exposed 0 0 0
Fa16=2.3 Fa16=2.3 Fa16=1.3
P=0.10 P=0.10 P=0.32
Smoothee Final 1.0+£0.7¢ 4.6 +1.3c 27.0+3.3b
Golden Second 4.6 £1.3c 8.6 £1.5¢ 30.7 £ 3.6b
(2012) Third 15.3+2.8b 19.2+3.3b 32.9+3.9b
Fourth 36.1+6.1a 441+7.1a 45.7 +5.3a
Not exposed 0.0c 0.0c 0.0c
Fa16=25.2 Fa16=24.8 Fa16=23.2
P <0.001 P <0.001 P <0.001
Honeycrisp Final 3.1 +£0.9bc 7.1+1.7b 12.7 +£2.2bc
(2012) Second 7.0+1.8b 7.1+1.3b 14.2+2.7b
Third 3.5+0.8bc 4.4+0.9b 6.0 + 1.4cd
Fourth 31.3+4.2a 29.9+4.3a 33.2+3.3a
Not exposed 0.0c 0.0b 0.0d
Fa16=25.2 F4 16=16.8 Fa16=21.7
P <0.001 P <0.001 P <0.001

@ F-statistics and P-values are from a generalized linear mixed model (GLIM-
MIX, SAS ver. 9.4) where the normal distribution of the mean number of injuries
per fruit was assumed, and the “identity” was used as a link function.
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slightly fewer internal than external injuries from exposures during the
fourth and final weeks before harvest (Table 3). Specific analyses of
changes in the number of external injuries before and after cold storage
revealed only two instances of significant differences (Table 4), whereas
comparisons of the numbers of external and internal injuries after
storage revealed significant differences across most exposure timings for
all cultivars (Table 4).

4. Discussion

Exposing apple cultivars to H. halys adults during the four consecu-
tive 7-day periods preceding harvest revealed that exposures during the
fourth and third weeks before harvest tended to result in a significantly
or numerically greater proportion of fruit with external injuries at har-
vest than exposures during the second and final weeks, with some ex-
ceptions. This was likely related, at least in part, to the temporal
progression of injury to apples following stink bug feeding. Visual
characterization of this injury from brown stink bug (Brown, 2003b;
Leskey et al., 2009) and H. halys (Joseph et al., 2015; Acebes-Doria et al.,
2016) have revealed that they are indistinguishable, however the pro-
gression of injury has been described for adult E. servus (Leskey et al.,
2009; Brown and Short, 2010) but not H. halys. Leskey et al. (2009)
caged adult E. servus on apples from six cultivars for 3-day intervals
beginning on 16 July, then rated external feeding injury after 3 and 7
days and at harvest. Injury ratings and the number of injury sites
increased over time, leading them to suggest “... a possible progression
in the visual apparency and severity of injury over the course of the
growing season ...“. Assuming that the progression of injury from
feeding by E. servus is similar to that from H. halys, the findings of Leskey
et al. (2009) may inform the interpretation of results from the present
study. According to their findings and as we recorded, apples exposed
during the final week before harvest would have had sufficient time to
express apparent external injury, especially from feeding that occurred
during the first few days of exposure. Fruit exposed earlier before har-
vest (i.e. fourth through second weeks) would be expected to express
more injury at harvest than those during the final week, which was also
recorded for all cultivars except ‘Fuji’. Leskey et al. (2009) also reported
that a substantial number of small, discolored dots from stylet insertion
were detected at harvest but had not been detected previously. If fruit
exposed to H. halys during the final week before harvest had stylet
insertion injuries that were not recorded as economic injury at harvest,
this may explain the substantial increase in the proportion of fruit with
external injuries for ‘Smoothee Golden’ and ‘Honeycrisp’ between har-
vest and after cold storage.

These results confirm anecdotal reports that the proportion of apples
with external injury symptoms from H. halys feeding and the number of
injuries per fruit can increase during post-harvest cold storage on at least
some cultivars. All cultivars tested expressed external feeding injury at
harvest, but the proportion of injured fruit varied considerably among
them. The proportion of fruit with external injury and the number of
injuries per fruit did not change between harvest and post-storage
evaluations of ‘Redspur Delicious’ and ‘Fuji’ but showed substantial
increases in most cases for ‘Smoothee Golden’ and ‘Honeycrisp’. Factors
underlying these effects may include cultivar-specific differences in the
acceptability to H. halys, and therefore the amount of feeding that
occurred during the exposure period, and/or different physiological
responses among cultivars to feeding wounds. Prior to the mass invasion
of H. halys, Brown et al. (2006) assessed the effects of feeding by natural
populations of native stink bugs on injury at harvest across 31 apple
cultivars, including ‘Golden Delicious’ and ‘Honeycrisp’. Concurring
with the present results, ‘Golden Delicious’ was among the most heavily
damaged. However, in contrast with our data, they reported compara-
tively light injury on ‘Honeycrisp’. This may have been associated with
the earlier harvest of this variety and therefore less exposure to native
stink bugs, which tend to cause most injury after early August (Brown,
2003b), and to the fact that the density of native stink bugs in eastern
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Table 4
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Pair-wise comparisons of the number of Halyomorpha halys feeding injuries per apple at harvest and after cold storage, following exposure to five adults for seven days

during each of the four weeks preceding harvest.

Cultivar (Year) Exposure timing (week before harvest)

External injury at harvest versus after cold storage

External versus internal injury after cold storage

Mean difference® I P Mean difference® I P
Redspur Delicious (2011) Final 0 0 1 0.6 0.5 0.65
Second 0 0 1 3.8 2.9 0.01
Third 0 0 1 17.1 10.8 <0.01
Fourth 0 0 1 7.9 4.4 <0.01
Not exposed 0 0 1 0 0 1
Fuji (2011) Final 0 0 1 1 4.7 <0.01
Second 0 0 1 0.8 3.7 <0.01
Third 0 0 1 -0.2 -0.9 0.35
Fourth 0 0 1 —0.6 —2.6 0.01
Not exposed 0 0 1 0 0 1
Smoothee Golden (2012) Final 3.6 1.1 0.3 22,5 6.6 <0.01
Second 3.5 1.2 0.26 22.2 6.7 <0.01
Third 3 1.4 0.17 13.2 3.8 <0.01
Fourth 3.6 2.4 0.02 1.6 1.3 0.21
Not exposed 0 0 1 0 0 1
Honeycrisp (2012) Final 3.9 2.6 0.01 5.6 3.5 <0.01
Second 0.1 -1.3 0.18 7.1 5.4 <0.01
Third 0.5 0.5 0.62 1.6 0.9 0.36
Fourth -1.3 -0.8 0.41 3.3 2.8 0.01
Not exposed 0 0 1 0 0 1

2 [(mean number of external injuries after cold storage) — (mean number of external injuries at harvest)].

b Student’s t-statistics between two evaluations. The effect of exposure timing, evaluation, and their interaction was examined with a longitudinal linear mixed
model (PROC GLIMMIX, SAS ver.9.4). A significant interaction effect on the mean number of injuries per fruit for all cultivars (P < 0.001) indicated the pattern of
change in the number of injuries per fruit across evaluations differed among exposure timings. The F value of the interaction term for each cultivar was ‘Redspur

Delicious’ =12.7, ‘Fuji’ = 6.4, ‘Smoothee Golden’ = 6.8, and ‘Honeycrisp’ = 4.1.

¢ [(mean number of internal injuries after cold storage) — (mean number of external injuries after cold storage).

North America has been much less than that of H. halys since the late
2000’s. Brown et al. (2006) suggested that genetic variation among
apple cultivars may be associated with differences in their susceptibility
to stink bug feeding injury, although the contribution of genetic, phys-
iological, and/or behavioral factors to the cultivar differences reported
here are unknown. Given the variations in injury responses among the
cultivars used in the present study, additional research on the response
of other cultivars exposed to H. halys during the weeks preceding harvest
may be warranted.

The absence of external injury or low levels of this injury either at
harvest or after a period in cold storage did not necessarily reflect the
amount of internal injury. For all cultivars except ‘Fuji’, most exposures
resulted in higher proportions of fruit with internal than external injury
after storage. This finding is especially important for apples for fresh
market consumption, since neither external nor internal injury are
considered as problematic for processing fruit. As well, post-storage
apples tended to show greater numbers of internal than external in-
juries (i.e. injury severity) per fruit; again, this was less apparent in ‘Fuji’
than the other cultivars. This finding was in contrast to that of Joseph
et al. (2015), who showed that, after four weeks in cold storage, the
relationship between the numbers of external versus internal injuries
from adult H. halys feeding on ‘Golden Delicious’ and ‘Smoothee Golden’
apples tended to be much closer to a 1:1 ratio than reported here.

In conclusion, these data suggest that apple cultivars harvested be-
tween about mid-summer and early October require protection from
H. halys through at least three to four weeks preceding harvest. In
general, feeding during that period will more likely be expressed as
economic injury at harvest than feeding occurring closer to harvest,
although the magnitude of this effect appears to be cultivar-dependent,
for reasons that remain to be determined. However, feeding close to
harvest can certainly be manifest as external injury at harvest and, as
importantly, increased proportions of injured fruit and number of in-
juries per fruit after post-harvest cold storage. Moreover, the proportion
of injured fruit and numbers of external injuries at harvest and after cold
storage often tended to underestimate the incidence, and especially the
severity of internal injury, which also appeared to vary among cultivars.

Unfortunately, apple producers in the eastern USA are typically unable
to sustain conventional management programs against H. halys after
about three to four weeks before harvest. Many orchards contain a va-
riety of cultivars with different maturation and harvest periods, and as
mentioned previously, pre-harvest and restricted entry regulations
prevent insecticide applications once the harvest has begun. Conse-
quently, alternative management tactics to protect apples through the
period of peak H. halys abundance in September and October are
needed. Attract-and-kill is one such possibility (Morrison et al., 2018),
especially if the attractant (e.g. the H. halys pheromone) could be
combined with a constant source of toxicant, such as insecticide-treated
netting, that would not require grower input during the harvest.
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