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Fungus-farming ambrosia beetles in the tribe Xyleborini tunnel into plants and trees
to establish chambers for cultivating their nutritional fungal mutualists and rearing
offspring. Some xyleborine ambrosia beetles preferentially infest and perform better
in living but weakened trees. Flood stress predisposes horticultural tree crops to
infestation, but the impact of drought stress has not been well studied. Our
objectives were to compare the effects of flood stress vs. drought stress on host
selection and colonization by xyleborine ambrosia beetles and to assess the duration
of flooding. Container-grown Cornus florida L. trees were flood stressed using a
pot-in-pot system to submerge the roots in water while drought-stressed
conditions were imposed by withholding irrigation and precipitation. When
experimental trees were held under field conditions for 14 days, 7.5 X more
ambrosia beetles landed on stems of the flood-stressed than on the drought-
stressed trees. During two additional experiments over 14 and 22 days, ambrosia
beetles tunneled into the flood-stressed trees but not the drought-stressed or
standard irrigation trees. By simultaneously deploying trees that were flood stressed
for varying lengths of time, it was found that more tunnel entrances, and xyleborine
adults and offspring were recovered from trees that were flooded for 1-16 days and
7-22 days than from trees that were flooded for 14—-29 days and 28—-43 days. These
results indicate that acute and severe drought stress does not predispose C. florida
to infestation, but flood stress and the duration of flooding influence ambrosia beetle
host selection and colonization. Understanding the role of host quality on ambrosia
beetle preference behavior will assist with predicting the risk of infestation of these
opportunistic insects in horticultural tree crops.

KEYWORDS

flood stress, drought stress, secondary insects, wood-boring beetles, Scolytinae,
Xyleborini, Xylosandrus germanus, Anisandrus maiche
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Introduction

Ambrosia beetles (Curculionidae: Scolytinae) in the tribe
Xyleborini are wood-boring insects that can negatively impact
horticultural trees growing in ornamental nurseries and orchards
(1, 2). Infestations can affect the aesthetic quality of trees and lead
to branch dieback and tree death, particularly in saplings and
small trees (3-5). The exotic species Xylosandrus crassiusculus
(Motschulsky) and Xylosandrus germanus (Blandford), both of
which are native to East and South Asia, are among the most
problematic ambrosia beetles in nurseries and orchards in North
America (3-5). X. crassiusculus was first detected in South Carolina
in 1974 and is established in 31 states along with the Canadian
province of Ontario (6-8). X. germanus was first detected in New
York in 1932 and is established in 34 states and the Canadian
provinces of British Columbia, Nova Scotia, Ontario, and Québec
(7, 8). Anisandrus maiche Stark is native to East Asia and was first
detected in North America in 2009; it has since spread to eight states
within the Midwestern and Eastern USA (9, 10). As an emerging
insect pest, A. maiche has become a prominent exotic species
recovered from experimentally stressed trees in Ohio (11) and
baited traps in Indiana (12).

As fungus-farming insects, xyleborine ambrosia beetles tunnel
into the stems and branches of trees where they inoculate host
tissues with their nutritional fungal mutualist on which the larvae
and adults must feed (1). Ambrosiella cleistominuta Mayers is the
fungal mutualist of A. maiche (13), Ambrosiella roeperi Harrington
and McNew is the fungal mutualist of X. crassiusculus (14), and
Ambrosiella grosmanniae Mayers, McNew, and Harrington is the
mutualist of X. germanus (15). Both X. crassiusculus and X.
germanus select from a broad range of 100-200 host tree species
when attempting to establish their fungal mutualists and rear
offspring (2). A. maiche is associated with a broad range of host
tree species (10).

Like other wood-boring insects (16), X. crassiusculus and X.
germanus have been demonstrated to preferentially attack and
perform better on experimentally stressed than on “apparently
healthy” host trees (2). Under free-choice conditions, X.
crassiusculus and X. germanus preferentially tunneled into flood-
or freeze-stressed trees, but rarely tunneled into untreated control
trees (2, 5, 17, 18). Under no-choice conditions, X. crassiusculus and
X. germanus established fungal gardens and produced offspring in
the stems of flood-stressed Cornus florida L. but not non-flooded
trees (19). The duration of flood stress also influences ambrosia
beetle host selection, whereby the number of ambrosia beetle
tunnels and offspring production tended to increase as the flood
duration of Malus x domestica Borkh., C. florida, and Cercis
canadensis L. increased (18).

Drought stress predisposes individual trees and entire forests to
outbreaks of bark beetles (20, 21), but few studies have assessed the
influence of drought stress on host selection and colonization by
xyleborine ambrosia beetles. Acacia koa Gray, Croton reflexifolius
Kunth., and Coffea spp. plants infested by Xylosandrus compactus
Eichhoff were anecdotally reported as being predisposed, in part, to
drought stress (22, 23). In contrast, C. florida trees maintained at
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90% and 70% media moisture were attacked by ambrosia beetles,
but trees maintained at 50% and 30% media moisture were
not preferred (24). Since container- and field-grown trees in
horticultural cropping systems can be exposed to water-stress
conditions, it is important to understand the role of drought and
flood stress on tree attractiveness and suitability to ambrosia beetles.
Notably, flood stress and drought stress induce the production and
emission of host-derived ethanol, which represents a key attractant
for ambrosia beetles (19, 25-27).

Based on the aforementioned studies, we hypothesized that
ambrosia beetle host selection is influenced by the type of water
stress (i.e., flooding vs. drought) and the duration of flood stress.
The following objectives were addressed as part of our current
study: (i) compare the effects of flood stress vs. drought stress on
host selection and colonization by A. maiche, X. crassiusculus, and
X. germanus and (ii) assess if the duration of flood stress influences
ambrosia beetle host selection and colonization.

Materials and methods
Attraction to water-stressed trees

Attraction of ambrosia beetles was compared using 2- to 3-year-
old flowering dogwood, C. florida L., about 0.9 m in height, and
growing in 19-L pots that were subjected to flood stress, drought
stress, or standard irrigation treatments. C. florida was used due to
its intolerance to flood stress and suitability as a host for ambrosia
beetles (19, 26). On 28 June 2016, potted C. florida trees were
arranged in six randomized complete blocks consisting of one tree
per block receiving the flood stress, drought stress, or standard
irrigation treatment. There were 3 meters between adjacent trees
within a block and 6 meters between adjacent blocks. Trees were
deployed within a deciduous woodlot in Wayne Co., Ohio (40°45’
40.85'N, 81°51'14.71'W).

Trees within each block were randomly subjected to flood
stress, drought stress, or standard irrigation. Following Ranger
etal. (26), flood-stress conditions were imposed using a pot-in-pot
system whereby a 19-L pot containing a C. florida tree was placed
inside a 26-L pot lined with a plastic bag and irrigated until
standing water covered the soil surface (Figure 1). Flood-stress
conditions were maintained throughout the duration of the
experiment. Drought stress was initiated by ceasing irrigation
and using rain deflectors to cover the pots (Figure 1). Rain
deflectors were prepared using clear houseplant plastic drip
saucers (45.7 cm in diameter; Hawthorne Gardening Co.,
Vancouver, WA). Scissors were used to cut along the radius to
the center of the saucer, after which a 3-cm-diameter circle was cut
in the center of the saucer. The saucer was then inverted and a C.
florida stem was arranged to extend through the opening in the
center of the saucer. The inverted saucer was laid on top of the pot,
and duct tape was then used to seal the radius and the junction
around the center of the saucer and the stem. Rain deflectors were
also secured over pots containing the flood-stressed and standard
irrigation trees to avoid any bias associated with reflectance of the
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FIGURE 1

Flood-stress conditions were imposed using a pot-in-pot system whereby (A) the drainage holes on a 26-L pot were first covered with duct tape
and then the (B) pot was lined with a plastic bag. (C) A 19-L pot containing a Cornus florida tree was placed inside the 26-L pot lined with a plastic
bag and irrigated until standing water covered the soil surface. (D) The excess plastic bag was then twisted and tucked in between the inner and
outer pots to prevent ambrosia beetles from landing in the standing water. (E) Drought stress was imposed using rain deflectors to cover pots
containing C. florida trees. Rain deflectors were prepared using clear houseplant plastic drip saucers. (F) Drought-stressed C. florida tree deployed
within a woodlot. (G) Ambrosia beetle sawdust “noodles” and tunnel entrances created in a flood-stressed C. florida tree (circled with wax pencils).

clear plastic saucers. Trees assigned to the standard irrigation
treatment received 1L of water every 3-4 days.

Tanglefoot® (The Tanglefoot Company, Grand Rapids,
Michigan) was next applied using a paintbrush in a continuous
spiral pattern (2.54 cm in width) up to 40 cm from the base on
stems of all trees, following Ranger et al. (26). A corresponding
spiral pattern of stem tissue without Tanglefoot (2.54 cm in width)
was retained to facilitate the natural emission of attractive
semiochemicals from the bark surface. The incidence of landing
on stems of the experimental trees was used as an indicator of
ambrosia beetle attraction. Tanglefoot was applied on the same day
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that the trees were deployed under field conditions and the flood-
stress and drought-stress conditions were initiated. Ambrosia
beetles were carefully removed using forceps from the Tanglefoot
every 1 — 4 days throughout the duration of the experiment and
stored in vials with 70% ethanol for subsequent identification of
species. Trees were deployed under field conditions on 28 June 2016
and maintained until 12 July 2016 for a total of 14 days.

Ethical review and approval was not required for this study
on ambrosia beetles in accordance with local legislation and
institutional requirements. No protected species were sampled
during the course of the experiments.
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Host selection and colonization of
water-stressed trees

Ambrosia beetle selection and colonization of C. florida trees
subjected to flood stress, drought stress, and a standard irrigation
schedule were assessed during two separate experiments under field
conditions. As described below, the concentration of ethanol within
stems of flood-stressed, drought-stressed, and standard irrigation
trees was also analyzed as part of the first experiment. The relative
volumetric water content of the growing media subjected to
drought-stress and standard irrigation conditions was measured
during the second experiment as described below.

Experiment 1

C. florida trees were arranged on 26 July 2016 in six randomized
complete blocks within a deciduous woodlot (40°45'40.85'N, 81°51’
14.71'W) with one tree per block receiving the flood-stress, drought-
stress, or standard irrigation treatment. Trees were spaced 3 meters
apart within a block and 6 meters between adjacent blocks. Flood-stress
and drought-stress treatments were initiated as previously described on
the day of field deployment. Trees were thoroughly examined for
ambrosia beetle tunnel entrances every 1-3 days over a total duration
of 14 days. On the last day of the experiment (8 August 2016), tissue
samples were taken from the experimental trees to analyze for ethanol,
as described in detail by Ranger et al. (26). Briefly, four tissue core
samples (1 mm in depth, 5 mm in diameter) were collected per stem
using an Osborne arch punch (C.S. Osborne & Co., Harrison, New
Jersey). The tissue cores were collected at 10 cm above the soil line and
contained the outer bark, phloem, and vascular cambium. Six trees
were sampled for the flood-stressed, drought-stressed, and standard
irrigation treatments. Tissue core samples were stored at -40°C
until analysis.

To analyze for ethanol, the four tissue core samples per tree
were transferred to a 2-mL glass vial with a screw top cap and
septum, which was then suspended in a water bath at 100°C for
30 min. Vials were removed from the water bath, and a solid phase
microextraction (SPME) fiber (carboxenTM/polydimethylsiloxane;
Sigma-Aldrich, St. Louis, Missouri) was exposed to the headspace
volatiles within the vial for 5 min. Fibers were thermally desorbed
for 2 min at 250°C in the injection port of an Agilent 7890B GC
(Agilent Technologies, Palo Alto, California) with a SPME liner
(0.75 mm x 6.35 mm X 78.5 mm, id. x o.d. x length; Restek,
Bellefonte, Pennsylvania) under splitless mode. A DB-5MS column
(0.25 mm x 30 m x 0.25 um; i.d. x length x film thickness; cross-
linked/surface bonded 5% phenyl, 95% methylpolysiloxane; Agilent
J&W, Santa Clara, California) was used with a temperature program
of 40°C for 2 min followed by a ramp at 15°C/min to 200°C. An
Agilent 5977A mass spectrometer was operated in electron impact
mode with a scan range of 33-120 amu. External standards of
ethanol and a standard concentration curve was used to determine
the relative quantities of ethanol associated with the tissue samples.

Experiment 2

During the second host selection and colonization experiment,
C. florida trees were arranged on 5 July 2020 in eight randomized
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complete blocks within a deciduous woodlot (40°45'40.85'N,
81°51'14.71’W) with one tree per block receiving the flood-
stress, drought-stress, or standard irrigation treatment. Trees
were spaced 3 meters apart within a block and 6 meters apart
between adjacent blocks. Flood-stress and drought-stress
treatments were initiated as previously described on the day of
field deployment. Trees were thoroughly examined for ambrosia
beetle tunnel entrances every 1-3 days for a total duration of 14
days. The relative volumetric water content (i.e., ratio of the
volume of water to the unit volume of soil) of the growing media
subjected to drought-stress and standard irrigation conditions
was also measured under field conditions throughout the second
experiment. Specifically, a soil moisture probe was inserted into
the media at the four cardinal directions for each pot in which
the drought-stressed (n = 8) and standard irrigation (n = 8) trees
were growing. Water content was measured from the drought-
stressed and standard control trees at 3, 11, and 19 days after
they were deployed under field conditions. Water content was
not measured in the flood-stressed trees because standing water
was maintained throughout the duration of the experiment. The
experimental trees were held under field conditions for a total of
22 days. On the final day of the experiment (27 July 2020), the
stems were cut at the soil line and transferred to a walk-in cooler
maintained at 5°C. Tunnels and galleries within the stems were
dissected under laboratory conditions to recover ambrosia beetle
foundresses and offspring. Ambrosia beetle specimens were
stored in 70% ethanol and identified by species.

Influence of flooding duration on host
selection and colonization

Ambrosia beetle host selection of trees subjected to varying
durations of flooding was assessed using C. florida. To initiate the
experiment, C. florida trees were transferred from an exterior
USDA-ARS nursery production facility into a greenhouse to
impose flood-stress conditions and exclude field-dispersing
ambrosia beetles from infesting the trees. Trees were then
randomly assigned to be subjected to flood stress for varying
durations. Specifically, flooding of the C. florida trees was
initiated at 28, 14, 7, and 1 day(s) prior to their simultaneous
deployment under field conditions. Flood-stress conditions were
initiated as previously described. Standing water conditions
were maintained until the day of field deployment when the pots
were temporarily drained to facilitate moving the trees to a
deciduous woodlot in Wayne Co., Ohio (40°47'3.13'N, 81°50’
6.21'W).

On the day of field deployment, the trees were arranged in six
randomized complete blocks on 16 June 2015 with one tree per
block representing a flood duration of 0, 1, 7, 14, or 28 days. A
distance of 3 meters was maintained between adjacent trees within a
block and 6 meters between adjacent blocks. Flooding of the trees
was then immediately reimposed, along with the untreated control
C. florida trees receiving a standard irrigation regime. Flood stress
was maintained while the trees were deployed under field
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conditions for an additional 15 days, resulting in the total duration
of flooding under field conditions being 0, 1-15, 7-22, 14-29, and
28-43 days. Trees were thoroughly examined every 1-3 days, and
ambrosia beetle tunnel entrances were counted and circled with a
wax pencil. On the last day of field deployment (1 July 2015), the
stems were cut at the soil line and transferred to a walk-in cooler
maintained at 5°C. Tunnels and galleries within the stems were then
dissected using pruning shears to recover the foundress ambrosia
beetles. Ambrosia beetle specimens were stored in 70% ethanol and
identified by species.

Statistical analyses

Time-course count data of cumulative tunnel entrances per tree
and entrapped ambrosia beetles per tree were first analyzed using
repeated measures analysis of variance (ANOVA) (o = 0.05; SAS
Institute). When a significant between-subject treatment x time
effect was detected (p <0.05), the count data associated with specific
time points were compared using generalized linear models (SAS
Institute). Count data of ambrosia beetles and offspring excavated
from infested trees were also analyzed using generalized linear
models. Due to non-normality, negative binomial distributions
and log link functions were used to fit the models as confirmed
by values close to 1.0 for the scaled deviance (G?/df) parameter (28).
Differences of least squares means were used for pairwise
comparisons of treatment effects (o0 = 0.05).

A repeated measures ANOVA (o = 0.05; SAS Institute) was also
used to analyze between-subject and within-subject effects in the
relative volumetric water content of growing media associated with
drought-stressed and standard irrigation treatments. An unpaired ¢-
test (o0 = 0.05) was then used to compare water content at specific
time points between the drought-stressed and standard irrigation
treatments. A Pearson correlation coefficient analysis was also used
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to determine the degree of correlation between the water content of
the growing media and days after initiating the drought-stress
treatment (SAS Institute).

Results
Attraction to water-stressed trees

Xylosandrus germanus was the only species collected from
Tanglefoot-coated trees. A significant between-subjects
treatment x time effect was detected in the number of beetles
entrapped by Tanglefoot on C. florida trees subjected to flood-
stress, drought-stress, and standard irrigation conditions (Figure 2)
(F=7.87;df =2, 15; p = 0.0005). No difference in entrapped beetles
among treatments was detected at 1 day after field deployment. By
day 4, significantly more X. germanus were entrapped on stems of
the flood-stressed C. florida than on drought-stressed and standard
irrigation trees (Table S1) (x* = 13.05; df = 2; p <0.0001).
Significantly more cumulative X. germanus were also entrapped
on stems of the flood-stressed C. florida at 6, 8, 10, 12, and 14 days
after field deployment (Table S1). By day 14, significantly more X.
germanus were also entrapped on stems of the drought-stressed C.
florida trees than on the standard irrigation trees, but no differences
were detected prior to this timepoint (Figure 2; Table S1).

Host selection and colonization of water-
stressed trees

Two field experiments further evaluated ambrosia beetle host
selection of water-stressed C. florida. For the first experiment, a
significant between-subjects treatment x time effect was detected in
the number of tunnel entrances created in flood-stressed, drought-

--@---Flood Stressed
---i--- Drought Stressed

0123454678 91011121314
Time after Field Deployment (days)

FIGURE 2

Cumulative Xylosandrus germanus attracted to flood-stressed, drought-stressed, and standard irrigation Cornus florida trees as measured by the
number of beetles entrapped in adhesive Tanglefoot applied to the main stem. Different letters indicate significant differences in the mean number
of cumulative X. germanus entrapped per tree on specific days using a general linear model and least squares means (o = 0.05; see Table S1 for

statistical output).
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stressed, and standard irrigation trees (F = 22.98; df = 2, 15;
p <0.0001) (Figure 3A). No difference in ambrosia beetle tunnel
entrances was detected among the flood-stressed, drought-stressed,
and standard irrigation trees at 1 and 2 days after field deployment
(Table S2). In contrast, significantly more cumulative ambrosia
beetle tunnel entrances were detected on the flood-stressed C.
florida trees than on the drought-stressed and standard irrigation
trees at 3, 4, 7, 8, 9, 11, and 14 days after field deployment
(Figure 3A; Table SI). No ambrosia beetle tunnel entrances were
detected in the drought-stressed or standard irrigation trees.
Analysis by SPME-GC-MS detected 3.8 + 0.8 pg of ethanol per g
of stem tissue associated with the flood-stressed trees at 14 days
after initiating the stress treatment. Ethanol was not detected in
tissue samples from the drought-stressed trees or standard
irrigation trees.

For the second experiment, a significant between-subjects
treatment x time effect was detected in the number of tunnel
entrances created in flood-stressed, drought-stressed, and standard
irrigation trees (F = 120.90; df = 2, 21; p <0.0001) (Figure 3B). No
difference in ambrosia beetle tunnel entrances was detected among
the flood-stressed, drought-stressed, and standard irrigation trees at
1, 2, and 3 days after field deployment (Table S3). However,
significantly more cumulative ambrosia beetle tunnel entrances
were detected on the flood-stressed C. florida trees than on the
drought-stressed and standard irrigation trees at 5, 8, 11, 15, 19, and
22 days after field deployment (Figure 3B; Table S3). No ambrosia
beetle tunnel entrances were detected in the drought-stressed or
standard irrigation trees. Significantly more X. germanus and A.
maiche were recovered from stems of the flood-stressed trees than X.

10.3389/finsc.2023.1219951

crassiusculus (Table 1). Dissection of the stems from the flood-
stressed trees revealed a total of 182 X. germanus (59.3%), 112 A.
maiche (36.5%), and 13 X. crassiusculus (4.2%) (Table 1). Significantly
more larvae and pupae of X. germanus were also recovered from
galleries created in stems of the flood-stressed trees than larvae and
pupae of A. maiche and X. crassiusculus (Table 1).

Analysis of the relative volumetric water content of the media
associated with C. florida trees subjected to drought-stress and
standard irrigation treatments detected a significant between-
subjects treatment x time effect (F = 130.97; df = 1, 14;
p <0.0001) (Table 2). Significantly lower water content was
measured from the growing media of the drought-stressed trees
than from the standard irrigation trees at 3, 11, and 19 days after
initiating the stress treatment (Table 2). Water content of the media
associated with the drought-stressed trees decreased over time, as
indicated by a significant within-subject treatment x time effect (F =
30.48; df = 2, 28; p <0.0001) and a -0.81 Pearson correlation
coefficient (r*> = 0.66; P <0.0001) (Table 2). Significant differences in
water content were detected among all three of the sampling dates
for the growing media of the drought-stressed trees (Table 2). No
significant difference was detected in water content among the three
sampling dates for the standard irrigation trees.

Influence of flood duration on host
selection and colonization

A significant between-subjects treatment x time effect was
detected in the number of tunnel entrances per tree after
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FIGURE 3

(A, B) Cumulative ambrosia beetle tunnel entrances on flood-stressed, drought-stressed, and standard irrigation C. florida trees. Trees were deployed on (A)
26 July 2016 and (B) 5 July 2020. Different letters indicate significant differences in the mean number of cumulative ambrosia beetle tunnel entrances per
tree on specific days using a general linear model and least squares means (o = 0.05; see Tables S2, S3 for statistical output).
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TABLE 1 Ambrosia beetles excavated from flood stressed C. florida trees (See Figure 3B).

Mean (+SE) Specimens per Tree®

Species
Adults Eggs Larvae
X. germanus 22.8 + 3.6a 3.9 +2.1a 101.4 +12.7a 62.5 +9.2a
A. maiche 14.0 + 2.6a 1.5 + 1.5a 27.9 + 16.5b 19.5 + 6.8b
X. crassiusculus 1.6 + 0.4b 0.0 + 0.0a 33 + 1.8¢ 23 +0.9¢
Abandoned® 134 +22 1.1 +0.7 73.8 +10.0 48.0 +12.6
Statistics (XZ; P) 31.7; <0.0001 5.32; <0.07 19.42; <0.0001 22.32; <0.0001

“Galleries absent of an adult foundress but containing eggs, larvae, and/or pupae.

"Different letters within a column indicate significant differences among species in the mean number of adults, eggs, larvae, or pupae using generalized linear models and least square means

(df = 2 for all comparisons). Data from abandoned galleries were excluded from analyses.

TABLE 2 Relative volumetric water content (%) of media containing Cornus florida subjected to drought stress and a standard irrigation schedule (see

Figure 3B).
Duration after Field Deployment (days)? Statistics
Treatment (% PP
Drought Stressed 9.6 + 1.4Aa 3.5 + 0.6Ba 11 +0.3Ca 33.56; <0.0001
Standard 20.2 + 1.3Ab 20.9 +1.3Ab 25.0 + 1.9Ab 4.77; 0.092
Statistics (#; P)* 5.44; <0.0001 11.92; <0.0001 12.20; <0.0001

“Different uppercase letters indicate significantly different mean volumetric water content within a row by a generalized linear model and least squares means (df = 2). Different lowercase letters
indicate significantly different mean volumetric water content within a column by an unpaired t-test (df = 14).

ambrosia beetles were given free choice among C. florida trees that
were flood stressed for 0, 1, 7, 14, and 28 days and then
simultaneously deployed (F = 20.44; df = 4, 25; p <0.0001)
(Figure 4). At 1 day after their simultaneous deployment,
significantly more ambrosia beetle tunnel entrances were detected
on trees that were deployed after 7 days of flooding than on trees
that were deployed after 1 and 28 days of flooding and on the non-
flooded controls (> = 25.36; df = 4; p <0.0001) (Figure 4). By 3 and
6 days after their simultaneous field deployment, ambrosia beetle
tunnel entrances were higher on trees that were deployed after 7
days of flooding than on trees that were deployed after 0, 1, 14, and
28 days of flooding (Table S4; Figure 4). By 8, 10, 13, and 15 days
after their simultaneous deployment, ambrosia beetle tunnel
entrances were higher on trees that were deployed after 1 and 7
days of flooding than on trees deployed after 0, 14, and 28 days of
flooding (Table S4; Figure 4). At the termination of the experiment,
the fewest tunnel entrances among the flood-stressed trees were
associated with trees that were deployed after 28 days of flooding.
No tunnel entrances were recorded from the trees that received a
standard irrigation protocol.

Upon dissection of the C. florida stems, a total of 1,422 X.
germanus (72.8%), 524 A. maiche (26.8%), five X. saxesenii (0.3%),
and three X. crassiusculus (0.2%) were recovered from the flood-
stressed C. florida trees. More X. germanus and A. maiche were
recovered from trees deployed after 1 and 7 days of flooding than
from trees deployed after 14 and 28 days of flooding (Table 3). More
X. germanus and A. maiche were also recovered from trees deployed
after 14 days of flooding than from trees deployed after 28 days of
flooding (Table 3).
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Discussion

Warming global temperatures and changes in precipitation
patterns are predicted to limit water availability and increase the
severity of drought stress (29-31). The growth of horticultural tree
crops is negatively affected by water deficits, which also produce an
increased risk of secondary outbreaks of insect pests (20, 32, 33).
Characterizing the impact of physiological stressors on tree
susceptibility to insects is crucial for predicting and managing
infestations, especially for wood-boring insects, because they tend
to prefer and perform better on stressed hosts (16). Drought-
stressed trees with weakened defenses facilitate mass outbreaks of
secondary bark beetles within forested ecosystems (34-38). Several
studies have demonstrated that flooding predisposes horticultural
trees to infestation by ambrosia beetles, but the impact of drought
stress on host tree selection and colonization by ambrosia beetles
has not been well studied (2).

A previous study demonstrated that C. florida trees maintained
at 90% and 70% media moisture were subsequently infested by
ambrosia beetles, but trees maintained at 50% and 30% media
moisture were not selected, and only a single ambrosia beetle tunnel
entrance was found on trees maintained at 10% media moisture
(24). Our current study further demonstrates that the type and
duration of water stress play an important role during host selection
and colonization by xyleborine ambrosia beetles. Severe flood stress,
but not drought stress, induced attacks and facilitated colonization
by ambrosia beetles, particularly X. germanus and A. maiche. The
duration of flood stress also influenced host selection by xyleborine
ambrosia beetles, whereby A. maiche and X. germanus tended to
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FIGURE 4
Ambrosia beetle preference for C. florida trees subjected to varying durations of flood stress prior to being simultaneously deployed under field
conditions. Specifically, trees were flooded under greenhouse conditions and then simultaneously deployed after 0, 1, 7, 14, and 28 days of flooding.
Trees were deployed on 16 June 2015 and remained flooded under field conditions for an additional 15 days. Non-flooded control trees received a
standard irrigation every 3—4 days. Different letters indicate significant differences in the mean number of cumulative ambrosia beetle tunnel
entrances per tree on specific days using a general linear model and least squares means (o. = 0.05; see Table S4 for statistical output).

select trees flooded for 1-14 days rather than those flooded for
14-43 days. Thus, not all stressors are equally beneficial to host
selection and colonization by xyleborine ambrosia beetles. A broad
host range, but narrow preference for a certain type of host quality,
could be driven by the life history of ambrosia beetles, including the
necessity to select a host substrate conducive to establishing and
cultivating their fungal symbionts.

The preference for flood-stressed over drought-stressed C.
florida trees could be attributed to the emission of long-range

volatile kairomones. Based on the landing rates of X. germanus,
flood-stressed C. florida trees were more attractive than drought-
stressed trees. Landing rates of X. germanus were 7.5 times higher
on the flood-stressed trees than on the drought-stressed trees and
slightly higher on the drought-stressed trees than on the standard
irrigation trees. Attraction to the flood-stressed and drought-
stressed C. florida is presumably due, in part, to the emission of
ethanol, which is a long-range host location cue for ambrosia beetles
(2, 39). During a subsequent experiment as part of our current study

TABLE 3 Ambrosia beetles excavated from C. florida trees that were subjected to varying durations of flooding and then simultaneously deployed
under field conditions; flood stress conditions were then maintained throughout the remainder of the experiment (see Figure 4).

Duration of Flooding

Duration of Flooding .

Mean (+SE) per Tree®

upon Field Deploy- Field Conditions X. germanus A. maiche X. saxesenii X. crassiusculus
ment (days) (days)

0 0 00  %0.0d 00 | +00c 00  +0.0a 00 +0.0a
1 1-16 835  +183a 488  +9.6a 03  *03a 05 +02a
7 7-22 88.0  +10.6a 360 | +185a 03  *03a 00  +0.0a
14 14-29 427  £93b 23 | £15b 02  *02a 00  %0.0a
28 28-43 228 £5.1c 02  *02c 00 *0.0a 00  %0.0a
Statistics (x% P) 65.4; <0.0001 43.0; <0.0001 3.06; 0.5 1.88; 0.7

“Different letters within a column indicate significant differences in the mean number of ambrosia beetles per tree using generalized linear models and least square means.
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in which attacks occurred on the flood-stressed C. florida but not
the drought-stressed trees, ethanol was detected in the stems of the
flood-stressed trees but not the drought-stressed or standard
irrigation trees. Still, drought stress has the potential to induce
the production and emission of ethanol as indicated by previous
studies involving conifers. For example, concentrations of ethanol
in branches of Douglas fir (Pseduotsuga menziesii (Mirb.) Franco)
were higher than in untreated trees 3 weeks after breaking the
water column (25). Under drought-stress conditions, ethanol
concentrations were comparatively higher in needles, sapwood,
and phloem of drought-sensitive P. menziesii than in drought-
tolerant Pinus ponderosa Douglas ex C. Lawson (40). Notably, stems
of naturally drought-stressed Aleppo pine (Pinus halepensis Mill.)
under attack by Mediterranean pine shoot beetles (Tomicus
destruens Wollaston) contained 2 x higher concentrations of
ethanol than neighboring attack-free trees (27).

In addition to being a long-range attractant, ethanol also acts as
a tunneling cue for X. germanus and benefits the growth of their
fungal mutualist and host-tree colonization (39, 41, 42). Upon
landing on and sampling the host tree, contact cues such as water
content might also stimulate ambrosia beetle tunneling and the
subsequent establishment of their fungal mutualist(s). Stem water
content was not measured as part of our current study, but previous
studies have demonstrated that decreased water content in the
phloem and sapwood can follow severe drought-stress conditions.
For instance, severely water-stressed P. menziesii had a lower water
content and higher ethanol concentrations in sapwood tissues than
in those of the more drought-tolerant P. ponderosa (40). Lower
water content and higher ethanol concentrations were also detected
in the phloem and sapwood of drought-stressed P. halepensis
attacked by T. destruens than in those of adjacent trees that were
not attacked (27).

For our current study, severe and acute drought stress was
imposed on container-grown C. florida by withholding water over
22 days and using modified houseplant plastic drip saucers as rain
deflectors. Time-course measurements of the relative volumetric
water content of the growing media demonstrated that withholding
irrigation and rainwater effectively decreased soil moisture over the
course of the study. Specifically, the relative volumetric water
content associated with the drought-stress treatment decreased
over time to a mean of 1.1% at 19 days after field deployment. In
contrast, the mean relative volumetric water content of the standard
irrigation trees was 22.0% over the 19-day duration. Relative
volumetric water content in the range of 25%-45% is considered
field capacity for control plants during drought-stress studies, and a
drought stress targeting 5%-10% VWC achieved significant
physiological responses in a range horticultural species (43).
Wilted and chlorotic leaves of the drought-stressed trees at the
termination of the experiment after 22 days represented an
additional indicator that drought stress had been imposed.
Wilting and damage to photosynthetic processes are a function of
severe drought-stress conditions (44, 45).

Our current study relied on passive drying of the media by
withholding irrigation, which does not adequately mimic natural
soil water deficits (46) but can mimic fast drying of the media within
a nursery container production system. Rather than imposing acute
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and severe drought-stress conditions under which trees rapidly shut
down and senesce, future studies could benefit by delivering a
minimal amount of water to balance water loss from transpiration
and maintain the media at a specific water content (47). For
instance, Marchin et al. (43) modified the “Snow and Tingey
system” to impose different intensities and durations of water
deficit and then measured physiological parameters of plant
health, including stomatal conductance, turgor loss (i.e., wilting)
point, leaf water potential, and leaf temperatures. The production
and emission of ethanol from drought-stressed trees following
anaerobic respiration might be prolonged by providing a
minimal but adequate amount of water to balance water loss
from transpiration.

Along with the type of water stress, a growing body of research
indicates that the duration of flooding influences host selection and
colonization by ambrosia beetles. Previous studies have indicated
that the majority of tunneling by X. crassiusculus and X. germanus
tends to occur during the early to intermediate stages of
physiological stress, for instance, within 7-10 days after imposing
experimental flood stress (Ranger et al. 19, 26). By flooding
container-grown trees for either 3 or 7 days, Reding et al. (18)
demonstrated that ambrosia beetle tunnels and the occurrence of
offspring tended to increase as flood duration increased. Specifically,
the incidence of superficial and healed tunnels was greater in C.
florida trees flooded for 3 days, while the incidence of deeper
tunnels with X. germanus foundresses and offspring was greater
in C. florida trees flooded for 7 days (18). Similarly, more X.
germanus foundresses and offspring were recovered from C.
florida and Malus x domestica trees flooded for 10 days than
from trees flooded for 3 and 5 days (18). By simultaneously
deploying C. florida trees that were flood stressed for varying
lengths of time, we subsequently found that more A. maiche and
X. germanus adult foundresses were recovered from trees that were
exposed to beetles after 1-16 or 7-22 days of flooding than from
trees that were exposed after 14-29 or 28-43 days of flooding. These
studies suggest that host tree chemistry plays a crucial role in
providing a substrate conducive for ambrosia beetles to cultivate
their fungal mutualists and facilitate brood production and fitness.
In addition to the presence of ethanol (39, 41, 42), other stress-
induced compounds and moisture content likely contribute to
mechanisms of host selection, acceptance, and colonization by
ambrosia beetles.

A limitation of our current study is that only one tree species (ie.,
C. florida) was used to test the effect of drought stress on host selection
by ambrosia beetles. Future studies could benefit by including other
tree species that are drought intolerant, along with drought-tolerant
tree species. For instance, when given a choice among trees varying in
their tolerance of flood stress, X. crassiusculus and X. germanus
preferentially tunneled into flood-intolerant over flood-tolerant tree
species (19). The native habitat of C. florida in North America is
generally characterized by mesic sites with a moderate amount of
moisture (48). C. florida is considered flood intolerant due in part to its
shallow root system (49, 50). However, C. florida is also considered
drought intolerant and more intolerant than other deciduous trees,
including Acer saccharum, Cornus kousa, Cornus racemose, Quercus
alba, Quercus rubra, and Quercus velutina (51, 52).
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Global changes in precipitation resulting in water-stress
conditions (ie., drought vs. flooding) that predispose trees to
infestation by insects represent a significant challenge to
producers of horticultural tree crops. Results from our study
improve our understanding of how water stress influences the
host selection and colonization behavior of exotic ambrosia
beetles, thereby contributing to a management strategy. The
negative impact of flood stress is greater than drought stress on
tree vulnerability to opportunistic ambrosia beetles, which supports
Frank and Ranger (24). Duration of flood stress is also of
importance, which provides insight into the vulnerability of trees
exposed to varying durations of stress. With respect to flood stress,
the vulnerability of horticultural tree crops to ambrosia beetles
within the midwestern USA is likely to be greatest in April-June due
to an increasing frequency of extreme springtime rainfall (53)
coinciding with peak flight activity of X. germanus and other
ambrosia beetles (54, 55). Our current study also contributes to a
growing body of evidence supporting the fact that A. maiche
preferentially infests trees subjected to flood stress, which will aid
in developing a management strategy for this recently established
exotic ambrosia beetle.
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