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Abstract: In the last decade in South Florida, approximately 200,000 avocado trees have succumbed
to laurel wilt (LW), a fungal disease vectored by ambrosia beetles. Sanitation (e.g., pruning, stumping,
and removal of LW-affected trees) and replanting with young trees are cultural practices currently
used by avocado growers to reduce the incidence of LW. Surveillance in these managed orchards
suggests a decline in ambrosia beetle abundance, and previous research determined that female
flight activity is influenced by light intensity. Therefore, we investigated the effect of three canopy
covers (i.e., full canopy, topworked, and new planting) on ambrosia beetle abundance. A total of
28,184 individuals, representing 15 species within Scolytinae and Platypodinae, were captured passively
in three LW-affected avocado orchards over a one-year period. Full canopy cover exhibited the
highest number of beetles and the lowest light intensity. The opposite was found for topworked
and new planting covers. Additionally, we documented the effect of meteorological factors on the
flight dispersal of five species known to vector the LW pathogen. The flight activity of Xylosandrus
crassiusculus and Xyleborinus saxesenii was highly influenced by abiotic factors (R? > 0.50), especially
solar radiation, whereas the flight of Xyleborus affinis, Xyleborus volvulus, and Xyleborus bispinatus was
only partially explained by climatic variables (0.20 < R? < 0.30). Our results indicate that reducing
canopy cover, thereby increasing light intensity, suppresses ambrosia beetle abundance, especially
for species associated with the LW pathogen. Abiotic factors play a critical role in the dispersal of
invasive species (X. crassiusculus and X. saxesenii), but their effect is less pronounced on native species
(X. affinis, X. volvulus, and X. bispinatus). Canopy management alters the microclimatic conditions in
avocado orchards, affecting ambrosia beetle abundance and flight activity.

Keywords: abiotic factors; canopy management; canopy openness; decision tree analysis; microclimate;
Persea americana; Raffaelea lauricola; Scolytinae; seasonality; weather

1. Introduction

Avocado (Persea americana Mill.) is the most important commodity from the Lauraceae
family. Avocado production in the Americas has increased significantly in the past two
decades. Mexico is the world’s largest producer of avocado, with more than two mil-
lion tons, followed by the Dominican Republic (661,000), Peru (535,000), and Colombia
(535,000) [1]. In the United States, avocado production in Florida has been impacted by
a new lethal disease known as laurel wilt (LW). This is a fungal disease transmitted by
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ambrosia beetles (Coleoptera: Curculionidae: Scolytinae: Xyleborini) that represents a potential
threat to avocado industries in California, Mexico, and the rest of Latin America.

Raffaelea lauricola T. C. Harr., Fraedrich & Aghayeva (Ophiostomatales: Ophiostomat-
aceae), is the causative agent of LW, a vascular disease responsible for the mortality of ca.
200,000 avocado trees in South Florida. Although its primary vector, Xyleborus glabratus
Eichhoff, is rarely detected in avocado systems [2-8], other ambrosia beetle species have
acquired this symbiont and now function as alternative vectors [9-11].

Mature avocado orchards (50+ year—old trees) with close spacings and/or overgrown
canopy cover have been severely affected by LW over the past decade. Avocado growers
have employed sanitation practices such as pruning (e.g., hedging and topping), stumping
(topworking), hat-racking, removing LW-affected trees, and replanting with young trees.
These practices have sometimes resulted in a downward trend in tree infection and subse-
quent tree regrowth. Consequently, many severely affected orchards appear rejuvenated
and have resumed production even though the mechanisms involved in the decline of
LW incidence in these orchards are poorly understood. Pest monitoring in these orchards
suggests there is a decrease in ambrosia beetle activity in stumped, hat-racked, and/or
topworked sections in the orchards and areas replanted with young trees. Changes in
canopy cover may alter the microclimate below the canopy by affecting the amount of
light [12], temperature, and wind speed [13], which can also affect ambrosia beetle dynam-
ics. Therefore, altering the canopy cover of avocado orchards may affect ambrosia beetle
abundance, species composition, and flight activity.

In general, bark and ambrosia beetles have a defined flight periodicity [3,14-17],
and females only engage in flight when suitable conditions are met [18]. In a previous
study, ambrosia beetle flight activity in avocado orchards was influenced by light intensity,
wind speed, and temperature [5]. A reduction in the flight of Xylosandrus crassiusculus
(Motschulsky) during periods of heavy rainfall was reported [19]; however, high ambrosia
beetle activity during rainy seasons has also been reported [20]. Dispersal flights of other
scolytine species, such as Ips typographus L. and Pityophthorus juglandis Blackman, were
reported to be influenced by solar radiation and relative humidity, respectively [21-23].
These results suggest that multiple abiotic factors influence the flight behavior of Scolytinae.

Understanding how different canopy covers affect abiotic factors within the canopy
and the abundance and flight activity of LW vectors in avocado orchards could be critical
for improving cultural practices by avocado growers. Therefore, the objectives of the
current study were to (1) determine if canopy coverage affects the abundance and species
composition of ambrosia beetle communities in LW-affected avocado orchards in Florida,
(2) relate the abundance of LW vectors to the light intensity beneath each canopy cover, and
(3) investigate the effect of meteorological factors on the abundance of dispersing ambrosia
beetle females, especially those associated with the LW pathogen.

2. Materials and Methods
2.1. Study Area

Three commercial avocado orchards affected by LW, each with large areas with dif-
ferent canopy coverage, were used to study the effect of canopy cover and meteorological
conditions on ambrosia beetle abundance from March 2018 to March 2019 in Homestead, FL.
(Miami-Dade County). The first orchard (25°26'17" N; 80°31'40” W) was about 15 years old
and had approximately 35 ha of avocado trees of six cultivars (‘Beta’, ‘Donnie’, ‘Seedling#2’,
‘Seedling#12’, ‘Seedling#13’, and ‘Seedling#14’). Mature trees were spaced 5.18 m x 8.23 m
and young trees, 3.20 m x 8.84 m. Trees were approximately 3.5 m in height and were
planted on a 1-m-high bed of native soil to avoid flooding after heavy rainfall events.
LW-affected avocado trees were immediately removed to prevent build-up of ambrosia
beetle populations. The second orchard (25°32'43" N; 80°26'54"” W) was over 50 years old
and had approximately 15 ha of avocado trees with eight cultivars (‘Dupuis’, ‘Miguel’,
‘Dupuis #3’, ‘Lula’, ‘Manuel’, ‘Donnie’, ‘Booth #7’, and ‘Booth #8"). The third orchard
(25°36'16” N; 80°28'07" W) was also over 50 years old and had approximately 35 ha of
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avocado trees, with nine cultivars (‘Beta’, ‘Nadir’, “Nesbitt’, “Tower #2’, ‘Donnie’, ‘Harder’,
‘Miguel’, ‘Dupuis’, and ‘Bernecker’). Orchards 2 and 3 had similar tree spacing; mature
trees were separated by 5.50 m x 7.32 m and young trees, by 5.50 m x 6.55 m. Mature
trees were more than 6 m tall with loss of the lower lateral scaffold limbs due to shading by
the upper canopy. Orchards 2 and 3 had several standing LW-affected trees and exhibited
widespread ambrosia beetle infestations. All three orchards had a north-south row orienta-
tion and were selected because each had large areas with different canopy coverages under
the same pest management strategy.

2.2. Canopy Cover and Sampling of Ambrosia Beetles in Avocado Orchards

Ambrosia beetle composition and abundance were evaluated in three sections that
differed in canopy cover within each orchard: (1) newly planted trees, younger than two
years old; (2) topworked trees, recently stumped or pruned within the last three years;
and (3) full canopy trees, either infrequently or not pruned (Figure 1). In each section
(ca. 0.40 ha), five black 8—unit Lindgren funnel traps (Item #2853; BioQuip Products, Inc.,
Rancho Dominguez, CA, USA) specifically designed to monitor wood-boring beetles
were located between trees within rows separated by at least 6 m within rows and 8 m
between rows, placed ~1.5 m above ground. Traps were placed at least 10 m apart from
LW-symptomatic trees. No lures were used to avoid alteration of the natural flight pattern
of ambrosia beetles and assess passive baseline captures. Collection cups were filled
with 200 mL of propylene glycol (Super Tech RV & Marine Antifreeze (Item # 563036502);
Walmart Inc., Bentonville, AR, USA) and attached at the bottom of the traps to maintain and
preserve the specimens collected. Traps were serviced biweekly to collect the specimens
and replace the propylene glycol. All samples were stored at —20 °C at the Tropical Fruit
Entomology Laboratory (UF/IFAS—Tropical Research and Education Center, Homestead,
FL, USA). All Scolytinae and Platypodinae specimens, except for Hypothenemus spp., were
identified to the species level according to Rabaglia et al. [24], Atkinson et al. [25], and
Gomez et al. [26] under a dissecting stereomicroscope.

Figure 1. Commercial avocado orchards exhibiting three canopy covers. (A) Full canopy, (B) Top-
worked, (C) New planting. Photo credit: J. H. Crane.

2.3. Light Intensity under Canopy Covers

To investigate the relationship between light intensity and the abundance of LW-
vectors, HOBO Pendant® Light 64K Data Loggers (Part # UA-002-64; ONSET Computer
Corporation, Bourne, MA, USA) were placed on top of Lindgren traps to record light
intensity levels below each of the three canopy covers in the three orchards from March
2018 to June 2018. (Beetles were collected and identified as described above).

2.4. Meteorological Data

Meteorological variables, consisting of maximum, average, and minimum air tem-
perature (°C); maximum, average, and minimum precipitation (mm); maximum, average,
and minimum relative humidity (%); and maximum, average, and minimum solar ra-
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diation (W/m?) were obtained from the Florida Automated Weather Network (FAWN)
(https:/ /fawn.ifas.ufl.edu/ accessed on 28 May 2020). Data were collected at the Tropical
Research and Education Center FAWN weather station, located ~8.5 km northeast of the
first orchard, ~6.5 km southwest of the second orchard, and ~11.2 km southwest of the
third orchard. The FAWN provides daily averages for each weather variable. From this
data set, biweekly weather variables were generated to match the period in which traps
were serviced.

2.5. Statistical Analysis

Data were analyzed using SAS v. 9.4 (PROC MIXED SAS/Stat 15.1, SAS Institute, Cary,
NC, USA). The effects of the canopy cover, orchard, and their interaction were evaluated for
the total number of beetles (i.e., all species combined) and the number of each species using
two-way analysis of variance (ANOVA). Light intensity levels did not differ significantly
among avocado orchards; therefore, data were pooled and compared only among canopy
covers. Significant differences were then followed by mean separation with Tukey’s HSD
test at a critical level of & = 0.05. The numbers of X. crassiusculus, X. affinis, X. volvulus,
X. bispinatus, and X. saxesenii were correlated with light intensity using the Spearman’s
rank correlation coefficient. Field captures were expressed as beetles/trap/biweekly. Data
not normally distributed were square root (x + 0.5)—transformed before the analyses to
meet the normality assumptions. Results are presented as the mean =+ standard error of the
mean (SEM) unless otherwise indicated.

2.6. Decision Tree (DT) Analysis

The effect of meteorological factors on ambrosia beetle abundance was determined
through a decision tree analysis (Partition Modeling Option) using JMP Pro.14.0 software
(SAS Institute, Cary, NC, USA). Briefly, DT analysis is a non-parametric regression method
(i.e., alternative to multiple regression analysis) that is based on binary recursive partition-
ing of the data [27-30]. The decision tree schematics generated in this study were built
using the count captures of beetles/trap /biweekly (N = 81) as response variable(s) and the
weather data (N = 12) as explanatory variables. Then, the decision tree algorithm selected
the most statistically significant explanatory variable(s) for estimating beetle abundance. In
this case, the data (parent node) were divided into smaller subsets (child nodes) according
to the strength of the relationship. Once the data were split, the two resulting subsets be-
came the new parent nodes, and the process continued until all observations were classified.
The “K Fold Crossvalidation” option was used to constrain optimization using five training
sets (5 “folds”) within the cohort. This stopping rule ceases the splitting when improve-
ment of the R? is minimal. In other words, a model is selected when there is no longer a
significant improvement in the R? after adding an extra independent variable. This option
prevents overfitting, optimizes misclassification error, and limits tree size (i.e., number
of splits).

3. Results
3.1. Effect of Canopy Cover on Ambrosia Beetle Abundance and Composition in LW-Affected
Avocado Orchards

A total of 28,184 bark and ambrosia beetles, representing 15 species, were captured
passively in three avocado orchards over a one-year period (Table 1). Xyleborinus saxesenii
(Ratzeburg) (43.69%) made up the largest percentage of captures, followed by Hypothene-
mus spp. (28.81%), X. crassiusculus (11.75%), Xyleborus volvulus (Fabricius) (5.90%), Xyle-
borus affinis Eichhoff (2.65%), Xyleborinus andrewesi (Blandford) (1.80%), Xyleborus bispinatus
Eichhoff (1.15%), Ambrosiodmus lecontei Hopkins (1.15%), Euplatypus paralellus (Fabricius)
(0.67%), Theoborus ricini (Eggers) (0.60%), Premnobius cavipennis Eichhoff (0.56%), Euwal-
lacea perbrevis (Schedl) (0.49%), Xyleborus ferrugineus (Fabricius) (0.46%), Xyleborinus gracilis
(Eichhoff) (0.19%), and Ambrosiodmus minor (Stebbing) (0.13%). All 15 species were present
in each of the three orchards (Table 1). Species previously reported in association with
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the LW pathogen (i.e., X. crassiusculus, X. affinis, X. volvulus, X. bispinatus, and X. saxesenit)
were more abundant in orchards 2 and 3 (Table 1). Species not known to interact with the
LW pathogen in avocado (i.e., A. lecontei, A. minor, E. perbrevis, P. cavipennis, T. ricini, X.
andrewesi, X. gracilis, Hypothenemus spp., and E. parallelus) were more abundant in orchard 1.

Table 1. Captures of Scolytinae and Platypodinae (Coleoptera: Curculionidae) species in unbaited Lindgren
funnel traps deployed in three -avocado orchards affected by laurel wilt (Miami-Dade Co. FL).

Species Orchard 1 Orchard 2 Orchard 3
Subfamily Scolytinae
Tribe Xyleborini
Ambrosiodmus lecontei Hopkins § 135 91 99
Ambrosiodmus minor (Stebbing) 24 11 1
Euwallacea perbrevis (Schedl) 54 50 34
Premnobius cavipennis Eichhoff 96 23 38
Theoborus ricini (Eggers) 136 24 10
Xyleborinus andrewesii (Blandford) 8 354 131 22
Xyleborinus gracilis (Eichhoff) § 37 9 7
Xyleborinus saxesenii (Ratzeburg) 1586 6802 3925
Xyleborus affinis Eichhoff § 189 317 240
Xyleborus bispinatus Eichhoff § 53 135 137
Xyleborus ferrugineus (Fabricius) $ 44 40 46
Xyleborus volvulus (Fabricius) § 419 687 558
Xylosandrus crassiusculus (Motschulsky) § 141 1278 1894
Tribe Cryphalini
Hypothenemus spp. 5452 726 1941
Subfamily Platypodinae
Euplatypus parallelus (Fabricius) 94 60 34
Total ® 8814 10384 8986

$ Ambrosia beetle species from which Raffaelea lauricola, causal agent of laurel wilt, has been recovered [9,10].
¢ Total number of Scolytinae and Platypodinae species captured in three avocado orchards during a one-year period
(March 2018-March 2019).

There was a significant interaction between canopy cover and avocado orchard in
terms of the total number of beetle captures (i.e., all species combined) (F = 2.50; df =4, 972;
p = 0.0412) (Figure 2). In orchard 1, traps under full canopy cover captured significantly
more beetles than traps in topworked and new planting covers. In orchard 2, no significant
difference was found between total beetle captures amongst the three covers. In orchard 3,
total beetle captures under full canopy and topworked covers were similar and significantly
greater than those under new planting cover.

When separate ANOVAs were conducted by species, captures of X. crassiusculus were
significantly affected by canopy cover and orchard (F = 3.01; df =4, 1206; p = 0.0175). In
contrast, captures of X. affinis (F = 4.67; df =2, 603; p = 0.0097), X. volvulus (F = 15.92; df =2,
928; p < 0.001), X. bispinatus (F = 3.07; df = 2, 543; p = 0.0473), X. saxesenii (F = 3.8042; df =2,
640; p = 0.0225), and X. ferrugineus (F = 4.98; df =2, 1204; p = 0.0070) were only affected by
canopy cover.

Captures of X. crassiusculus in traps located under full canopy cover in orchards 2 and
3 were significantly greater than those in topworked and new planting areas. However,
captures amongst the three canopy covers in orchard 1 did not differ statistically (Figure 2).
Xylosandrus crassiusculus flight peaked between March and late July in orchards 2 and 3.
No flight peak was observed in orchard 1 (Figure S1). Captures of X. affinis and X. volvulus
were higher in traps located under full canopy cover than traps under topworked and new
planting canopy covers across all three orchards (Figure 3A,B, respectively). Xyleborus affinis
showed two dispersal peaks: one in April to late June, consistent among the three orchards,
and one between November and December only in orchard 2 (Figure S2). Xyleborus volvulus
showed a more irregular flight pattern across the year in the three orchards (Figure S3).
Captures of X. bispinatus were equivalent between full and topworked canopy but higher
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than those under new planting cover (Figure 3C). Xyleborus bispinatus flight peaked between
April to late June in orchard 2 and between November and December in orchard 3. No flight
peak was observed in orchard 1 (Figure 54). Captures of X. saxesenii under topworked areas
were significantly higher than those in new plantings, whereas captures under full canopy
were similar to those under topworked and new planting covers (Figure 3D). Xyleborinus
saxesenii initiated flight in early March and continued until late July. The seasonal flight
pattern was consistent in orchards 2 and 3 (Figure S5). Finally, captures of X. ferrugineus
were significantly higher in newly planted areas than in full canopy and topworked canopy
cover areas.

Orchard 1 Orchard 2 Orchard 3
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Beetles/trap/biweekly
~ w
o o

-
15}

o

40 4

40 4 40 -

a
a
a
30 30
b a
b 20 4 20
I 10 10
04 0 -

o o o
IS o )

Beetles/trap/biweekly

Xylosandrus crassiusculus
o
o

[N

o

10 4 14 -

a a
| I
a
12
8 4
a a 10
6 - s |
a 6
47 b b
b 41
a 2 c
2 4
04 0

New planting Topworked  Full Canopy New planting Topworked Full Canopy New planting Topworked Full Canopy

Figure 2. Average (& SEM) captures of all ambrosia beetle species combined (top row) and Xylosan-
drus crassiusculus (bottom row) in three commercial avocado orchards with laurel wilt over a one-year
period. Error bars with the same letters are not significantly different (Tukey HSD; « = 0.05). (Note
different scales on the y-axis).
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Figure 3. Average (= SEM) captures of LW vectors in three commercial avocado orchards (pooled)
with laurel wilt over a one-year period. (A) Xyleborus affinis, (B) Xyleborus volvulus, (C) Xyleborus
bispinatus, and (D) Xyleborinus saxesenii. Error bars with the same letters are not significantly different
(Tukey HSD; « = 0.05). (Note different scales on the y-axis).
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The remaining beetle species such as X. andrewesi (F = 5.63; df = 2, 1206; p = 0.0002),
A. lecontei (F = 3.64; df =2, 1206; p = 0.0059), T. ricini (F = 7.86; df =2, 1206; p < 0.0001),
Hypothenemus spp. (F = 3.74; df =2, 730; p = 0.0051), E. parallelus (F = 7.81; df = 4, 1206;
p <0.0001), and E. perbrevis (F = 6.59; df =4, 1206; p < 0.0001) were significantly affected
by canopy cover and avocado orchard. In contrast, captures of P. cavipennis (F = 3.37;
df = 2,1206; p = 0.0346) were only affected by canopy cover. No significant differences were
found in the number of captures of X. gracilis (F = 0.71; df =2, 1206; p = 0.4916) and A. minor
(F =0.63; df =2,1206; p = 0.5338) among the canopy covers.

Captures of X. andrewesi were significantly higher in traps under full canopy than those
under topworked and new planting covers in orchards 1 and 2. However, no differences
in X. andrewesi captures were found among canopy covers in orchard 3. Captures of A.
lecontei were equivalent between topworked and new planting covers but were significantly
lower than those under full canopy cover in orchards 1 and 3. Captures of A. lecontei were
similar among the three canopy covers in orchard 2. Captures of T. ricini, Hypothenemus
spp., E. parallelus, and E. perbrevis were significantly higher under full canopy than those
in topworked and new planting covers for orchard 1, whereas no significant differences
were observed in their capture numbers among the three canopy covers in orchards 2 and
3. Captures of P. cavipennis were equivalent between the full canopy and topworked areas
but were higher than those under new planting covers.

3.2. Effect of Light Intensity under Canopy Cover on Abundance of LW Vectors

Light intensity was significantly affected by canopy cover (F = 15.0735; df =2,299; p = 0.0005).
Light intensity under full canopy cover exhibited the lowest value (31,822.15 £ 859.38 lux) com-
pared to topworked (61,666.64 + 1630.96 lux) and new planting (78,715.28 £ 1591.39 lux)
areas. Captures of X. crassiusculus (rs = —0.7312; p = 0.0002), X. affinis (rs = —0.5459;
p =0.0105), and X. volvulus (rs = —0.5832; p = 0.0055) were significant negatively cor-
related with light intensity but not the captures of X. bispinatus (rs = —0.2723; p = 0.2324)
and X. saxesenii (rs = —0.4169; p = 0.0601). Figure 4 displays the relationship between beetle
abundance and light intensity. Xylosandrus crassiusculus (Figure 4A), X. affinis (Figure 4B),
and X. volvulus (Figure 4C) preferred low levels of light intensity whereas X. bispinatus
(Figure 4D) and X. saxesenii (Figure 4E) did not differ between levels of light intensity.
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Figure 4. Relationship between LW vector abundance and light intensity levels in LW-affected
avocado orchards during a four-month period (March 2018-June 2018). Bubbles of different sizes
represent the abundance of beetles. (A) Xylosandrus crassiusculus, (B) Xyleborus affinis, (C) Xyleborus
volvulus, (D) Xyleborus bispinatus, and (E) Xyleborinus saxesenii. (Note different scales on the y-axis).
FC = Full canopy; TW = Topworked; NP = New planting.
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3.3. Effect of Meteorological Factors on Ambrosia Beetle Flight Activity—Decision Tree Analyses

Five ambrosia beetle species typically associated with the LW pathogen in Florida
avocado orchards were used to build decision tree analyses using abiotic factors as explana-
tory variables to predict their abundance. The decision tree (R? = 0.733; LogWorth = 6.8264;
N =81) generated for X. saxesenii contained maximum solar radiation as the first split
(i.e., most influential variable), minimum temperature as the second split, and maximum
precipitation as the third split. Critical values are presented in Figure 5. The decision tree
for X. crassiusculus (R2 = 0.563; LogWorth = 9.6703; N = 81) included maximum solar radi-
ation and mean and minimum temperatures as secondary splits (Figure 6). The decision
tree of X. affinis (R2 = 0.296; LogWorth = 1.9110; N = 81) indicated that the abundance
of this species was influenced by maximum solar radiation, minimum solar radiation,
and maximum relative humidity (Figure 7). For X. volvulus, the decision tree (R* = 0.253;
LogWorth = 2.4814; N = 81) contained mean solar radiation, maximum relative humidity,
and minimum relative humidity as the first, second, and third split, respectively (Figure 8).
Finally, the decision tree for X. bispinatus (R* = 0.238; LogWorth = 2.4907; N = 81) revealed
minimum solar radiation, maximum temperature, and minimum relative humidity as
important variables influencing its abundance (Figure 9).

Xyleborinus saxesenii N =81

X, < 203.72 X, > 203.72

X, > 23.06 X, < 23.06

X; = Maximum solar radiation (W/m?)

X, = Minimum temperature (°C) @ @

X3 = Maximum precipitation (mm) X3<27.69 X3 227.69

Figure 5. Decision tree schematic for Xyleborinus saxesenii abundance using weather conditions as

explanatory variables.

Xylosandrus crassiusculus

N =81
X, <247.84 X, 2247.84
X, = Maximum solar radiation (W/m?) @
X, = Mean temperature (°C) X, <20.87 X3223.06 | X;3<23.06
X5 = Minimum temperature (°C) ’ ‘
N=27 N=12 N=12 N'=30

Figure 6. Decision tree schematic for Xylosandrus crassiusculus abundance using weather conditions

as explanatory variables.
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Xyleborus affinis @

X, < 253.43 X, > 253.43
X, = Maximum solar radiation (W/m?) @ @
X, = Minimum solar radiation (W/m?) X, 2105.68 | X, < 105.68 X3<92 X3292
X5 = Maximum relative humidity (%) ‘ ‘ ’ ‘
N=24 N'=21 N=33 N=3

Figure 7. Decision tree schematic for Xyleborus affinis abundance using weather conditions as ex-
planatory variables.

Xyleborus volvulus @

X, < 125.01 X, > 125.01

X, = Mean solar radiation (W/m?)
X, = Maximum relative humidity (%) @ @

X5 = Minimum relative humidity (%) X3277 X3<77

Figure 8. Decision tree schematic for Xyleborus volvulus abundance using weather conditions as

explanatory variables.

Xyleborus bispinatus @
X, > 105.68 X, < 105.68
X, = Minimum solar radiation (W/m?) @ @
X, = Maximum temperature (°C) X, <3243 | X,232.43 X3< 75 X3275

X3 = Minimum relative humidity (%) ‘ l ’ I

Figure 9. Decision tree schematic for Xyleborus bispinatus abundance using weather conditions as
explanatory variables.

4. Discussion

Canopy management is a cultural practice extensively used to enhance productivity,
maintain proper air flow, improve fruit set, optimize sunlight distribution, remove un-
healthy sections of the trees, mitigate potential damage by hurricanes, and facilitate other
cultural practices that help in the management of pests and diseases. In Florida, avocado
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growers prune and/or stump avocado trees—tree rejuvenation—to combat LW. Our results
show that a reduction in canopy cover has a suppressive effect on some ambrosia beetle
species, but most importantly on several species that vector the LW pathogen. Canopy
management also alters the microclimatic conditions—especially light intensity—affecting
ambrosia beetle abundance and flight activity. In addition, our results suggest that manage-
ment in avocado orchards and meteorological factors play critical roles in determining the
abundance and species composition of ambrosia beetle communities.

4.1. Effect of Canopy Cover on Light Intensity Levels, Ambrosia Beetle Abundance, and
Composition in LW-Affected Avocado Orchards

All 15 beetle species were found beneath the three canopy covers in the three avocado
orchards. Most species were more abundant in shaded areas (i.e., full canopy cover) as
compared to sunny areas (i.e., topworked and new planting covers). We suggest that these
results could be related to canopy openness. Dense canopies alter the microclimate below
the canopy by decreasing the sunlight, temperature, and windspeed and increasing relative
humidity [31-34]. These conditions are highly favorable for ambrosia beetles [18] and
would promote an increase in population levels and the potential dispersal of females.
Our results show that mature orchards with a dense canopy sustain higher numbers of
ambrosia beetles. Interestingly, older orchards with dense canopies were the first to be
impacted by LW when the epidemic started in 2012 and have been damaged more severely
than younger orchards with more open canopies.

Thick canopy covers might act as a buffer zone that reduces light intensity within the
orchard. The degree of light intensity resulting from canopy openness plays a significant
role in insect activity [35,36]. Insects perceive an array of visual stimuli as they fly through
the environment. In honeybees and bumblebees (Hymenoptera: Apidae), vision becomes
less reliable when light intensity falls, resulting in a decline in their flight speed (i.e., flight
becomes more challenging) [37,38]. However, other insects become more active near cre-
puscule and/or nightfall, especially those that occupy hidden, nocturnal, and subterranean
(aphotic) habitats [39]. A negative relationship between light intensity and the number of
Scolytinae captured in California and Florida was reported [5,40]. During daytime when
high light intensity occurs, long-wavelength radiation governs the environment, but when
the sun meets the horizon (i.e., twilight), light intensity decreases and the general lumi-
nosity changes rapidly to short wavelengths [41,42], allowing other insects to engage in
flight [43]. Copious canopy covers may prolong the narrow time window when ambrosia
beetles engage in flight. Additionally, ambrosia beetles could be active under specific
wavelengths within the light spectrum; however, further studies of their phototaxis are
needed to address this.

Another factor contributing to ambrosia beetle abundance and colonization is the
diameter of the host trees. Trees with a large diameter, a common trait of mature trees
with a dense canopy, were the first to be attacked by ambrosia beetles in redbay stands,
whereas small trees with a smaller diameter remained healthy and unaffected [44,45]. We
noticed a similar pattern at our study sites. The trunks of some topworked trees and trees
with dense canopy had beetle entrance holes with tubes of extruded frass and chewed
wood, evidence of active infestation; however, young small-diameter trees in new planting
zones did not exhibit signs of ambrosia beetle attack. Xyleborus glabratus field experiments
have shown that dispersing females rely on visual cues, including stem silhouette, as part
of their host-seeking behavior [46,47]. Beetles may be more abundant under full canopy
trees due to attraction to large trunk silhouettes, an adaptive behavior since large diameter
trees are likely to support more progeny [44,48]. In addition, the kairomone attractants
(i.e., terpenoid olfactory cues) used by ambrosia beetles for host location are found in
highest concentrations in the trunk and large diameter branches [49,50].

Like other small insects, ambrosia beetles may be influenced by microclimatic con-
ditions. Open areas, such as new plantings in this study, have high light intensity, high
temperature, high wind speed, and low humidity conditions [51]. Therefore, we presumed
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the ambrosia beetles may avoid these adverse conditions as their body temperature can
increase rapidly when exposed to direct sunlight, which would intensify their metabolic
rate (i.e., depleting nutrient reserves) and accelerate their water loss. All these conditions,
consequences of exogenous factors, would strongly jeopardize their host-seeking behavior.

Our results suggest that in Florida avocado orchards, dense canopies can consequently
promote/support ambrosia beetle abundance due to suitable microclimatic conditions. The
effect of canopy openness on ambrosia beetle abundance and activity can be either transient
or long-lasting, but this would likely depend on the periodicity of canopy management.
Canopy management seems to help avocado growers battle against LW by suppressing
beetle populations by reducing the time period of suitable conditions (i.e., low light, high
RH, and low wind speeds) for ambrosia beetle flight.

Although all ambrosia beetle species were documented in all orchards, some species
were more abundant in orchard 1, whereas others were abundant in orchards 2 and 3.
These results suggest that management history of avocado orchards has a significant
repercussion on ambrosia beetle abundance. For instance, species not associated with the
LW pathogen (i.e., A. lecontei, A. minor, E. perbrevis, P. cavipennis, T. ricini, X. andrewesi,
X. gracilis, Hypothenemus spp., and E. parallelus) were very abundant in orchard 1. This
orchard was relatively young (ca. 15 years old) with active scouting and prompt removal
of LW-symptomatic trees. Diligent scouting, pruning, and removal of infested trees would
prevent ambrosia beetle population build-up and subsequent potential outbreaks. In
contrast, orchards 2 and 3 were more than 50 years old, contained numerous standing
LW-affected trees, and supported large numbers of X. crassiusculus, X. affinis, X. volvulus, X.
bispinatus, and X. saxesenii, which have a high probability of carrying R. lauricola [9-11]. The
combined results of this study and previously published reports [2—4] indicate that these
five species thrive in South Florida avocado orchards. The low light intensity from dense
canopies and the large surplus of breeding material (i.e., stressed trees) would facilitate
population increases in older avocado orchards. In addition, these polyphagous species
are found in several natural and disturbed areas in South Florida [16,52,53], which can
function as reservoirs for beetles that can immigrate into avocado orchards.

4.2. Effect of Meteorological Factors on Ambrosia Beetle Flight Activity

Solar radiation (i.e., sunlight) was the most significant factor influencing the flight
activity of the five LW vectors in the avocado orchards. In South Florida, high solar radia-
tion (>200 W/m?) commonly occurs during the spring and decreases continuously until
the winter (FAWN—https://fawn.ifas.ufl.edu/ accessed on 28 May 2020). Temperature
(~23 °C) was the second most influential factor for X. saxesenii and X. crassiusculus. Tem-
perature is typically high at the end of the spring and early summer, declining up to ca.
15 °C in the winter months. Both conditions generally co-occurred between March and
late July, resulting in the most favorable conditions for X. saxesenii and X. crassiusculus
flight (Figures S1 and S2). Our results support previous investigations conducted in avo-
cado orchards that reported high captures of these species during this period [4,5]. These
two species are invasive in the continental USA, and they have been documented to be
highly active between April and May in Illinois (IL), Kentucky (KY), Missouri (MO), North
Carolina (NC), Ohio (OH), Tennessee (TN), and Virginia (VA) [54-59], whereas our data
show flight peaks between March and late July in southern Florida (Figures S1 and S5). The
former states have a more temperate climate, whereas south Florida exhibits a subtropical
climate with warmer temperatures and higher humidity. These results suggest that the
flight activity of X. crassiusculus and X. saxesenii differs geographically, with peak dispersal
periods determined by the climatic conditions of the area investigated.

In addition to solar radiation and temperature, the activity of X. affinis, X. volvulus,
and X. bispinatus was also influenced by relative humidity. The R? values obtained for
these species from the decision tree analyses were relatively low compared to those of X.
saxesenii and X. crassiusculus, suggesting that meteorological factors only partially explain
their flight activity in South Florida avocado orchards. Xyleborus affinis and X. bispinatus
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displayed two similar flight peaks: the first from April to late June and the second between
November and December (Figures S2 and S4). Solar radiation and temperature were high
during the first dispersal peak; however, there was less solar radiation and the temperature
was slightly cooler during the second peak. In contrast, X. volvulus displayed a more
unpredictable flight pattern throughout the year (Figure S3). Xyleborus affinis, X. volvulus,
and X. bispinatus may be well adapted to the variable conditions of Florida weather. This
suggests that their abundance and activity are affected mainly by cultural practices within
each avocado orchard and that meteorological factors play a secondary role. It is worth
mentioning that these five species decreased their flight activities during the rainy season
(data not shown), probably because precipitation hampers the flight of these small beetles
by inflicting pressure on their bodies and wings.

Several studies have investigated the effect of environmental conditions on the flight activ-
ity of several scolytine species; however, they have yielded conflicting results [21-23,40,60-66].
High bark beetle activity was reported in areas with high solar radiation [22], but other
studies reported the opposite [51]. A different study documented that high relative humid-
ity and low temperatures were the most favorable conditions for seasonal flight patterns of
ambrosia beetles in agricultural settings in southern Thailand [63]. However, flight activity
of P. juglandis was correlated negatively with relative humidity [23]. The discrepancy
of these results implies that bark and ambrosia beetles require species-specific climatic
conditions to engage in host-seeking flight.

5. Conclusions

The current study indicates that canopy covers affect the abundance of ambrosia
beetles by modifying the levels of light intensity within avocado orchards. Dense canopy
covers sustain larger beetle populations, especially of species implicated in LW transmission.
Pruning and other cultural practices that reduce canopy densities also suppress ambrosia
beetle activity. Meteorological conditions were significant explanatory variables for the
flight activities of X. crassiusculus and X. saxesenii, but not for the flight activity of X. volvulus,
X. affinis, and X. bispinatus. This implies that invasive species are more sensitive to weather
conditions, but other factors might be of more relevance for resident species. Overall, our
results suggest that the abundance and species composition of bark and ambrosia beetles in
avocado orchards are determined by the interaction of multiple factors, including orchard
management history, meteorological factors, age (i.e., tree size) and physiological state of
trees (i.e., stress), and the biology of the beetles. From a broader perspective, our results
imply that the most effective management strategy is to prevent ambrosia beetle attacks in
the first place by reducing conditions favorable for ambrosia beetles within the orchard.
Canopy management along with phytosanitary measures (i.e., removal of symptomatic
trees) already practiced by avocado growers, may greatly reduce the incidence of LW within
their orchards. Finally, these results show areas and conditions within an orchard favorable
for ambrosia beetles. This indicates what areas avocado growers should prioritize for early
detection of alternative vectors of R. lauricola.

Supplementary Materials: The following supporting information can be downloaded from https:
/ /www.mdpi.com/article/10.3390 /agronomy12030547/s1. Figure S1: Seasonal flight pattern of
X. crassiusculus in three commercial avocado orchards (top row) and maximum solar radiation (bottom
row) over a one-year period. The dashed line indicates the critical value for the first split obtained
from the decision tree analysis. Figure S2: Seasonal flight pattern of X. affinis in three commercial
avocado orchards (top row) and maximum solar radiation (bottom row) over a one-year period. The
dashed line indicates the critical value for the first split obtained from the decision tree analysis.
Figure S3: Seasonal flight pattern of X. volvulus in three commercial avocado orchards (top row) and
mean solar radiation (bottom row) over a one-year period. The dashed line indicates the critical value
for the first split obtained from the decision tree analysis. Figure S4: Seasonal flight pattern of X.
bispinatus in three commercial avocado orchards (top row) and minimum solar radiation (bottom
row) over a one-year period. The dashed line indicates the critical value for the first split obtained
from the decision tree analysis. Figure S5: Seasonal flight pattern of X. saxesenii in three commercial
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avocado orchards (top row) and maximum solar radiation (bottom row) over a one-year period. The
dashed line indicates the critical value for the first split obtained from the decision tree analysis.
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