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HIGHLIGHTS

e The Asiatic parasitoids Spathius galinae and Tetrastichus planipennisi have been released in North America to manage emerald ash borer.

o Yellow pan trap captures of Spathius galinae and Tetrastichus planipennisi varied among sites and years, and occurred across a wide range of growing degree days.

e Placing yellow pan traps on trees with suppressed or intermediate crown classes, abundant epicormics sprouts and smaller diameters increased T. planipennisi
capture rates.

e Tetrastichus planipennisi yellow pan trap captures had a positive relationship with parasitized EAB larval densities from the previous year.

ARTICLE INFO ABSTRACT
Keywords: Yellow pan traps are frequently used to monitor establishment of hymenopteran parasitoids introduced for
Classical biological control biological control of the invasive ash pest, emerald ash borer (EAB), Agrilus planipennis Fairmaire (Coleoptera:

Invasive woodborer
Agrilus planipennis
Larval parasitoid

Buprestidae). To evaluate and improve their efficacy as a monitoring tool, we conducted field studies during
2016-2019 in southern Michigan where the introduced hymenopteran larval parasitoids, Tetrastichus planipennisi
Yang (Eulophidae) and Spathius galinae (Braconidae) Belokobylskij & Strazanac are established. Our objectives
were to describe parasitoid seasonal abundance, identify host tree variables that might influence parasitoid
capture numbers (i.e., number of adults captured) and capture rates (i.e., number of positive traps per collecting
period), and compare parasitoid trap captures to parasitized EAB larval densities. Yellow pan trap capture
numbers and rates of both species were low for most study sites and years. Captures of both parasitoid species
occurred throughout the growing season and neither showed a consistent trend in seasonal abundance. Emerald
ash borer infested trees with suppressed or intermediate crown classes had higher T. planipennisi capture numbers
and rates than dominant or codominant crown classes. During some years, T. planipennisi capture rates increased
with decreasing tree diameter at breast height (DBH) and T. planipennisi capture numbers increased with
increasing numbers of epicormics sprouts on host trees. Spathius galinae captures had no significant relationship
with host tree variables but low overall capture numbers, due to its more recent introduction, may have pre-
vented detection of any relationships. Tetrastichus planipennisi adult capture numbers were positively related to
previous year’s densities of T. planipennisi parasitized larvae dissected from trees. Spathius galinae capture
numbers were not correlated with parasitized EAB larval densities. We discuss the relevance of our findings to
improve yellow pan trap efficacy for monitoring introduced EAB larval parasitoids.
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1. Introduction

The invasive pest of ash trees (Fraxinus spp.), emerald ash borer
(EAB), Agrilus planipennis Fairmaire (Coleoptera: Buprestidae), con-
tinues to spread throughout North America, threatening to functionally
extirpate some native ash species (Haack et al., 2002; Herms and
McCullough, 2014; Poland and McCullough, 2005; Ward et al. 2021). In
efforts to manage EAB, releases of four Asiatic parasitoid species as EAB
classical biological control agents in North America began in 2007
(Bauer et al., 2008, 2015; Duan et al., 2018a). These include an egg
parasitoid, Oobius agrili Huang and Zhang (Encyrtidae), and three larval
parasitoids, Tetrastichus planipennisi Yang (Eulophidae), Spathius agrili
Yang (Braconidae) and Spathius galinae Belokobylskij and Strazanac
(Braconidae). The two Spathius species are ectoparasitoids while
T. planipennisi is an endoparasitoid.

Releases of O. agrili, T. planipennisi, and S. agrili began in Michigan in
2007, followed by releases of S. galinae in 2015 (Bauer et al., 2008;
Bauer et al., 2015; Duan et al., 2018a). Spathius agrili, however, did not
successfully establish in northern regions, despite numerous releases
throughout the upper Midwest and northeastern U.S. Consequently,
releases of S. agrili are now restricted to latitudes below 40°, where
climatic conditions are more similar to where parasitoid source pop-
ulations were collected (Bauer et al., 2015; Duan et al., 2018a, 2022).

Tetrastichus planipennisi, S. galinae, and O. agrili are now considered
established in many areas of the Upper Midwest and Northeastern U.S.,
and in southeastern Canada (Bauer et al., 2015; Duan et al., 2019, 2021,
2022; MapBioControl 2022). Releases of these parasitoids continue in
areas where EAB is established, including latitudes much farther south
than their endemic ranges in Asia. As parasitoids are introduced into
new areas, resource managers need practical methods to monitor their
establishment, abundance and spread.

Yellow pan traps are regularly used to monitor EAB parasitoid
establishment because of their low technological requirements, ease of
deployment and collection, ability to capture all four introduced para-
sitoids, and avoidance of destructive host tree sampling methods (USDA
APHIS/ARS/FS, 2021; Petrice et al., 2021; MapBioControl, 2022). For
example, Jones et al. (2019) used yellow pan traps to monitor dispersal
of T. planipennisi and S. agrili. In a study by Parisio et al. (2017), yellow
pan traps had similar T. planipennisi recoveries as sentinel larval logs
(consisting of small ash logs with EAB larvae inserted) and field-
collected EAB-infested host logs that were reared in the laboratory for
adult parasitoid emergence. In contrast, Rutledge et al. (2021) found
that both sentinel larval logs and host tree dissections had significantly
higher T. planipennisi and S. galinae compared to yellow pan traps.
Although some methods may be more effective at detecting smaller
parasitoid populations, available survey resources and goals must be
considered when choosing a survey method.

It is likely that yellow pan trap captures of parasitoids are related to
certain host tree variables, such as size, canopy condition, and EAB
infestation levels. For example, T. planipennisi prefers small diameter
trees and saplings, while S. galinae prefers pole-size and larger trees
(Duan et al., 2021). In addition, Johnson et al. (2014) found that S. agrili
was attracted to host plant cues such as ash stems containing EAB larvae
and ash leaf tissue. Because parasitoids often use a combination of host
and host-plant cues when locating their hosts (Vinson, 1998), more than
one tree variable may be important for attracting introduced parasitoids
to host trees. Therefore, yellow pan trap sampling efficacy may be
improved by selecting trees that are most attractive to introduced EAB
larval parasitoids.

Although T. planipennisi and S. galinae have been frequently recov-
ered in yellow pan traps, the optimal seasonal timing for sampling these
species has not been determined. Both species are gregarious multivol-
tine species that overwinter as prepupae or larvae within EAB larval
galleries. Tetrastichus planipennisi produces an average of 57 progeny per
female and requires ca. 546 GDDj( per generation [based on develop-
ment time at 25 °C; (Duan et al., 2011, 2018b)]. Spathius galinae average
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43 progeny per female and require ca. 543 GDDjg to complete one
generation [based on development rate and pre-oviposition period at
25°C; (Watt et al., 2016)]. Therefore, adult parasitoid abundance should
increase with each consecutive generation as the season of parasitoid
activity progresses. Furthermore, if parasitoid generations are synchro-
nized, multiple peaks of adult abundance should occur throughout the
season of activity. Knowing when adult parasitoids are most abundant
would be highly valuable for determining trap deployment timing to
improve efficacy and reduce sampling effort.

In efforts to improve introduced parasitoid captures in yellow pan
traps, we collected EAB larval parasitoids in yellow pan traps attached to
ash trees throughout the 2016-2019 growing seasons. For each ash tree,
we recorded tree variables that we anticipated could affect larval
parasitoid captures, including tree DBH (diameter at breast height),
crown class, bark texture, and signs and symptoms of EAB attack. We
also dissected trees and saplings at each site to estimate EAB parasitized
larval densities. Our objectives were to: a) describe the relative seasonal
occurrence of adult EAB larval parasitoids, b) identify tree-related var-
iables that are related to yellow pan trap captures, and c¢) determine if
yellow pan trap capture rates are correlated with parasitized EAB larval
densities estimated from dissected trees. This information could improve
parasitoid recovery and monitoring efficacy with yellow pan traps at
parasitoid release sites.

2. Methods
2.1. Study sites and yellow pan traps

We conducted yellow pan trap sampling at three sites in south-
central Michigan (Gratiot-Saginaw State Game Area, Harris Nature
Center, and Legg Park) from 2016 to 2019. Detailed information on
parasitoid release and establishment histories for study sites can be
found in (Duan et al., 2013) and MapBioControl (2022), and a brief
summary is presented in Table 1. In 2016, 40 yellow pan traps were
placed on live ash trees irrespective of evidence of EAB infestation
within a ca. 0.25-hectare area at each study site. In 2017-2019, due to
tree mortality and the lack of trees with no signs of EAB infestation at
some sites, only 10 yellow pan traps were deployed within each of the
same 0.25-hectare areas, selecting only trees that displayed signs and
symptoms of recent EAB attack (e.g., fresh woodpecker feeding holes,
epicormics sprouts, and/or canopy dieback). Canopy decline of these
trees varied from 0 to 90% and all trees had some live phloem present for
EAB oviposition and larval development. Individual trees sampled var-
ied from year to year depending on their condition and ranged from 5.0
to 30.3 cm diameter at breast height (DBH; 1.37 m above ground).

Yellow pan traps were constructed and deployed following slightly
modified methods as described in EAB Biocontrol Guidelines (USDA
APHIS/ARS/FS, 2021). We secured individual yellow plastic bowls
(diam. = 18 cm, vol. = 355 mL; Nationwide Party, Brooklyn, NY, Item #
65015, color = Sunshine Yellow) to inverted lids of 7.5 cm diam. petri
dishes with hot melt adhesive. Holes were drilled through the bottom of
these units aligned with predrilled holes in metal shelf brackets (15-cm
vertical length x 20-cm horizontal length). Small bolts and nuts were
used to secure each bowl/petri dish unit to the shelf bracket. At the study
sites we attached the units with wood screws through the shelf bracket
to the south side of ash trees ca. 1.75 m above the ground. We nested a
second yellow bowl inside the attached yellow bowl to serve as the trap
collection bowl and allow easy removal of trap contents. A solution of
50% food-grade propylene glycol (ChemWorld.com, Taylor, MI) and
50% water was added to the nested bowl to kill and preserve insects
trapped in the bowl. We added ca. 5 mL per L of unscented dish deter-
gent to the solution to reduce surface tension.

We collected yellow pan trap samples once every two weeks in 2016
and once every week in 2017-2019. To collect samples, we poured trap
contents through paint strainers to separate insects from the trapping
solution, placed labelled paint strainers in resealable plastic bags, and
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froze them for later processing. Samples were inspected for EAB para-
sitoids in the laboratory using a dissecting microscope. Suspect EAB
larval parasitoids were removed and identifications confirmed using
species descriptions and illustrations (Yang et al., 2006; Belokobylskij
et al., 2012; USDA APHIS/ARS/FS, 2021).

For each tree sampled, we recorded the DBH; crown class [open
grown/edge tree (at least 50% of entire tree receives full sunlight),
dominant/codominant (tree crown at or above forest canopy level, but
only tree canopy receives direct sunlight), or intermediate/suppressed
(tree canopy below forest canopy level)]; bark texture (i.e., smooth = no
or few furrows, intermediate = shallow furrows, or coarse = deep fur-
rows); canopy dieback (10% increments estimated in late summer);
number of epicormics sprouts growing from tree bole (up to 4 m above
ground); and number of recent woodpecker feeding holes (up to 4 m
above ground).

2.2. Tree dissections

At each site and in close proximity (ca. < 50 m) of the 0.25-hectare
plot used for yellow pan trap sampling, we felled and dissected 4-5 ash
trees (8.0-15.6 cm DBH) in fall 2015-2017, and early spring 2019 (these
trees contained EAB larvae parasitized during the 2018 growing season).
In addition, we felled and dissected 10 sapling-size ash trees (3.6-5.0 cm
DBH) at each site in early spring 2019. Tree dissections to recover EAB
larvae parasitized in 2019 were not conducted due to Covid-19 re-
strictions. We selected trees and saplings with fresh woodpecker feeding
holes for dissections (Koenig and Liebhold, 2017). A draw knife was
used to remove the bark from the entire stem and all branches that were
> 2.5 cm in diameter. Phloem area for each tree or sapling was calcu-
lated using models described in McCullough and Siegert (2007). The
number of EAB larvae attacked by each parasitoid species was recorded.
Immature parasitoids were identified based on larval morphology and
parasitoid biology. For example, T. planipennisi is a gregarious endo-
parasitoid that exits EAB larvae when mature and forms exarate pupae.
Spathius galinae is a gregarious ectoparasitoid that spins silken cocoons
within which they will later pupate (Duan et al., 2019). Undamaged
immature parasitoids for each species were reared to adults in the lab-
oratory to confirm identifications. The number of EAB larvae parasitized
by each species was divided by the total ash phloem surface area
dissected for each site and year to standardize parasitized EAB larval
densities.

2.3. Data analysis

For each site, the number of EAB parasitoids of each species captured
per week was expressed as a percentage of the total number captured
throughout the season and plotted against the number of accumulated
GDD (growing degree days base 10 °C, start date = Jan. 1). A base
temperature of 10 °C was used because this is a common standard for
monitoring insect development in the field (Herms 2004). GDDyq data
were downloaded from the nearest weather station to each site (Mich-
igan State University Enviroweather, 2019). Weather stations selected
were within 10 km of each study site.

Tetrastichus planipennisi capture rates (i.e., proportion of traps that
recovered at least one parasitoid) in 2016 were compared between trees
with or without signs or symptoms of recent EAB attack (i.e., epicormics
sprouts, recent woodpecker feeding holes, or canopy dieback) using

Table 1
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logistic regression (PROC LOGISTICS; SAS Institute, 2012). Spathius
galinae recoveries were not compared because only one individual was
recovered in 2016. To determine if tree variables affected EAB para-
sitoid captures, we selected a series of 11 multi-location generalized
linear mixed models (PROC GLIMMIX; SAS Institute, 2012; Table 2) to
test for relationships between one or more tree variables and parasitoid
capture numbers (i.e., total number captured per trap each year) and
capture rates. Capture numbers were compared using a negative bino-
mial distribution with the log link function, and capture rates were
compared using a binary distribution with the logit function. Degrees of
freedom were calculated using the Kenward-Rodger method. Each
model included year as a fixed effect, one or more tree variables as
covariates, interaction terms, and tree within site as a random effect. We
selected tree variable(s) for each model based on published research and
a priori knowledge of parasitoid biology. Consecutive runs were con-
ducted for each model, and after each run, the year x covariate inter-
action with the highest non-significant P-value (P > 0.05) was removed
until all non-significant interactions were removed. Next, we continued
reducing each model by removing the covariate with the highest non-
significant P-value after each consecutive model run until only signifi-
cant covariates and/or year x covariate interactions remained in the
model (SAS Institute, 2006). When year x covariate terms were signif-
icant, models were run for individual years with the significant covariate
term as a fixed effect for comparing least squares means.

For each parasitoid species, we used generalized linear mixed models
(PROC GLIMMIX, SAS Institute, 2012) to test for relationships between
mean parasitoid adults captured in yellow pan traps and mean immature
parasitoid brood densities per m? of bark surface area during the same
season trees were dissected, one season after trees were dissected, and
one season before trees were dissected. For each model, we used a
Gaussian distribution with site as a random effect. Degrees of freedom
were calculated using the Kenward-Rodger method. Spathius galinae
data for 2016 was excluded from these analyses because releases of this
parasitoid did not begin until 2015 and populations were just starting to
build (Table 1).

3. Results

3.1. Seasonal occurrence of parasitoids

During 2016-2019, we captured 161 (124 females, 37 males)
T. planipennisi with yellow pan traps. Captures fluctuated among sample
weeks and tended to be greater at the beginning and end of the sampling
season each year (Fig. 1). However, significant seasonal trends could not
be discerned due to low capture numbers throughout the season during
many years. For all years combined, T. planipennisi were captured be-
tween 111 and 1570 GDD;(. Although tree dissections indicated
T. planipennisi was present at all sample sites each year, no T. planipennisi
were captured in yellow pan traps at the Harris Nature Center site during
two of the sample years.

Yellow pan traps yielded 59 (46 females, 13 males) S. galinae during
2016-2019, which were captured between 270 and 1271 GDD( across
years. We were unable to discern any seasonal variation or patterns in
S. galinae emergence or abundance across sample years or sites. No
S. galinae were captured in yellow pan traps at the Gratiot-Saginaw site
in 2017 and 2018 although parasitized larvae were recovered from
dissected trees during the same years. In contrast, yellow pan traps

Release and establishment history of Spathius agrili, Spathius galinae, and Tetrastichus planipennisi at Michigan study sites.

Tetrastichus planipennisi Spathius agrili Spathius galinae
Site Latitude/ Longitude First released Established First released Established First released Established
Gratiot-Saginaw 43.2337-84.4477 2009 Yes 2007 No 2015 Yes
Harris Nature Center 42.6965—84.3752 2008 Yes 2008 No 2015 Yes
Legg Park 42.6940—84.3822 No release Yes No release No No release Yes
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Table 2
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Effects of tree variables on capture numbers and capture rates of Spathius galinae and Tetrastichus planipennisi in yellow pan traps. Different tree variables were included
as covariates with sample year as a fixed effect in each of 11 GLMMs. Significant covariates and interactions that were statistically significant after all non-significant
covariates and interactions were systematically removed are listed for each model (see Data analysis in Methods section).

Significant variables after model reduction

Tetrastichus planipennisi

Spathius galinae

Model number and covariates Capture numbers”

Capture rates” Capture numbers Capture rates

1. Fresh woodpecker feeding holes NS¢
2. DBH DBH x year (P=0-0268)
3. Canopy dieback NS
4. Crown class Crown class #=0-0508)
5. Fresh woodpecker feeding holes NS

+ Canopy dieback
6. Fresh woodpecker feeding holes NS

+ Sprouts

(P=0.0508)

7. Fresh woodpecker feeding holes Crown class
+ Sprouts + Crown class

8. Crown class + DBH

9. Fresh woodpecker feeding holes
+ Crown class + DBH

10. DBH + Bark texture

11. DBH + Bark texture + Crown class

DBH x year P=0-019): Crown class

DBH x year (P=0.0268)

(P=0.0156)

DBH x year #=0-9169); Grown classP=0-0156),

DBH x year #=001%%; Crown class®=*-015®

NS NS NS
NS NS NS
NS No convergence NS
Crown class #=0-0078) NS NS
NS NS NS
Sprouts x year®=0-0361 NS NS
Crown class #=0-0078) NS NS
Crown class #=0-0078) NS NS
Crown class #=0-0078) NS NS
NS NS NS
Crown class #=0-0078) No convergence NS

# Capture numbers represent mean number of individuals captured in yellow pan traps.
b Capture rates represent mean number of positive traps. NS¢ = No variables significant.
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Fig. 1. Percentage of Tetrastichus planipennisi (indicated by triangle markers) and Spathius galinae (indicated by circle markers) captured in yellow pan traps by

growing degree day (base 10 °C) at three sites over four years.

captured S. galinae at the Legg Park site in 2016 and 2017, while tree
dissections did not yield S. galinae parasitized larvae during the same
years.

3.2. Host tree variables related to parasitoid captures

Tetrastichus planipennisi recoveries in 2016 were significantly higher
on trees with signs or symptoms of recent EAB attack compared to trees
without (DF = 1; X 2 _ 8.05; P = 0.0046). For all 11 analyses of
covariance models, T. planipennisi capture numbers varied significantly
among years (results from reduced model that only included year: DF =
3, 85; F = 20.73; P < 0.0001; Table 3). Tetrastichus planipennisi capture
numbers were highest in 2017 and 2018, and lowest in 2016 and 2019
(Table 3). Models that included the covariates tree DBH and tree crown
class, showed a significant effect of tree crown class (DF = 1, 70; F =

6.14; P = 0.0156) and the interaction of year x tree DBH (DF = 4, 153; F
= 3.13, P = 0.0166) on T. planipennisi mean captures (Table 2). Models
that included the covariate tree crown class, but not tree DBH, showed a
marginally significant relationship between tree crown class (DF = 1,
84; F = 3.93; P = 0.0508) and T. planipennisi capture numbers. Tetra-
stichus planipennisi capture numbers were highest on suppressed/inter-
mediate trees, followed by dominant/codominant trees, and lowest on
open grown trees (Table 4). Mean captures of T. planipennisi significantly
increased with decreasing tree DBH in 2018 (DF =1, 15; F = 4.90; P =
0.0428), but no significant relationship was found for 2016 (DF = 1,
118; F=1.58; P =0.2114), 2017 (DF =1, 28; F = 0.52; P = 0.4788), or
2019 (DF =1, 28; F = 0.05; P = 0.8247) (Fig. 2). All other covariates
tested were not found to be significantly related to mean T. planipennisi
capture numbers (Table 2).

Similar to the results for capture numbers, year had a significant
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Table 3

Tetrastichus planipennisi and Spathius galinae least squared mean capture numbers and capture rates among different
sampling years. Differences in least squared means among years were compared using a GLMM. A negative binomial
distribution and log link function were used for capture numbers and binary distribution with the log function for capture
rates. Least squared means followed by the same letter are not significantly different (P < 0.05).

Capture numbers” Capture rates”

Species/year Mean + SE Mean + SE
Tetrastichus planipennisi

2016 0.16 £ 0.11c 0.16 + 0.11b
2017 0.76 + 0.55ab 0.22 + 0.05a
2018 1.31 £ 0.94a 0.22 + 0.04a
2019 0.43 + 0.32b 0.20 + 0.90ab

DF 3,85; F 20.7; P < 0.0001 DF 3,206; F 5.14; P 0.0019

Spathius galinae

2017 0.03 + 0.05b 0.03 + 0.05a
2018 0.29 4+ 0.39a 0.19 + 0.22a
2019 0.18 4 0.25a 0.19 + 0.22a

DF 2,87; F 5.75; P 0.0045 DF 2,87; F 3.05; P 0.0527

@ Capture numbers represent mean number of individuals captured in yellow pan traps.
b Capture rates represent mean proportion of positive traps.

Table 4

GLMM comparing tree crown class as a fixed effect on Tetrastichus planipennisi least squared mean capture numbers
(negative binomial distribution and log function with DBH*year interaction term) and capture rates (binomial distri-
bution and logit function). Least squared means followed by the same letter are not significantly different (P < 0.05).

Capture numbers” Captures rates”

Tree crown class Mean + SE Mean + SE
Suppressed/Intermediate 0.76 &+ 0.61a 0.51 + 0.25a
Codominant/Dominant 0.47 + 0.37ab 0.33 &+ 0.22ab
Edge/Open grown 0.36 + 0.30b 0.18 + 0.15b

DF 2,58; F 3.48; P 0.0374 DF 2,88; F 3.63; P 0.0305

@ Capture numbers represent mean number of individuals captured in yellow pan traps.
b Capture rates represent mean proportion of positive traps.

trend was opposite in 2019.

No tree variables for any of our models that converged were signif-
icant for S. galinae capture numbers or rates (Table 3). Spathius galinae
trap capture numbers varied significantly among years (DF = 2, 87; F =

effect on T. planipennisi capture rates for all models (DF = 3, 206; F =
5.14; P = 0.0019; Table 3). Models that included tree crown class
showed a significant effect of tree crown class (DF =1,97; F =7.39; P =
0.0078) on T. planipennisi capture rates. Tetrastichus planipennisi capture

rates were higher on suppressed/intermediate trees, followed by domi-
nant/codominant, then open grown trees (Table 4). For the model that
included sprouts but not crown class, the interaction of year x sprouts
was significantly related to T. planipennisi capture rates (DF = 4, 202; F
= 2.62, P = 0.0036). In 2016, T. planipennisi capture rates increased
significantly with increasing number of sprouts (DF = 1, 98; F = 8.25; P
= 0.005; Fig. 3). Tetrastichus planipennisi capture rates also trended
higher with increasing sprout numbers in 2017 and 2018; however, the

5.75, P = 0.0045) with 2018 and 2019 having the highest captures and
2017 having the lowest capture numbers. In addition, year was
marginally significant for S. galinae capture rates (DF = 2, 87; F = 3.05;
P = 0.0527).

3.3. Tree dissections

Tetrastichus planipennisi was recovered from dissected trees or

DF=1,15; F=4.90;P=0.043

No. of T. planipennisicaptured

16 2
Diameter at breast height (DBH)

Fig. 2. Number of Tetrastichus planipennisi captured in 2018 in yellow pan traps as a function of tree diameter at breast height. Regression line was fit using a negative

binomial distribution.
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Fig. 3. Regression lines fit to proportion of yellow pan traps with positive Tetrastichus planipennisi captures (data points not shown) as a function of number of
epicormic sprouts on sampled trees by year. Regression lines were fit to a binary distribution.

saplings at all sites in 2015-2018. Spathius galinae was recovered from
dissected trees at the Gratiot-Saginaw site in 2016, from Gratiot-
Saginaw and Harris Nature Center in 2017, and all sites in 2018. The
number of T. planipennisi parasitized EAB larvae/m? of ash phloem
dissected from trees or saplings was significantly related to adult
T. planipennisi trap captures the following year (DF =1, 9; F = 6.38; P =
0.0324; Fig. 4). However, the number of immature T. planipennisi
parasitized EAB larvae/m? of ash phloem dissected was not significantly
related to adult T. planipennisi trap captures the same year (DF = 1, 6; F
= 0.03; P = 0.8609), or adult captures the year before (DF =1, 3; F =
0.23; P = 0.6596). The number of EAB larvae parasitized by S. galinae
per m? of phloem was not significantly related to the number of
S. galinae adults captured in traps the year following (DF = 1, 6; F =
0.05; P = 0.8664), year of, (DF = 1, 3; F = 1.91; P = 0.2566), or year
after (DF = 1, 3; F = 3.30; P = 0.3204) tree dissections (Fig. 4).

4. Discussion

Yellow pan traps are frequently used to monitor the establishment of
introduced EAB parasitoids, but their capture efficiency for monitoring
introduced larval parasitoids is often poor. Understanding parasitoid
seasonal abundance and the relationship of parasitoid captures to host
tree variables and parasitized larval densities could improve yellow pan
trap efficacy as a monitoring tool. During our study, yellow pan traps
captured both EAB larval parasitoids throughout the growing season,
although capture numbers and capture rates were low for T. planipennisi
and these metrics were even lower for S. galinae. Our results indicate
that certain tree variables and parasitized EAB larval densities from the
prior year were related to T. planipennisi adult captures, but no variables
were related to S. galinae captures.

Although T. planipennisi were captured in yellow pan traps during
our study, capture numbers and rates were quite variable across sites
and years. In fact, yellow pan traps did not recover T. planipennisi at
Harris Nature Center in 2016 and 2018, even though T. planipennisi
parasitized larvae were confirmed at these sites during these same years.
In January 2019, a severe cold wave in the upper Midwest was associ-
ated with high levels of freeze-mortality of immature T. planipennisi and
may explain the lower captures of T. planipennisi during 2019 (Duan
et al., 2020). Lower capture numbers and rates in 2016 were not asso-
ciated with a severe weather event but may have been influenced by the
different sampling protocol used in the first year of the study. Although
we used 40 traps at each study site in 2016, compared to only 10 in
subsequent years, we had not prioritized trap placement on ash trees
that displayed EAB signs or symptoms as was done in 2017-2019. Of the
161 T. planipennisi that were collected during 2016-2019, only 29 were
collected in 2016 (Fig. 1).

At our study sites, T. planipennisi captures were inconsistent
throughout the growing season, but there was a slight tendency for
captures to be higher near the initiation and the termination of the
trapping period. It is likely that adults were active before deployment
and after removal of traps during some years, given that Abell et al.
(2016) recovered T. planipennisi using sentinel larval logs as early as 226
GDDjg and as late as 1717 GDD;y. When we averaged GDD; for the
earliest female T. planipennisi captures each sample year and subtracted
the total yearly GDDjy accumulations, T. planipennisi should have
averaged at least 2.5 generations per year at our trapping locations
[development rates from Duan et al. (2018b) and temperature data from
weather monitoring stations within 10 km of study sites downloaded
from Michigan State University Enviroweather (2019)]. Despite this, we
did not see substantial increases in trap captures as trapping seasons
progressed, or any consistent generation peaks across sites and years.
Tetrastichus planipennisi does not undergo diapause and may enter winter
at any immature stage depending on when cold temperatures arrest
development of the last seasonal generation. Depending on the severity
of winter temperatures, a range of immature stages may successfully
overwinter and continue development when temperatures warm in the
spring, resulting in asynchronous emergence of adults (Duan et al.,
2011). Asynchronous emergence combined with a female’s reproductive
lifespan of more than six weeks (Duan et al., 2011), may partially
explain the staggered and fluctuating nature of trap catches and lack of
seasonal abundance trends or patterns.

Low capture numbers and rates of S. galinae were likely attributed, in
part, to the more recent release history of this parasitoid at our study
sites (Table 1). Although S. galinae were first released at or near our
study sites in 2015, these individuals were several weeks old and had
been exposed to EAB larvae multiple times prior to field releases.
Nevertheless, one S. galinae was captured in a yellow pan trap at Gratiot-
Saginaw in 2016 prior to initiation of releases in 2016, suggesting that
S. galinae successfully established at this site after its first release in
2015. Spathius galinae releases continued in 2016-2017 using only naive
adults and higher S. galinae capture numbers and rates in 2018 and
2019, relative to 2017, are likely a result of population increases
following S. galinae releases and establishment. As with T. planipennisi,
high freeze-induced mortality of immature S. galinae was documented in
spring 2019 (Duan et al., 2020). However, S. galinae yellow pan trap
capture numbers and rates did not decrease significantly in 2019 as
expected. Absolute values for S. galinae capture numbers and rates were
lower in 2019 compared to 2018, and we suspect that the overall low
S. galinae captures limited the ability of our statistical models to detect a
significant difference between these two sample years.

Similar to T. planipennisi, S. galinae recovery events occurred across a
range of GDD;o. When we averaged GDD;jq for the earliest female
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Fig. 4. Relationship between mean number of adult parasitoids captured in yellow pan traps and density of parasitized EAB larvae per m? of ash phloem dissected for

Tetrastichus planipennisi and Spathius galinae at three sites over four years.

S. galinae captures for 2018 and 2019 and subtracted the total yearly
GDD;¢ accumulations [development rates from Watt et al. (2016) and
temperature data from Michigan State University Enviroweather
(2019)1, S. galinae should have averaged 2.1 generations per year at our
trapping locations. However, S. galinae captures did not substantially
increase as the trapping season progressed for any years, nor were there
any consistent generation peaks across sites and years. It is unclear if
S. galinae diapauses, given that both live S. galinae larvae in cocoons and
mature naked larvae have been dissected from trees at these study sites

in early spring (unpublished data). Like T. planipennisi, lack of S. galinae
seasonal abundance trends in yellow pan trap captures may partially be
explained by asynchronous emergence of adults if multiple immature
stages successfully overwinter.

Some host tree variables were associated with yellow pan trap cap-
tures of T. planipennisi, but not S. galinae. Crown class was the most
consistent tree variable related to T. planipennisi captures, with higher
captures on intermediate and suppressed trees. In general, trees with
intermediate and suppressed crowns are smaller in DBH than dominant
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and codominant or open grown trees at the same sites, and T. planipennisi
are primarily limited to EAB larvae in smaller trees due to their short
ovipositor (Abell et al., 2012; Duan et al., 2021). Tree DBH did have a
significant negative relationship with T. planipennisi capture numbers in
2018, which was attributed to two smaller trees capturing large numbers
of T. planipennisi (Fig. 2). DBH alone was not a significant covariate in
any model; however, models that included the interaction of DBH and
year, resulted in significant crown class effects on T. planipennisi capture
numbers (Table 2). Tree DBH in our study ranged from 5.0 to 30.4 cm,
but most trees were > 9 cm DBH (Fig. 2). If our study included more
sapling-size trees, the effect of tree DBH on T. planipennisi trap captures
may have been more consistent. Alternatively, other variables associ-
ated with intermediate or suppressed trees may have influenced
T. planipennisi trap captures. For instance, T. planipennisi may fly at a
lower height under the canopy of intermediate and suppressed trees
compared to taller trees, increasing their likelihood of landing in traps
that were only 1.75 m above the ground. It is also possible that light
conditions and visually contrasting surrounding vegetation may affect
visual attractiveness of yellow pan traps attached to intermediate or
suppressed trees under closed canopies compared to traps on open tree
boles of larger trees (Abrahamczyk et al. 2010).

Given that T. planipennisi recoveries were higher on trees with signs
and symptoms of recent EAB attack in 2016, we anticipated that both
parasitoid species would be more attracted to trees with abundant signs
and symptoms of recent EAB attack. However, this was not confirmed by
our results. For T. planipennisi, the interaction between sprouts and year
had a significant effect on capture rates for models that included epi-
cormic sprouts and fresh woodpecker feeding holes. When analyzed
separately by year, however, only 2016 T. planipennisi capture rates had
a significant positive relationship with increasing numbers of epicormic
sprouts. Increasing levels of other EAB signs and symptoms, such as fresh
woodpecker feeding holes and canopy dieback, were not significantly
related to capture rates or numbers for either parasitoid species,
although both are strongly correlated with the presence of EAB larvae in
trees (Cappaert et al., 2005; Lindell et al., 2008; Flower et al., 2013;
Jennings et al., 2016). Thus, in our study, T. planipennisi and S. galinae
yellow pan trap captures did not appear to be correlated with tree
infestation levels.

Our finding that T. planipennisi yellow pan trap capture numbers
were related to parasitized EAB larval densities from the previous year,
suggest that captures may potentially provide estimates of T. planipennisi
parasitism without destructively sampling host trees. The lack of sig-
nificant relationship between the density of larvae parasitized by
S. galinae and adult trap captures may be partially a result of the more
recent establishment of this parasitoid at our study sites, which also
reduced the number of years that adult captures and tree dissections
were compared. As S. galinae becomes more abundant at release sites, it
may become easier to detect relationships between adult trap captures
and density of parasitized larvae and other tree and site factors.

It is likely that utilization of yellow pan traps as an EAB parasitoid
recovery tool will continue, given their low technology requirements,
ability to capture the four introduced parasitoid species, and avoidance
of destructive host tree sampling methods. Yellow pan traps captured
T. planipennisi and S. galinae at most sites and in most years of our study
when they were documented parasitizing EAB larvae by tree dissections.
However, parasitoid capture numbers and rates were often low, espe-
cially for S. galinae, and this may have limited the ability of our models
to detect possible relationships with certain tree variables. Our results
suggest that the use of yellow pan traps for determining EAB larval
parasitoid establishment would be optimized by sampling throughout
the growing season across multiple years on ash trees with signs or
symptoms of recent EAB attack, and, for T. planipennisi, attaching traps
to intermediate or suppressed ash trees of smaller DBH and with abun-
dant epicormic sprouts. Deploying 15 traps per site, as recommended in
the Emerald Ash Borer Biological Control Release and Recovery
Guidelines (USDA APHIS/ARS/FS, 2021), should also improve recovery

Biological Control 184 (2023) 105272

success, compared to only 10 traps per site deployed during most years
of our study. Negative yellow pan trap recoveries at parasitoid release
locations should be interpreted cautiously and, ideally, supplemented
with host tree dissections or sentinel larval logs to verify whether par-
asitoids are present.
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