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Abstract: Emerald ash borer (EAB) is an invasive beetle that kills native North American ash species,
threatening their persistence. A classical biological control program for EAB was initiated in 2007 with
the release of three specialized EAB parasitoids. Monitoring changes in the health and regeneration
of ash where EAB biocontrol agents have been released is critical for assessing the success of
EAB biocontrol and predicting future changes to the ash component of North American forests.
We sampled release and control plots across southern Michigan over a three-year period to measure
ash health and recruitment to begin assessing the long-term impact of EAB biological control on ash
populations. We noted a reduced mortality of larger trees between 2012 and 2015 in release plots
compared to control plots and increases in ash diameter, but our results were otherwise inconsistent.
Ash regeneration was generally higher in release plots compared to control plots but highly variable
amonyg sites, suggesting some protection of ash saplings from EAB by parasitoids. We conclude that
EAB biocontrol is likely to have a positive effect on ash populations, but that the study duration was
not long enough to definitively deduce the long-term success of the biocontrol program in this region.

Keywords: Agrilus planipennis; disturbance; forest recovery; Fraxinus spp.; invasive species;
Tetrastichus planipennisi; Oobius agrili; Spathius galinae; Michigan; tree regeneration

1. Introduction

Introduced insects and pathogens are some of the most significant threats to forest growth and
diversity in North America [1]. Most genera of woody plants today are associated with one or more
species of phytophagous invasive insect [2-5]. Although containment and eradication strategies
may exist for some invasive species [6,7], the United States continues to experience establishment
events by destructive, non-indigenous forest pests [4,8]. Increased rates of new introductions are
facilitated by increases and advances in global trade and travel [4,8,9]. Moreover, a linear increase
in the establishment of new insect species since 1860 has been documented, including an average of
2.5 nonindigenous forest insects established per year over the last 150 years, 14% of which have caused
significant damage to native trees [4]. In particular, phloem- and wood-boring insects have dominated
new establishments of nonindigenous insects into forests of the United States since 1980.

The emerald ash borer (EAB), Agrilus planipennis (Coleoptera: Buprestidae), is an invasive
phloem-feeding beetle native to Asia that attacks and kills native North American species of ash
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(Fraxinus spp.) trees [10]. Unlike Asian ash species that co-evolved varying levels of resistance to EAB,
North American ash species show little resistance to infestation and consequently are more vulnerable
to EAB attack, phloem damage, and subsequent tree death [10-12]. Emerald ash borer was discovered
in southeastern Michigan, USA and nearby Ontario, Canada in 2002 [13]. Despite early eradication
efforts and ongoing quarantines, EAB has now spread to 33 states, the District of Columbia, and three
Canadian provinces as of May 2018 [14]. Emerald ash borer attacks ash trees with a diameter at breast
height (DBH) >2.5 cm [13,15] and has killed hundreds of millions of ash in urban and natural areas
across North America at billions of dollars of estimated costs [16,17]. The loss or reduction of ash in
North America will permanently alter forest ecosystems wherever ash represents a significant fraction
of tree community composition, and many species that are dependent on ash are likely to be affected.
For example, at least 44 species of arthropods within the current range of EAB are known to feed only
on ash, including 24 lepidopterans and a number of coleopterans, and are now considered at risk
should ash become rare or locally extinct [18-20].

In North America, the mortality rates of EAB caused by native insect natural enemies are relatively
low compared to those attacking native species of Agrilus and EAB in Asia [20-23]. Consequently,
EAB became a candidate for management using classical biological control-the importation and
introduction of specialized natural enemies from the pest’s native range with the goal of permanent
control [24-26]. In northeast China, researchers found three specialized hymenopteran parasitoids
attacking EAB: Tetrastichus planipennisi Yang (Eulophidae), a larval endoparasitoid; Spathius agrili
Yang (Braconidae), a larval ectoparasitoid; and Oobius agrili Zhang and Huang (Encyrtidae), an egg
parasitoid [21,27]. After several years of research in quarantine laboratories in the United States and
field studies in China, these parasitoids were found to have narrow host ranges and to reduce EAB
populations in China [22,23]. The three parasitoids were first approved for release in Michigan in
2007 [28]. Similar research was completed for another EAB parasitoid, Spathius galinae Belokobylskij
(Braconidae) from the Russian Far East, and its release was approved in 2015 [29]. To conserve native
Fraxinus species, the United States Department of Agriculture (USDA) began an EAB biocontrol
program in which approved EAB parasitoids are provided to researchers and land managers for
release in EAB-infested areas of North America [30]. These cooperators are currently introducing the
EAB biocontrol agents in most states and provinces invaded by EAB [26] with all parasitoid release
and recovery data maintained in a geospatial database for long-term monitoring [31].

The establishment and spread of O. agrili and T. planipennisi have been studied at permanent
research plots in southern Michigan since releases first began in 2007. The establishment of S. agrili,
however, has not been confirmed [32,33]. The egg parasitoid O. agrili, which kills EAB before any
phloem damage occurs regardless of ash diameter, is establishing and slowly expanding its distribution,
but its impact on EAB population dynamics has been difficult to quantify [34]. The most dominant
of the introduced parasitoids, T. planipennisi, is spreading quickly and was found to protect ash
saplings and small ash trees up to ~15 cm DBH from EAB damage in forests recovering from the
EAB invasion [32,33,35,36]. Releases of S. galinae began in Michigan and several other states in 2015.
Although the reproduction and spread of S. galinae has been documented in Michigan and several
other northern states [26], it is too early to confirm sustained establishment. In other regions of
North America where early EAB parasitoid-release and recovery data are available, the establishment
and spread of T. planipennisi and O. agrili, and recoveries of S. galinae, are also documented [31].

Monitoring changes in ash condition following the invasion of forests by EAB is critical for
predicting future changes to the ash component. Initial efforts to assess the biological control
impact on ash health, based on the decline rate and survival of ash trees and saplings >5 cm DBH,
have detected a significant reduction in EAB density in saplings due to the released biocontrol agent
T. planipennisi, but have failed to demonstrate the direct effect of the biocontrol agent on ash health and
survival [36]. However, higher densities of ash saplings (<5 cm DBH) were found in proximity to EAB
biocontrol release plots, suggesting that T. planipennisi may be protecting ash saplings from EAB and
potentially favoring the recruitment of native hardwood regeneration over invasive plant species [37].
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Nevertheless, data collected from long-term monitoring plots are necessary to evaluate the effects of
EAB biological control, especially because ash trees survive for about five years once infested [38].
Results from other biological control programs have shown that there is a considerable lag time for the
establishment and population increase of biocontrol agents [39,40]. In particular, baseline information
on ash health and regeneration (specifically, monitoring the growth, density, and survival of seedlings,
saplings, basal sprouts, some larger survivors, and seed production/germination) is needed to predict
the long-term impact that parasitoids will have on EAB, and the potential outcome for ash species in
North America.

In this study, we evaluated the impacts of the EAB biological control on ash health and recruitment
in southern Lower Michigan in 2012 and again in 2015. This work was done at long-term biocontrol
study sites, each comprised of paired biocontrol-release and non-release control plots. Our objectives
were to (1) examine and characterize ash health, mortality, and regeneration in these EAB biocontrol
study sites; and (2) quantify the initial impacts of EAB biocontrol on ash health conditions and
regeneration and provide a framework for long-term comparisons of biocontrol-release and non-release
plots. We predicted that plots with parasitoid releases should feature larger and healthier ash trees
and higher ash regeneration densities compared to control plots.

2. Materials and Methods

2.1. Study Sites and Field Sampling

We examined ash health and regeneration at nine study sites, with a total of 17 sample plots,
in two areas of southern Michigan (Figure 1, Appendixs A and B). Sampling methods for ash health
and plot design approximated those described in the Emerald Ash Borer Biological Control Release and
Recovery Guidelines [30]. Forest composition was mixed and variable from site to site; ash sampled at
study sites was either green ash (F. pennsylvanica Marsh.) or white ash (F. americana L.) and represented
a small fraction of the overstory at the time of sampling (following EAB impact; Appendix A).

In central Michigan, we collected ash health data at five study sites, each consisting of a paired
release and non-release control plot. Parasitoids were released between 2007 and 2010; EAB densities
and overstory ash mortality peaked in 2010-2011 in this region (Appendix B) [32,34,36]. Results of
annual sampling of infested ash trees at the central Michigan study sites since 2008 revealed that larval
parasitism by T. planipennisi increased on average from ~1% to ~21% in release plots from 2009 to 2012,
and from 0.2 to ~13% in control plots during this same period [32]. More recently, larval parasitism
by T. planipennisi has spread more evenly across the control and release plots, although prevalence
varies from year to year [33,36] [LSB,JJD unpublished data]. Egg parasitism by O. agrili was also
detected in 2008 in release plots one year after first release, but not until 2012 in control plots. In 2012,
egg parasitism averaged ~20% and ~5% in the release and control plots, respectively, and was variable
between trees and sampling years [34,41] [LSB,JJD unpublished data].

In southeastern Michigan, ash health was evaluated at four release and three control plots (Figure 1)
where the mortality of overstory ash had peaked in about 2007 across this region [42—44]. The EAB
parasitoids were released in 2011 onto young ash trees, saplings, and basal sprouts, although EAB
densities appeared low. In the winter of 2014-2015, ash trees were sampled for egg and larval parasitism,
and the establishment and spread of T. planipennisi at both the release and control plots was confirmed
[LSB, JRG unpublished data]. Larval parasitism by T. planipennisi was highly variable between sites
and averaged ~26% and ~4% at release and control plots, respectively. Egg parasitism by O. agrili was
confirmed at one release plot (Lake Erie Metropark) at a rate of ~6% [LSB, JRG unpublished data].

At each site, ash health and regeneration data were collected in 400 x 400 m release and control
plots, each subdivided into 50-m? grid cells, which allowed for a spatial reference of sampling in
relation to parasitoid-release epicenter trees [30]. In 2012, 25 live ash trees >4 cm DBH (hereafter called
“large trees”) were randomly selected beginning near the center of the 400 m? grid. Trees were
measured, permanently numbered with aluminum tags, and georeferenced with a GPS unit for
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re-measurement and assessment in subsequent sampling years. Live ash trees were identified to
species and their DBH measured. Evidence of EAB attack in live ash trees was assessed using the
identification of external symptoms, including EAB exit holes, epicormic sprouting, bark splitting,
and woodpecker feeding [30,45]. Crown dieback and crown class were evaluated using a five-class
categorical scale where 1 is a healthy tree and 5 is a dead tree [45]. This process was repeated for
25 sub-canopy trees and saplings 2.5-4.0 cm DBH (hereafter called “small trees”). Ash regeneration
(all living ash <2.5 cm DBH or shorter than breast height) was sampled along two perpendicular
belt transects that intersected the center point of the grid; transect length varied across sample plots
but included a minimum of 300 m of total transect length at all plots. Ash regeneration was tallied
into three height classes (<0.5 m, 0.5-1 m, >1 m) that served as a proxy for seedling/sapling age and
potential for recruitment into the canopy [42]. Sampling was conducted at all sites in 2012 and then

repeated in 2015.
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Figure 1. Location of study sites in two regions of southern Michigan where ash health data collection
occurred in 2012 and 2015. Central Michigan sites include five paired release and control plots with
parasitoid releases from 2007 to 2010; southeastern Michigan sites include four release and three control
plots with parasitoid releases in 2011 (Table 1, Appendixs A and B). The star indicates the approximate
location of the EAB introduction point in Wayne County, Michigan [44].

2.2. Data Analysis

All data were pooled by region (central Michigan and southeastern Michigan, Figure 1) for analysis
to coincide with parasitoid release dates and presumed effects on ash tree health and regeneration.
Site was the experimental unit within each region (1 = 5 in central Michigan; n = 4 in southeastern
Michigan). Four of the five central Michigan study sites had parasitoid releases beginning in 2007,
2008, or 2009, three to five years prior to sampling; parasitoid releases occurred in 2010 in the fifth
central Michigan site (Rose Lake; Table 1). Parasitoid establishment was confirmed at all central
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Michigan sites by 2012, and the spread of both T. planipennisi and O. agrili into control plots was
observed by 2015 [32,33]. The southeastern Michigan sites included three control plots and four release
plots (Lower Huron Metropark served as the control plot for both Willow Metropark North and
Willow Metropark South release plots). Parasitoids were released at all southeastern Michigan plots in
2011, the year prior to initial sampling, and thus data sampled in southeastern Michigan in 2012 are
probably more representative of pre-release conditions because parasitoid establishment was likely
low or absent. This experimental design allowed us to make relevant comparisons between release
and control plots in each year of sampling (2012 and 2015), but also within release and control plots
across sample years (e.g., release plots in 2012 vs. 2015, control plots in 2012 vs. 2015). Therefore,
we were able to directly examine the effect of the treatment (parasitoid release and establishment) each
sample year. We were also able to examine changes in ash health and regeneration over a three-year
period using time as the effect.

Table 1. EAB biological control study sites in southern Lower Michigan.

Year Parasitoid

Site Location Treatment Releases Began
Central Michigan
Central Park Okemos, MI Paired 2007
Legg Park Okemos, MI Paired 2008
Burchfield Park Holt, MI Paired 2008
Gratiot-Saginaw West Ashley, MI Paired 2009
Rose Lake Lansing, MI Paired 2010
Southeastern Michigan
Lake Erie Metropark * Brownstown, MI Release 2011
Oakwoods Metropark * Flat Rock, MI Control
Pinckney Recreation Area Pinckney, MI Paired 2011
Willow Metropark North ** New Boston, MI Release 2011
Willow Metropark South ** New Boston, MI Release 2011
Lower Huron Metropark ** Belleville, MI Control

* paired release and control plots. ** two release plots paired with one control plot.

Statistical analyses were conducted using IBM SPSS statistics version 23 [46]. All data were
examined for normality and equal variances and analyzed using o = 0.05. Diameters of large trees
(>4.0 cm DBH) and small trees (2.5-4.0 cmm DBH) could not be normalized; differences in tree diameters
between release and control plots within and among sample years were therefore analyzed with the
nonparametric Wilcoxon ranked sign test. Counts of trees dying between sample years were compared
for release and control plots using a chi-square test for heterogeneity. We compared changes in the
health of large and small trees using crown condition class ratings and the presence of other EAB
symptoms. Crown class ratings were ordinal data and were thus analyzed with a nonparametric
Kruskal-Wallis test. When significant differences were found, pairwise comparisons were made with
the Mann Whitney U test with a Bonferroni correction. We analyzed differences in the proportion
of sampled living large and small trees exhibiting signs of EAB infestation using a chi-square test
for heterogeneity. Seedling counts within belt transects were converted to density (stems/ha) and
analyzed separately for each height class. Density values for seedlings <0.5 m were transformed
using the formula [square root (x + 0.5)] to correct for normality and unequal variances and analyzed
with a paired sample t-test. Density values for seedlings 0.5-1 m and >1 m could not be normalized,
and were analyzed using a Wilcoxon signed rank test.
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3. Results

3.1. Ash Tree Diameters and Mortality

In the central Michigan sites, where parasitoids were released from 2007 to 2010, the mean diameter
of living large trees did not differ between release and control plots in either 2012 or 2015; large tree
diameter also did not differ within release or control plots among years (Figure 2). However, a higher
proportion of large trees in control plots (20.8%) died between 2012 and 2015 than in release plots (3.2%;
x> =18.3,p <0.001) (Figure 3). Mean diameter of small trees (2.5-4.0 cmn DBH) was higher in control plots
(3.1 cm) in 2012 compared to release plots (2.9 cm; Z = 2886.5, p < 0.001). The mean diameter of small trees
was higher in 2015 than 2012 for both release plots (3.6 vs. 2.9 cm; Z = 3371, p < 0.001) and for control
plots (3.8 vs. 3.1 cm; Z = 3257.5, p < 0.001), consistent with expected small tree growth over the three-year
sampling period (Figure 2). The proportion of small trees that died between 2012 and 2015 was higher in
control plots (Figure 3), and this difference was nearly significant (p = 0.058).
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Figure 2. Mean tree diameters at breast height (DBH) for (A) large trees >4.0 cmm DBH and (B) small trees
2.5-4.0 cm DBH in central and southeastern Michigan in 2012 and 2015. Error bars represent & 1 SE.
Mean values with the same letter are not significantly different.

In southeastern Michigan, where parasitoid releases occurred in 2011, mean large tree diameter
was higher in release sites compared to control sites in both 2012 (7.6 vs. 5.6 cm; Z = 1165.5, p = 0.016)
and in 2015 (8.0 vs. 6.4 cm; Z = 431.5, p = 0.019). In addition, mean large tree diameter was higher
in 2015 than in 2012 for control sites (6.4 vs. 5.6 cm; Z = 63, p < 0.001) but not release sites. A much
greater proportion of large trees died between 2012 and 2015 in control plots (72%) vs. release plots
(3%; x> =92.9, p < 0.001) (Figure 3). Mean diameter of small trees did not differ between release and
control sites, but similar to that of large trees, mean diameter was higher in 2015 than in 2012 for both
release sites (3.8 vs. 3.1 cm; Z = 287.5, p < 0.001) and control sites (4.0 vs. 3.1 cm; Z = 2239, p < 0.001;
Figure 2). The proportion of small trees that died between 2012 and 2015 did not differ between release
and control plots (Figure 3).
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Figure 3. Tree mortality between 2012 and 2015 in release and control plots in central and southeastern
Michigan study sites. Differences between release and control plots were significant for large trees in
both central and southeastern Michigan (p < 0.001 for both), and were nearly significant (p = 0.058) in
central Michigan for small trees. Asterisks indicate significantly different comparisons between release
and control plots.

3.2. Ash Tree Health

In central Michigan, large tree crown class ratings did not differ between release and control sites
in either 2012 or 2015 (Table 2). However, the crown condition for large trees worsened significantly
from 2012 to 2015 in both release (2.6 to 3.5; U = 3017, p < 0.001) and control plots (2.3 to 3.3; U = 2625,
p < 0.001), despite the recently established parasitoids.

Table 2. Mean (+1 SE) crown condition ratings for large and small trees in release and control plots
in central and southeastern Michigan in 2012 and 2015. Crown condition ratings range from “1” for
a healthy tree to “5” for a dead tree.

Central Michigan Release Control
Large Trees 2012 2.60(0.11) 2 2.34 (0.14) 2
Large Trees 2015 349 (0.15) b 3.27(0.21)°
Small Trees 2012 148 (0.08)1  1.42(0.07)!
Small Trees 2015 230(0.12)2  2.14(0.12)2

Southeastern Michigan Release Control
Large Trees 2012 1.83 (0.08) 2 2.05(0.16) @
Large Trees 2015 346 (0.15) P  3.53(0.15)P
Small Trees 2012 1.80 (0.09) 1 1.85 (0.12) !
Small Trees 2015 320(0.14)2  2.68(0.16)3

Differing superscripts (letters for large trees and numbers for small trees) represent significant differences at ot = 0.05.
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Other symptoms of EAB infestation (EAB exit holes, epicormic sprouting, bark splitting, and/or
woodpecker feeding) were found on a higher proportion of large trees in the release plots compared to
the control plots in 2012 (86.4 vs. 72.8%; x> =712, p = 0.007) but not in 2015 (Table 3). EAB symptoms
were found on a higher percentage of large trees in 2015 compared to 2012 in both release plots
(97.5 vs. 86.4%; x2 = 10.18, p = 0.001) and control plots (94.9 vs. 72.8%; x2 =188, p < 0.001), consistent
with our expectation that EAB infestation would continue over the three-year study period. Similar to
that of large trees, the crown class rating of small trees did not differ between release and control plots
in 2012 or 2015 (Table 2).

Table 3. Mean proportions of trees exhibiting symptoms of EAB infestation (see text for explanation)
for large and small trees in release and control plots in central and southeastern Michigan in 2012 and
2015. Differing superscripts (letters for large trees and numbers for small trees) represent significant
differences at « = 0.05.

Central Michigan Release Control
Large Trees 2012 86.42 72.8°
Large Trees 2015 97.5¢ 949 ¢
Small Trees 2012 4881 3761
Small Trees 2015 74.62 89.53
Southeastern Michigan  Release Control
Large Trees 2012 85.02 70.7 b
Large Trees 2015 90.7 @ 98.12
Small Trees 2012 61.01 50.7 1
Small Trees 2015 84.32 85.52

Small tree crown class rating worsened between 2012 and 2015 for both release (1.5 to 2.3;
U =4252.5, p < 0.001) and control plots (1.4 to 2.1; U = 3292.5, p < 0.001). The proportion of small trees
exhibiting EAB symptoms did not differ between release and control plots in central Michigan in 2012,
but was higher in control plots in 2015 (89.5 vs. 74.6, x> = 6.5, p = 0.01; Table 3). The proportion of
infested trees increased between 2012 and 2015 for both release plots (48.8 to 74.6%; x2=17.0, p < 0.001)
and control plots (37.6 to 89.5%; x% =520, p < 0.001).

In southeastern Michigan, trends in ash tree health were similar to those in central Michigan.
Large tree crown class ratings did not differ between release and control plots in southeastern Michigan
in either 2012 or 2015 (Table 2). Large tree crown condition declined from 2012 to 2015 in both release
(1.8 t0 3.5, U = 2209.5, p < 0.001) and control plots (1.9 to 2.7, U = 894, p < 0.001). Symptoms of EAB
infestation were found on a higher proportion of large trees in the release plots (85%) compared to the
control plots (70.7%) in 2012 (x? = 5.28, p = 0.02), but not in 2015 (Table 3). EAB symptoms were found
on a higher proportion of large trees in 2015 compared to 2012 in control plots (x> = 16.2; p < 0.001),
but not in release plots. Small tree crown class rating was lower in release plots (3.2) compared to
control plots (2.7) in 2015 (U = 2223.5, p = 0.15) but did not differ in 2012 (Table 2). Similar to large
trees, crown class rating for small trees declined from 2012 to 2015 for both control plots (1.9 to 2.7,
U = 1635, p < 0.001) and release plots (1.8 to 3.2, U = 1671.5, p < 0.001). The proportion of small
trees with EAB symptoms did not differ between release and control plots in 2012 or 2015 (Table 3),
but the proportion of infested trees increased between 2012 and 2015 for both release plots (61 to 84.3%;
x> =12.1, p < 0.001) and control plots (50.7 to 85.5%; x> = 19.8, p < 0.001).

3.3. Ash Regeneration

We found no differences in the densities of ash seedlings and saplings of any height class between
release and control sites in either year of sampling, or among sample years. Extremely variable seedling
densities among sites and years created high standard errors that led to a lack of statistical significance
given the sample sizes available within our experimental design. Notably, however, seedling densities
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were consistently higher in release plots compared to the control plots, with two exceptions in the
twelve comparisons (seedlings <0.5 m tall in central Michigan, and seedlings >1 m tall in southeastern
Michigan; Figure 4). Seedlings were less abundant in successively taller size height classes in both
central and southeastern Michigan, but did not show consistent trends across sample years (Figure 4).
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Figure 4. Mean seedling densities for (A) seedlings <0.5 m tall; (B) seedlings 0.5 — 1.0 m tall; and (C) >1 m
tall in central and southeastern Michigan in 2012 and 2015. Error bars represent & 1 SE. Note differences
in scale of Y axis among seedling height classes.

4. Discussion

The introduction and establishment of insect biocontrol agents requires monitoring and
documenting impacts of the new natural enemy on the target pest. However, a comprehensive
understanding of the subsequent changes in the impacts of the target pest on the host plant is critical
for determining the future viability of the vegetation [24]. In the case of EAB, ash trees survive for
about five years after infestation [38], whereas the lag time for parasitoid establishment and population
increase is considerably longer. Thus it remains difficult to precisely assess the impacts of EAB
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biocontrol on ash populations. Moreover, up to 99% of the overstory ash trees were killed by high EAB
population densities in southeastern Michigan by 2009 [43]. This widespread loss of most EAB host ash
trees, as well as predation of EAB larvae by woodpeckers and some native parasitoids [23,33], resulted
in the collapse of EAB populations below a density threshold that is currently favoring the survival
and growth of small ash trees, basal sprouts, saplings, and seedlings [33,43,47]. Parasitoids introduced
as part of biological control programs should therefore be effective in supporting the survival of
sub-canopy and regenerating ash [36,37]. As such, long-term studies that assess and monitor the
survival, growth, and density of ash at all its life stages are necessary to understand the potential for
ash in North America to persist in the presence of EAB.

4.1. Ash Diameter and Health

Our work provided very mixed results in terms of the potential impacts of the EAB biocontrol on
ash diameter and health. Optimally, impacts of biological control would result in the survival of both
larger and smaller trees, and maintain the health of living ash trees (this would have been indicated in
our study by the relative conditions of tree crowns and the presence or absence of EAB symptoms).
At the central Michigan sites, large tree diameter did not differ between release and control plots and
did not appear to increase over the three-year sampling period. These data suggest that the growth of
larger trees was minimal, possibly due to EAB infestation. Small trees in central Michigan grew to
larger diameters over the three years of the study, but were larger in control plots than release plots.
Moreover, crown condition declined on large trees between 2012 and 2015 in both release and control
plots, and parasitoid releases did not appear to reduce the evidence of EAB infestation.

Results were more similar to our expectations in southeastern Michigan, where both large and
small trees exhibited significant diameter growth over the three-year period, and large tree diameter
was higher in release compared to control plots in both 2012 and 2015 (Figure 2). Stronger evidence of
biocontrol effects in southeastern Michigan was somewhat unexpected because parasitoid releases
occurred in 2011, only the year before initial sampling. These observed differences in southeastern
Michigan by 2015 may be explained by the high prevalence of T. planipennisi in the release plots
compared to the control plots, and O. agrili had not spread beyond the release plots. In central Michigan,
however, differences in ash growth between release to the control plots were not found because
both T. planipennisi and O. agrili had spread throughout the area by 2012 [26,32,34,41]. Perhaps the
best evidence for positive biocontrol effects in our study is that fewer large trees died between
2012 and 2015 in release plots compared to control plots in both central and southeastern Michigan.
Our sampling was not done on an annual basis, and thus we are unable to document the timing of
large tree death between 2012 and 2015 or to ascertain whether parasitoid establishment was directly
correlated to reduced tree mortality, but the three-year trends are promising. Although tree diameter
impacts are difficult to ascertain in a three-year study, trends in biocontrol impacts on ash diameters
appear to be mixed at best.

4.2. Ash Regeneration

Our experimental design was insufficient to detect statistical differences in ash regeneration, but
we expected that the survival and improved health of mature ash trees due to EAB biocontrol, if
present, should increase ash seed rain such that biocontrol should indirectly increase the densities of
seedlings and saplings [47]. We highlight that despite high standard errors, seedling densities were
substantially higher in release plots compared to controls for most height classes in both central and
southeastern Michigan. Given the lack of significant improvement of ash tree health or survival at our
study sites, these trends support the conclusions of other researchers that ash seedlings and saplings
are likely protected by the establishment of T. planipennisi [36,37]. In this context, EAB biocontrol agents
may have a direct positive effect on ash sapling and seedling survival. Assuming that at least some of
the ash regeneration and small trees at our study sites will grow to diameters >16 cm, when their bark
becomes too thick for T. planipennisi to reach EAB larvae feeding in the phloem [35], expanded releases
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of S. galinae are warranted because they can attack EAB larvae in ash trees up to ~57 cm DBH [48].
We also note that browsing pressure by deer in both regions is likely to have a confounding effect on
ash regeneration data in this and other studies [49]. Deer browsing appears to be especially prevalent
in central Michigan (LSB, pers. observ) compared to southeastern Michigan [42], and could have
important implications for ash persistence [49].

4.3. Future Research

The premise of EAB biocontrol is that the introduced parasitoids, once established, will work
together with other biotic and abiotic mortality factors to maintain the EAB population below
a threshold level such that at least some small ash trees and regeneration will be able to recruit
to the overstory, thus maintaining a seed source and allowing ash to persist. Several studies have
documented the persistence of blue ash (F. quadrangulata Michx.) [11,12], green ash [47], and white
ash [12] in small populations in southeastern Michigan, not necessarily in the proximity of EAB
parasitoid releases. Thus if even only partially successful, EAB biocontrol may have an important
impact on ash persistence in an area where EAB populations have peaked and declined. Studies that
document the degree of success of EAB biocontrol, therefore, are critical for predicting longer-term
EAB impacts in areas where EAB populations have not yet peaked. To our knowledge, ours is the only
empirical study to monitor ash health at all ash life stages as an attempt to directly assess the effects of
classic biological control on the ash component of forests within the current range of EAB.

Despite the presence of some strong trends that suggest a positive impact of biocontrol on ash
persistence both in the literature [36,37] and in our study, we suggest that it remains too soon to
assess the effect of biocontrol on ash health and regeneration. The temporal scale of forest monitoring
studies in general is longer than three years, given the life span of trees and their rates of growth
and mortality. Particularly with ash responses to EAB, for example, a three-year monitoring study
would be unable to capture trends in basal sprouting from killed ash trees, which has been shown to
be an important vector of post-EAB ash persistence following a significant lag time before sprouts are
observable [47]. Monitoring studies should also be long enough to capture the temporal dynamics of
established parasitoids and EAB populations in the presence of the parasitoids, which a three-year
study is unlikely to do. Moreover, we caution that our study lacks the pre-release vegetation data
necessary to make short-term conclusions about the effects of EAB biocontrol on ash health and
regeneration. Long-term studies of vegetation responses to biocontrol programs would reduce the
importance of pre-release data once trends in the data become evident. Until that time and without
pre-release data for comparison, our short-term results should be considered preliminary.

Finally, we emphasize that despite the susceptibility of all North American ash species to EAB,
studies that document and monitor the response of ash to a biocontrol should be careful to examine ash
response on a species-by-species basis. Our study examines green and white ash, which themselves
have very different life history traits and are likely to respond quite differently to EAB [47] and thus
EAB biocontrol in the long term. Other species of ash in the region, including black ash (F. nigra Marsh.)
and pumpkin ash (F. profunda (Bush) Bush), are rarer in southern Michigan and were not sampled.
Black ash is of significant concern, both for its cultural significance [50] and its dominance in other
geographical regions [51], but both its site-species relationships and its life history traits differ from
the other species to the extent that the effect of EAB biocontrol may also differ, and thus future EAB
biocontrol research and monitoring should target this important species of Fraxinus.

5. Conclusions

Our data suggest that EAB biocontrol in southern Michigan is likely to have a positive effect on
ash populations. Trends in our data that suggest the establishment of EAB parasitoids may reduce
the death of large ash trees are promising, though inconsistent. Similarly, higher densities of ash
regeneration in most release plots suggests that EAB biocontrol and its presumed protection of ash
seedlings and saplings may provide an important avenue for future ash recruitment into the canopy.
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In either case, however, the study duration is currently too short to definitively deduce the long-term
success of EAB biocontrol in this region, and additional data collection over a longer time period is
therefore critical for EAB and ash management in other regions.
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Appendix A.

Table Al. Dominant overstory vegetation at study sites in central and southeastern Michigan. Ash
relative dominance was measured at the time of sampling (i.e., after EAB-caused ash mortality

occurred).
Release-Plot Ash Relative
1 * HHH 1 1
Site Name Codes ** Treatment Dominance (%) Dominant Overstory Tree Species
Central Michigan
Central Park CPNMLT Release 3.7 American elm, boxelder
Control 8.3 American elm
Legg Park LPRFLT Release 2.3 Silver maple, American elm, hackberry
Control 1.0 Silver maple, sycamore, American elm
Burchfield BFPKLT Release 3.8 Silver maple, American elm
Control 3.8 Silver maple, American elm
Gratiot-Saginaw GSW Release 2.1 Red maple, red oak
Control 1.9 Red maple, red oak
Rose Lake RL Release 17 Red maple, basswood, American elm
Control 1.1 Red maple, black cherry, American elm
Southeastern Michigan
Lake Erie LKEMP Release 0.1 American elm, silver maple
Oakwoods Control 0.1 Red maple, American elm, shagbark hickory
Pinckney PNKSL Release 0.1 Red oak, red maple
Control 0.1 Red oak, red maple
Willow North WMPKN Release 0.1 American elm
Willow South WMPKS Release 4.0 Eastern cottonwood
Lower Huron Control 0.1 Silver maple, American elm

* See Table 1 and Appendix B for more information on locations. ** Codes used for release plots in Mapbiocontrol.org
[31]. *** See Appendix B for more information on parasitoid releases.
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Appendix B.

Table A2. Summary of adult O. agrili and T. planipennisi females released at the study release plots in
central and southeastern Michigan.

O. agrili Released T. planipennisi Released
Site Codes Year Total N No. of Total N No.
Month(s) (Females) Releases Month(s) (Females)  of Releases
Central Michigan *
CPNMLT 2007 August 700 6 September-October 870 3
2008 June-August 330 4 June 150 1
2009 June 300 1 June-October 3000 9
LPRFLT 2008 July 200 2 September—October 200 5
2009 June 300 1 May-September 3250 10
BFPKLT 2008 July-August 200 2 July 110 1
2009 June 300 1 May-September 3200 9
GSW 2009 August 375 1 August-September 700 2
2010 June-July 1110 2 June-September 3290 6
RL 2010 July 1160 2 June-September 3880 7
SE Michigan **
LKEMP 2011 June 240 1 June 1740 3
PNKSL 2011 July-Aug 300 3 July 710 2
WMPKN 2011 June-July 180 2 June-July 1830 2
WMPKS 2011 June-July 160 2 June-July 400 2

* Site codes for data reported in MapBiocontrol.org [31] and earlier publications [32-37,41]: CPNMLT (Central-Nancy
Moore Parks) and LPRFLT (Legg Park-River Front Parks), Meridian Township Parks, Ingham County, Okemos, MI;
BFPKLT (Burchfield Park), Ingham County Parks, Holt, MI; GSW (Gratiot-Saginaw State Game Area), Michigan
Department of Natural Resources, Gratiot County, Ashley, MI; RL (Rose Lake State Wildlife Area), Michigan
Department of Natural Resources, Shiawassee County, Bath, MI. ** Site codes for data in MapBiocontrol.org [31]:
LKEMP (Lake Erie Metropark), Wayne County, Brownstown, MI; PNKSL (Pinckney Recreation Area), Washtenaw
County, Pinckney, MI; WMPKN and WMPKS (Willow Metropark), Wayne County, New Boston, MI.
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