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HIGHLIGHTS GRAPHICAL ABSTRACT

e Emerald ash borer (EAB) is a serious
invasive pest of ash trees in North
America.

e Spathius galinae (SG) and Tetrastichus
planipennisi (TP) are EAB larval
parasitoids.

e SG and TP were introduced from Asia to
U.S. for EAB biocontrol 2007 and 2015,
respectively.

e SG is more frequent in larger trees
whereas TP dominates in saplings.

e These two parasitoids complement one
another in biocontrol of EAB because of
niche partitioning. .

Sgathius galinae (with large body and long ovipositor) prefer attacking late
instars of emerald ash borer larvae on large ash trees, whereas Tetrastichus
planipennisi (with small body and short ovipositor) dominate on saplings.

ARTICLE INFO ABSTRACT

Keywords: When multiple species of host-specific natural enemies from the same feeding guild are introduced to areas
Niche partition against a target pest, strong interspecific competition is likely and may compromise biocontrol unless the agents
Interspecific competition effectively partition available resources. Here, we evaluate if two parasitoids (Spathius galinae and Tetrastichus

Koinobiont endoparasitoid
Idiobiont ectoparasitoid
Tetrastichus planipennisi
Spathius galinae

Agrilus planipennis

planipennisi), introduced for biocontrol of the invasive emerald ash borer (EAB), Agrilus planipennis, into North
America have established niche-partitioning, co-existing populations following their sequential or simultaneous
field releases to 12 hard-wood forests located in Midwest and Northeast regions of the United States. We found
the two recently introduced EAB larval parasitoids, S. galinae and T. planipennisi, established niche-partitioning,
co-existing populations in all release areas. Presence, abundance, and/or host attack (parasitism) rates of the two
parasitoid species differed significantly among ash tree-size classes, with S. galinae parasitism more abundant in
larger diameter and pole-size trees, while T. planipennisi dominated in saplings. We also found the abundance of
EAB larvae declined significantly with height in both ash saplings and pole-size trees, whereas the abundance of
S. galinae and T. planipennisi broods was unaffected. However, the abundance of both larval parasitoid species
was strongly and positively correlated with EAB larval abundance in sampled sections of their preferred tree-size
classes. Our findings suggest that the two introduced specialist parasitoids, S. galinae and T. planipennisi, com-
plement one another in protecting trees of different size classes against EAB.
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1. Introduction

Ecological principles concerning interspecific competition suggest
that species sharing identical niches cannot coexist unless they diverge
in resource use, ultimately leading to niche separation (Hardin, 1960;
DeBach, 1966; Tilman, 1982; Bonsall et al., 2002). Biological control
introductions against invasive arthropod pests have generated some
classic examples of competitive exclusion or habitat displacement
among introduced natural enemies, including parasitoids (e.g., Bess
et al., 1961; Turnbull and Chant, 1961; Watt, 1965; Turnbull, 1967,
Ehler, 1985, 1990; Murdoch and Briggs, 1996; Murdoch et al., 1996)
and predators (e.g., Alyokhin and Sewell, 2004; Evans, 2004). Because
parasitoids are generally host species- and stage-specific, multiple spe-
cies of parasitoids, particularly those from the same feeding guild (i.e.,
attacking the same host species and stage) have the potential to be in
intense competition with each other that may lead to failures in suc-
cessful biological control of the targeted pest. In nature, however, an
insect pest is often attacked by multiple species of potentially competing
parasitoids or predators that can co-occur due to various mechanisms
leading to their niche partitioning (e.g., Bonsall et al., 2002; Pekas et al.,
2016). Therefore, understanding of mechanisms or factors that facilitate
the co-existence of competing parasitoid species is critical for devel-
oping and implementing biological control programs that involve mul-
tiple natural enemy introductions against an invasive agricultural or
forest insect pest (Mills, 2003; Pedersen and Mills, 2004).

Following the invasion of North American forests by the emerald ash
borer (EAB), Agrilus planipennis Fairmaire (Coleoptera: Buprestidae), a
highly destructive pest of ash (Fraxinus spp.) trees (Poland and McCul-
lough, 2006; Herms and McCullough, 2014), three species of parasitoids
were simultaneously introduced in 2007 from the region of the pest’s
origin (Northeast China) to the United States for biological control of
this invasive pest (Federal Register, 2007). These parasitoids of Chinese
origin were the egg parasitoid Oobius agrili Zhang & Huang (Hyme-
noptera: Encyrtidae) and the two larval parasitoids Tetrastichus plani-
pennisi Yang (Hymenoptera: Eulophidae) and Spathius agrili Yang
(Hymenoptera: Braconidae). Successful establishment and impact of
O. agrili and T. planipennisi on EAB have been documented in most
release areas in the northern United States (Duan et al., 2013, 2015,
2017; Abell et al., 2014; Jennings et al., 2016). However, the braconid
larval parasitoid S. agrili failed to establish self-sustaining populations in
nearly all these same release areas (Bauer et al., 2015; Duan et al., 2018).
Failure of S. agrili establishment in northern U.S. may be due to the
asynchrony with EAB phenology or climatic conditions (Jones et al.,
2020; but see Ragozzino et al., 2020). However, because both
T. planipennisi and S. agrili attack the same late instars of EAB larvae,
interspecific competition may also limit their co-existence when
released in the same habitat (Ulyshen et al., 2010; Yang et al., 2013).

More recently, Spathius galinae Belokobylskij & Strazenac, from the
Russian Far East, was approved in 2015 for releases in the U.S. for
biocontrol of EAB (Federal Register, 2015). Laboratory studies have
demonstrated the occurrence of intrinsic competition between larval
stages of S. galinae and T. planipennisi (Yang et al., 2012) but suggest that
differences in the rate of host attack (parasitism) and progeny brood
(clutch) size between the two species may potentially mediate their co-
existence in nature (Wang et al., 2015). In addition, laboratory studies
showed that the abilities of T. planipennisi and S. galinae to locate and
attack EAB larvae feeding in the phloem tissues are differentially limited
by the thickness of ash bark (Abell et al., 2012; Murphy et al., 2017),
suggesting that host attack by T. planipennisi in large thick-barked trees
is limited because of its short ovipositor (1.9-2.6 mm) whereas
S. galinae, with its considerably longer ovipositor (3.5-5.3 mm), could
attack EAB larvae not only in small trees but also in larger diameter trees
with thicker bark.

In its native range in the Russian Far East, S. galinae is the dominant
EAB larval parasitoid. While it does co-exist naturally with
T. planipennisi in some locations (Duan et al., 2012), the natural
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distribution of S. galinae doesn’t extend southward into Northeast China,
where T. planipennis is the dominant EAB larval parasitoid (Wang et al.,
2016). Currently, little is known about the ecological mechanisms or
factors that would affect the co-existence and distributions of these two
EAB natural enemies in the pest’s native range.

When both T. planipennisi and S. galinae were released in several ash-
containing forests in the Northeast U.S. from 2015 to 2017, both para-
sitoids established self-sustaining populations, but the rate of parasitism
by S. galinae in relatively large (pole-size) ash trees is several times
higher than is parasitism by T. planipennisi (Duan et al., 2019). Similar
patterns of establishment and parasitism by S. galinae in relatively large
ash trees were also observed in forests in central Michigan, where
T. planipennisi was released between 2007 and 2010, establishing dense
populations before S. galinae was released between 2015 and 2017
(Duan et al., 2015, 2017, 2020). These earlier field studies suggest that
both parasitoids may co-exist across the northern U.S. either when
released simultaneously or sequentially for biocontrol of EAB. Based on
findings from these previous studies, we hypothesize that S. galinae and
T. planipennisi may partition their host resources based on the size of
EAB’s host ash trees. This occurs because tree size is positively related to
bark thickness, which in turn mediates the degree of exposure of EAB
larvae to parasitoid attack due to differences in ovipositor lengths of the
two parasitoids. In the present study, we tested this hypothesis by
measuring the presence or absence of immature parasitoid brood(s),
parasitoid brood density, and rates of EAB larval parasitism by these two
introduced parasitoids on trees of different size classes in 12 ash-
containing forests located in the Midwest and Northeast U.S., where
both parasitoids were released either sequentially or simultaneously >2
years earlier. We also evaluated the host distribution and attack rates by
both introduced parasitoids in relation to sections of sampled trees or
saplings at different heights above ground with the aim at detecting any
evidence of niche partitioning and co-existence of the two parasitoids
within the host-infested trees.

2. Materials and methods
2.1. Study sites

The study was conducted in two northern regions of the U.S.: 1)
Michigan, where EAB was first detected in 2002, and 2) the Northeast
states (Connecticut, Massachusetts, and New York), where EAB was first
detected between 2010 and 2012. In Michigan, the study sites consisted
of six, secondary mixed-hardwood bottomland forests containing both
green ash (Fraxinus pennsylvanica Marshall) and white ash (F. americana
L.), where T. planipennisi was released from 2008 to 2010 (Duan et al.,
2013), followed by S. galinae from 2015 and to 2017 (Duan et al., 2020).
In the Northeast region, the study sites consisted of six, secondary
mixed-hardwood forests containing green and white ash trees located in
three states: Connecticut (three sites), New York (two sites), and Mas-
sachusetts (one site), where the two parasitoids were released simulta-
neously from 2015 to 2017 (Duan et al., 2019). Regional and study site
maps are provided in the Supplementary Data (SF1). Published studies
by Duan et al. (2013, 2015, 2019, 2020) provide site details including
GPS coordinates, background on EAB-invasion history, number and time
of parasitoid releases, and general site characteristics such as ash
(Fraxinus spp.) tree species composition and abundance at each site in
both regions. As noted in previous studies (Duan et al., 2015, 2019),
there were notable differences in non-ash tree species composition,
abundance, both ash and non-ash tree basal area, and average tree DBH
(diameter at breast height) among the different study sites both within
and between regions. For this study, we collected data on the post-
release abundance and host attacks of these two introduced EAB larval
parasitoids from these study sites in 2019, approximately 2-5 years after
S. galinae was released in these sites.
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2.2. Sampling procedures

In both study regions, we sampled overwintering EAB larvae and
associated immature parasitoid broods of S. galinae and/or
T. planipennisi in host galleries under the tree bark either in early spring
of 2019 (Michigan) or late fall of 2019 (Northeast states), by felling and
debarking EAB-infested ash trees of different sizes, as measured by
diameter at breast height (DBH). The number of sampled ash trees or
saplings of different size classes varied with the study region and across
different sites, depending on the abundance of host trees of different
sizes at a given study region or site, due to mainly differences in the EAB-
invasion history between the two study regions. In Michigan, where
virtually all large ash trees had been killed off by EAB, we sampled 8
living pole-size trees (DBH = 8-19 cm) and 20 saplings (DBH = 2.8-5.8
cm) with signs and symptoms of EAB infestation (e.g., fresh woodpecker
feeding signs, D-shaped EAB exit holes, bark splits, epicormic shoots). In
the Northeast states, we sampled 4-5 ash trees of each of three groups:
large trees (DBH 22.0-37.0 cm), pole size trees (DBH 8.0-20.0 cm), and
saplings (DBH 3.7-6.0 cm) at each site. Ash trees and saplings sampled
in the Northeast also showed signs and symptoms of EAB infestation.

For sampling, each sample tree or sapling was felled using a chain
saw and debarked using a draw knife. While we debarked the entirety of
all sampled pole-size trees and saplings (including main trunks and
branches >2.5 cm in diameter), there was an exception made for large
trees in the Northeast states. We debarked only the first 2 m above
ground of the sampled large trees in the Northeast sites because of the
logistical difficulty of felling them. Therefore, for the Northeast states,
we considered only the first two meters (above the ground) for all three
tree size classes, so that data could be compared among them. In both
regions, all data were collected and recorded by meter-long sections of
the sampled tree or sapling trunks.

During debarking, immature parasitoid broods (larvae or pupae) in
host trees, as well as healthy EAB larvae, prepupae, and pupae were
recorded and then collected into a culture plate for laboratory rearing to
confirm parasitoid identity and detect further parasitism of young larval
stages not visible in the field. Fresh (same year or generation) D-shaped
EAB exit holes were also recorded on each sampled tree or sapling,
which represented successful development and emergence of EAB
adults. These fresh D-shaped exit holes were distinguished from the old
ones (if present) based on the absence of tree callus tissues surrounding
the exit holes and/or associated galleries. In addition, we observed and
recorded the EAB larval mortality due to other factors such as wood-
pecker predation (i.e., identified by the avian feeding cavity made to the
larval galleries), putative host tree resistance (EAB cadaver encapsulated
by host tree callus), and pathogens (cadaver dried, liquefied, or sporu-
lated) but excluded those data from analyses in this study. During the
study, we also observed low levels (<3%) of EAB larval parasitism by
native or vagrant parasitoids, including primarily Atanycolus spp.,
Phasgnophora sulcata Westwood, and Balcha indica Mani and Kaul in
both regions. Because of their low prevalence, we did not analyse their
potential interactions with S. galinae or T. planipennisi but included those
parasitized EAB larvae in the total sample size (i.e., the denominator
used to calculate EAB larval parasitism rates by S. galinae or
T. planipennisi).

2.3. Data analyses

For analyses, we assigned trees to different DBH classes (sapling- or
pole-size trees in Michigan; sapling-, pole- or large-size trees in northeast
states). To estimate the phloem area (Y in m?) of a sampled pole size tree
or sapling (in Michigan) based om DBH (X in cm), we used the mean of
two estimates for the surface area (mz) from two different models
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developed McCullough and Siegert (2007). We averaged estimates from
the two models because the linear model (Y = 0.38*X — 1.76) tends to
underestimate the surface area of smaller trees, whereas the first-order
polynomial model (Y = 0.024*X% — 0.307*X + 2.63) tends to over-
estimate the surface area of smaller trees (McCullough and Siegert
2007). For the sampled section of the main trunk of a tree or sapling
from the base to 2 m above the ground in the Northeast, we estimated
the total sampled phloem surface area (S in m?) using the trapezoid
formula S = 4 n*(D1 + D2)*H, where D1 is the diameter (converted to
m) of the trunk at the ground level, D2 is the diameter (converted to m)
of the trunk at the 2 m above the ground, and H is the height of the main
trunk section sampled (=2 m).

We used nominal logistic regression model to test the null hypotheses
that the probability of each tree containing one or more broods of either
parasitoid species or both has no significant relationship with the tree
size (DBH) categories (Sall et al., 2017). The density of S. galinae or
T. planipennisi broods in a sampled tree in Michigan or a sampled 2 m
section of the tree trunk in northeast states was calculated as the number
of parasitoid broods per m? of sampled phloem area and first analysed
using a linear regression model for ANOVA, which included parasitoid
species, tree size and study site as main factors as well as their in-
teractions. These preliminary analyses detected highly significant in-
teractions between parasitoid species and tree size (all P-values
<0.0001) for both datasets from Michigan and Northeast states.
Therefore, separate ANOVA tests were then conducted for each para-
sitoid species to test the null hypothesis that both tree size and study site
have no significant effects on the density of S. galinae or T. planipennisi
broods. The rate of EAB larval parasitism by S. galinae or T. planipennisi
in a sampled tree or section of a sampled tree was calculated as the
proportion of the EAB larvae parasitized by either parasitoid relative to
total number of EAB larvae that had advanced to or beyond the
parasitoid-susceptible stage (from third instar to adults), and then ana-
lysed using a logistic regression via a generalized linear model (GLM)
fitted to a binomial distribution. The GLM procedure also tested over-
dispersion of the data and chose appropriate (e.g., beta-binomial) dis-
tributions if the Pearson Chi-square tests for overdispersion were highly
significant (P < 0.001) (SAS Institute, 2020). As with previous analyses
on parasitoid brood density, highly significant interactions between
parasitoid species and tree size were detected (all P-values <0.001)
when parasitoid species, tree size and study site as main factors as well
as their interactions were included in the full general linear models.
Separate GLM analyses of parasitism rates were thus conducted for each
parasitoid species for both datasets from Michigan and Northeast states.
The separate GLM tests the null hypothesis that rate of EAB larval
parasitism by S. galinae or T. planipennisi is not significantly related to
the sample section (or height) of the tree.

Using the data collected from each meter section of debarked pole
size trees or saplings in the six Michigan study sites, we conducted
simple linear regression analyses of the abundance of host larvae and
associated S. galinae and/or T. planipennisi broods (as measured by the
total numbers observed in each meter section of tree or sapling) versus
height of the sample above the ground level. The same logistic regres-
sion procedures (via generalized linear model) were used to test the null
hypothesis that there is no significant relationship between parasitism
(host attack) rates at each meter section of sampled pole size tree or
saplings and the height of the sample above the ground level. Using the
same simple linear regression model, we also tested the null hypothesis
that the abundance of S. galinae or T. planipennisi broods observed in the
meter sections of sampled pole size trees or saplings is not significantly
related to the EAB abundance in those same sample sections. All sta-
tistical analyses were carried out with JMP Pro 15.10 (SAS Institute,
2020) and JMP scripts and outputs provided in the Supplementary Data.
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3. Results
3.1. Probability of parasitoid presence in trees of different size classes

Among all pole size trees (n = 48) pooled across all sites in Michigan
(Fig. 1A), similar proportions of trees contained either S. galinae
(23.0%), T. planipennisi (19.0%) or both parasitoid species (21.0%). In
contrast, among all sampled saplings (n = 120) in Michigan, a higher
proportion contained only T. planipennisi (33.3%) than contained
S. galinae alone (3.3%) or both species (4.2%). Nominal logistic
regression analysis indicated a highly significant effect of tree size class
(pole size vs. saplings) on the probability of either parasitoid species or
both being present in a pole size tree or sapling (log likelihood ratio y? =
21.67, df = 2, P < 0.0001).

Similar patterns of parasitoid occurrence were observed in the
northeast states, based on the 2-meter basal sections of the main trunks
of sample trees or saplings (Fig. 1B). In very large trees, 60% of the 2-m
basal sections contained only S. galinae, and this proportion dropped to
45.0% in pole size trees. This proportion of pole size trees (basal 2-m
sections) with S. galinae only, however, was still 3 times greater than
the proportion containing both S. galinae and T. planipennisi (12.0%),
and no sampled 2-m basal section of pole size trees contained only
T. planipennisi. In contrast, 50% of the 2-m basal sections from saplings
contained only T. planipennisi, compared to 16.7% of the sections with
both S. galinae and T. planipennisi. In saplings, no 2-m basal sections
contained only S. galinae. Nominal logistic regression analysis again
indicated a highly significant effect of the tree size class on the pro-
portion of either parasitoid species or both being present on a 2-m sec-
tion of a large tree, pole size tree, or sapling (log likelihood ratio 3% =
28.25, df = 6, P < 0.001).

3.2. Parasitoid densities in trees of different size classes

In Michigan, mean . galinae density (no. broods per m? of phloem
area) was approximately 5 times higher in pole size trees (2.49) than in
saplings (0.48). Conversely, mean T. planipennisi densities were nearly 8
times higher in saplings (3.33) than in pole size trees (0.46) (Fig. 2A).

A. Entire Tree Sanples (Michigan)

[ No parasitoids

&= Spathius galinae only

B Both S. galinae and T. planipennisi
W Tetrastichus planipennisi only

N=120

N =48

08 4

06

0.4 4

0.2 4

Proportion of Parasitoid Presence

0.0 T
Pole Size Trees

Mean DBH = 11.1 cm

Saplings
Mean DBH =4.4cm

Tree Size
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Tree size class (pole size trees vs. saplings) had a highly significant effect
on parasitoid density of both S. galinae (F = 14.83; df = 1, 67, P =
0.0003) and T. planipennisi (F = 16.85, df = 1, 67; P < 0.0001). There
were no significant differences among the different Michigan study sites
in EAB larval parasitism rates for either S. galinae (F = 1.89; df =5, 67; P
= 0.1081) or T. planipennisi (F = 1.03; df = 5, P = 0.4801).

In the Northeast, the pattern of parasitoid densities among tree-size
classes was similar to those found in Michigan, with mean S. galinae
density in pole size trees 4-5 times higher (11.4) than in large-size trees
(3.4) or saplings (2.1) (Fig. 2B). While no broods of T. planipennisi were
observed in the 2-m basal sections of large trees, T. planipennisi density
in saplings (4.7) was approximately 10 times higher than in the pole-size
trees (0.3). Overall, tree-size class had a highly significant effect on
densities of both S. galinae (F = 3.87, df = 2, 23, P = 0.0411) and
T. planipennisi (F = 23.93, df = 2, 23, P < 0.0001). As observed in
Michigan, there were no significant differences detected among study
sites in parasitoid densities for either S. galinae (F =1.13,df =4, 23; P =
0.370) or T. planipennisi (F = 0.10, df = 4, 23; P = 0.9845).

3.3. Rates of host parasitism

In Michigan (Fig. 3A), the mean EAB larval parasitism rate by
S. galinae in pole-size trees was 29.1%, which was significantly higher
than in saplings (9.9%). In contrast, the mean EAB larval parasitism rate
by T. planipennisi was significantly higher in saplings (58.4%) than in
pole-size trees (10.5%). Tree-size class (pole-size trees vs. saplings) had a
highly significant effect on EAB larval parasitism rates by both S. galinae
(log likelihood ratio Xz =17.91,df = 1, P < 0.001) and T. planipennisi
(log likelihood ratio Xz =87.13,df =1, P < 0.0001), whereas study site
also had a significant effect for S. galinae (log likelihood ratio y? = 16.46,
df =1, P = 0.0056) but not for T. planipennisi (log likelihood ratio ¥ =
5.40, df =1, P = 0.3686).

In the Northeast (Fig. 3B), tree-size class also had a significant effect
on EAB larval parasitism rate by S. galinae (log likelihood ratio y? = 5.80,
df = 2, P = 0.0550) and T. planipennisi (log likelihood ratio x? = 55.62,
df = 2, P < 0.0001), whereas there were significant differences among
study sites for parasitism rates by S. galinae (log-likelihood ratio y? =

B. 2-m Section of Main Trunks (Northeast Sites)
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Fig. 1. Proportion of trees that contained at least one parasitoid brood (presence) of either Spathius galinae alone, Tetrastichus planipennisi alone, both species
together, or neither species (absence) in sampled entire trees in Michigan (A) or sections of main trunks from the basal 2-m sections in the Northeast (B). Numbers at

the top of bars are the sample size (number of sampled trees or saplings).
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14.31, df = 4, P = 0.0064) but not by T. planipennisi (log-likelihood ratio
x2 = 3.74, df = 4, P = 0.4418). EAB larval parasitism in the 2-m basal
sections followed a similar pattern among different tree-size classes as in
Michigan for both parasitoid species. Mean EAB larval parasitism rates
by S. galinae across the study sites were significantly higher in the 2-m
basal sections of pole-size trees (31.4%) than in either large-size trees
(15.1%) or saplings (11.1%). While no EAB larval parasitism by
T. planipennisi was observed in 2-m basal sections of large trees, EAB
larval parasitism in saplings (44.6%) was 34 times higher than in pole
size trees (1.31%).

3.4. Distribution of host larvae, parasitoids, and parasitism rates in
different sections of sampled trees

In Michigan, the number of EAB larvae per 1-m section of pole-size
tree or sapling decreased significantly with increasing height above
the ground (Fig. 4A: slope = —0.51; t = —4.69, P < 0.0001) while the
number of S. galinae broods per 1-m section decreased only slightly with

height in sampled trees (Fig. 4B: slope = —0.13, t = —1.67; P = 0.0972).
Similarly, the number of T. planipennisi broods showed little change in
relation to height of sample section (Fig. 4C: slope = —0.02, t = —-1.19, P
= 0.2373). In saplings, as in pole-sized trees, EAB larval abundance also
decreased significantly with increased height above ground (Fig. 4D:
slope = —0.6620225, t = —2.48, P = 0.0149); however, there were no
significant reductions in the number of S. galinae (Fig. 4E: slope =
—0.0994382, t = —1.25, P = 0.2513) or T. planipennisi (Fig. 4F: slope =
—0.23, t = —1.38, P = 0.1699) parasitoid broods at greater heights
above ground. Nor were there any significantly relationships detected
for host attack (parasitism) rates at each 1-meter section with the height
of samples in either pole size trees (Fig. 5AB) or saplings (Fig. 5CD) by
both S. galinae (Fig. 5A: log likelihood ratio ¥* = 1.54, df = 1, P =
0.2124; Fig. 5C: log likelihood ratio > = 0.63, df = 1; P = 0.4281) and
T. planipennisi (Fig. 5B: log likelihood ratio y? = 0.30, df = 1; P = 0.5834;
Fig. 5D: log likelihood ratio y* = 0.73, df = 1; P = 0.3943).

Further linear regression analyses showed that the abundance of
S. galinae broods (=number of hosts attacked) in pole size trees had a
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A. EAB larvae in Pole Size Trees
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Fig. 4. Relationship between abundance (count) of EAB larvae and broods of S. galinae (SG) or T. planipennisi (TET) and height above the ground observed in each 1-
m section from pole-size trees (A, B, C) and saplings (D, E, F) sampled in Michigan.

highly significant, positive relationship with EAB larval abundance in
the sampled tree section (Fig. 6A: slope = 0.54418, t = 16.79, P <
0.0001), indicating that the abundance of S. galinae broods is related to
host larval abundance in a given 1-m section sample of pole size trees.
However, for T. planipennisi in pole-sized trees, there was no significant,
positive relationship between parasitoid abundance (=number of hosts
attacked) and EAB larval abundance (Fig. 6B: slope = 0.00081, t = 0.08,
P = 0.9353). In saplings, conversely, there was no strong relationship
between S. galinae abundance and EAB larval abundance (Fig. 6C: slope
=0.0298; t = 0.98, P = 0.3304); however, for T. planipennisi in saplings,
there was a highly significant, positive relationship of parasitoid abun-
dance and EAB larval abundance (Fig. 6D, slope = 0.3939;t =7.98, P <
0.0001), indicating strong dependence of T. planipennisi abundance on
EAB larval abundance in a given 1-m section sample of saplings.

4. Discussion

Our study provides strong field evidence for niche partitioning and
coexistence of two specialist parasitoids, in the same feeding guild,
S. galinae and T. planipennisi, recently introduced for biological control
of the invasive tree pest A. planipennis in 12 hardwood forests in the
Midwest and the Northeast U.S., where they were either sequentially or
simultaneously released 2-5 years earlier. Results show that the two
recently introduced EAB larval parasitoids, S. galinae and T. planipennisi,
have established coexisting populations at all release sites. Their ability
to partition the niche is demonstrated by the strong differentiation in
their probability of presence, abundance, and/or host attack rates in ash
trees of different size classes, with S. galinae parasitism being more
frequent in larger diameter and pole size trees and T. planipennisi being
dominant in saplings. Although host larval abundance (per 1 m section
sample) appears to decrease with the height of a sampled tree or sapling,
possibly because of the reduction in the tree phloem area (Timms et al.,
2006), host attack rates and abundance of the parasitoid broods for both
S. galinae and T. planipennisi are not significantly affected by the height
of sampled trees or saplings. Instead, the abundance of the parasitoid

broods in a given 1 m section sample in a tree or saplings is strongly
correlated to the EAB larval abundance in that sample section of their
preferred tree-size classes (pole size trees for S. galinae and saplings for
T. planipennisi). These findings strongly suggest that S. galinae and
T. planipennisi specialize on seeking EAB-larval hosts within different
tree-size classes, and thus complement each other in providing additive
rather than antagonistic control of EAB populations in North America.
It is well documented that host habitat heterogeneity influences the
competition and coexistence of competing insect predators and para-
sitoids (e.g., Palmer, 2003; Vanbergen et al., 2006; Paranhos et al., 2013;
Harvey et al., 2013). Abell et al. (2012) showed that EAB larval para-
sitism rates by T. planipennisi in both Northeast Asia and Michigan
decreased significantly with the increases in DBH of EAB-infested ash
trees, reaching nearly zero in trees of 15 cm or greater in DBH. Simpli-
fied laboratory studies also showed that parasitism rates by
T. planipennisi were affected by the size of host-infested logs used in the
experiments (Abell et al., 2012; Wang et al., 2015), with significantly
higher rates of host attacks in small (3-5 cm in diameter) ash logs than in
larger (8-10 cm) ones. However, no significant differences in host attack
rates by S. galinae were observed in this laboratory study between small
(3-5 cm in diameter) and large (8-10 cm in diameter) ash logs infested
with late instars of EAB larvae (Wang et al., 2015). Divergent patterns of
host attack between S. galinae and T. planipennisi have been attributed to
differences in ovipositor length (Abell et al., 2012; Wang et al., 2015;).
The length of the ovipositor in T. planipennisi ranges from 1.9 to 2.6 mm
(Duan and Oppel, 2012), and thus this short length prevents female
wasps from reaching EAB larvae infesting ash trees > 15 cm DBH (Abell
etal., 2012). In contrast, the length of the ovipositor in S. galinae females
ranges from 3.5 to 5.3 mm (Belokobylskij et al., 2012; Watt and Duan,
2014), and this length allows the females of S. galinae to attack host
larvae in much larger infested trees, even those >36 cm DBH (Murphy
et al., 2017). Although our field data confirm the inverse relationship of
host attack rates with the size category of host-infested trees by
T. planipennisi, our results showed that the host attack rates by S. galinae
had a positive relationship with tree size, with higher parasitism rates in
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A. Spathius galinae (SG) in Pole Size Trees

Logistic model effect test:
log-likelihood ratio x2 =1.54, df = 1; P = 0.2142
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B. Tetrastichus planipennisi (TET) in Pole Size Trees
Logistic model effect test:
log-likelihood ratio x2 =0.30, df = 1; P = 0.5834
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D. Tetrastichus planipennisi (TET) in Saplings

Logistic model effect test:
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Fig. 5. Relationship between parasitism (host attack) rates by S. galinae or T. planipennisi at each 1-m section and the height of entire pole-size trees (A, B) and

saplings (C, D) sampled in Michigan.

large or pole-size trees than in saplings. This is a bit surprising because
the length of ovipositor in S. galinae should have allowed adult wasps to
reach EAB larvae infesting saplings (with thinner bark) as well as those
infesting large or pole size trees. However, this also reinforces the hy-
pothesis that both parasitoid species have distinct niche partitioning
among different sizes of ash trees. The reduced host attack rates by
S. galinae in saplings may have resulted from the contemporary
competition with T. planipennisi following their field releases at the same
sites or simply represents the product of evolutionary processes that had
ready shaped the host utilization pattern of S. galinae (i.e., preferring to
forage on large, host-infested trees) in its native range (Northeast Asia)
before the species’ introduction to North America for EAB biocontrol.
Data collected within each meter section of an entire pole size tree or
a sapling showed significant reductions in EAB larval abundance with
increased height in the tree of the samples, but no significantly strong
relationships between the abundance of parasitoid broods or EAB larval
parasitism with the height of the samples for either S. galinae or
T. planipennisi. Even though bark thickness decreases in meter sections
higher above the ground (Abell et al., 2012; Murphy et al., 2017), which
should facilitate parasitoid attack, our data showed that height above
the ground did not significantly affect parasitoid brood abundance or
number of host attacks by either S. galinae or T. planipennisi. These

observations suggest that host niche differentiation between S. galinae
and T. planipennisi may not occur within sections of a given EAB-infested
tree or sapling, rather among trees of different size classes. Mechanisms
leading to selection of host-infested trees of different size (DBH) classes
by these two larval parasitoids for niche differentiations remain un-
known and require further investigation.

Previous laboratory studies demonstrated low levels (<3.6%) of
multi-parasitism of EAB larvae by S. galinae and T. planipennisi when 16
gravid females of each parasitoid species were confined together with
low densities of four EAB larvae infesting a small ash log in a small (30 x
30 x 30 cm) rearing containers (Wang et al., 2015). Although exploit-
ative competition between S. galinae and T. planipennisi progeny from
multiple parasitism of the same host larva leads to the failure of the
successful development of both species, such competitive interactions in
nature seem to be rare because adults of both parasitoids can discrimi-
nate healthy larvae from previously parasitized ones, greatly reducing
the chance of intrinsic competition (Yang et al., 2012; Wang et al.,
2015). Moreover, both S. galinae and T. planipennisi were collected from
EAB-infested green ash trees (Mean DBH = 7.4-10.5) in the Vladivostok
area of the Russian Far East (Duan et al. 2012), indicating that these two
EAB larval parasitoids overlap in their native range (Northeast Asia).
Niche differentiation of S. galinae and T. planipennisi, as evidenced by
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A. Pole Size Tree Samples: SG vs EAB
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B. Pole Size Tree Samples: TET vs EAB
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Fig. 6. Relationship between S. galinae or T. planipennisi brood abundance (number of broods) and EAB larvae (number) observed at each 1-m section of pole-size
trees (A, B) and saplings (C, D) sampled in Michigan. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

their presence, abundance, and host attack rates among different tree
size classes in the forests where both species co-occur, further indicates
that the competitive interactions between them, if any, are reduced by
the size heterogeneity of EAB-infested trees.

Niche partitioning patterns in natural communities can result from
local competition (e.g., competitive displacement) within a contempo-
rary time frame, or they may represent the end products of evolutionary
(or historical) processes acting over longer time frames (Reitz and
Tumble, 2002; Palmer, 2003; Finke and Snyder, 2008; Augustyn et al.,
2016). Despite the potential for competition among specialist parasit-
oids sharing the same feeding guild in simplified laboratory experiments
(e.g., Yang et al., 2012, 2013; Wang et al., 2015), opportunity or time-
frame for T. planipennisi and S. galinae to interact in the field in both
Midwest and Northeast U.S. has been rather short, approximately 2-5
years post field releases that were made either sequentially (in Michi-
gan) or simultaneously (northeast states). Earlier field studies conducted
in the same sites in Michigan prior to releases of S. galinae documented
much higher levels of EAB parasitism rates by T. planipennisi on saplings
than on pole-size trees (Duan et al., 2015, 2017), suggesting that
T. planipennisi’s preference for attacking hosts on saplings occurred
before the later releases of S. galinae in those sites. In addition, the two
parasitoid species have drastic differences in the length of their ovi-
positors, clutch size, mode of host parasitism (eternal vs. internal) and
other behavioural or biological attributes that facilitate their

differentiations in host attack and utilization (Duan and Oppel, 2012;
Abell et al., 2012; Duan et al., 2011, 2014; Murphy et al., 2017). Thus,
we postulate that the success in niche partitioning within such a short
time period following their sequential releases in Michigan or simulta-
neous releases in northeast U.S. (Connecticut, Massachusetts, New York)
likely represents the end product of their historical interactions in their
native range. Assuming that candidate parasitoids have already evolved
sufficient differences in morphology, biology and behaviour from their
long historical interactions that promote host niche partitioning and co-
existence in newly introduced regions, as suggested by theoretical
models (Pedersen and Mills, 2004), our field study demonstrates that
multiple species of specialist parasitoids of the same feeding guild may
potentially be introduced, could co-exist, and complement each other
for classical biological control of an invasive pest.
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