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Abstract

The hemlock woolly adelgid (Adelges tsugae (Annand)) is a serious invasive pest of hemlock trees in eastern
North America. Multiple biological control agents have been the focus of research aimed at pest management
and conserving hemlock communities.Three promising A. tsugae specialist predators are the beetle Laricobius
nigrinus (Fender) (Coleoptera: Derodontidae) and flies in the genus Leucotaraxis (Diptera: Chamaemyiidae),
Leucotaraxis argenticollis (Zetterstedt), and Leucotaraxis piniperda (Malloch). However, these flies are vulner-
able to parasitism by wasps in the genera Pachyneuron (Walker) (Hymenoptera: Pteromalidae) and Melanips
(Walker) (Hymenoptera: Figitidae). This study explores parasitoid wasp interactions with these Leucotaraxis
species in their native western North American range and potential impacts on the biological control pro-
gram in the East. Leucotaraxis, La. nigrinus, and parasitoid emergences were observed from adelgid-infested
foliage collected from Washington State and British Columbia in 2018, 2019, and 2020. Undescribed species
of Pachyneuron and Melanips emerged from puparia as solitary parasitoids. Parasitoid emergence was pos-
itively correlated with Leucotaraxis emergence. Percent parasitism increased between February and July,
with the months of June and July experiencing higher parasitoid emergence than Leucotaraxis. Differences
in emergence patterns suggest that Pachyneuron may be more closely associated with Le. argenticollis as
a host, and that Melanips may be associated with Le. piniperda. High parasitism in Leucotaraxis had no ef-
fect on La. nigrinus larval abundance, whereas the combined emergence of parasitoids and Leucotaraxis
was positively correlated with La. nigrinus. This suggests that there is limited competition among these
predators.
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Hemlock woolly adelgid (Adelges tsugae (Annand), Hemiptera:
Adelgidae) is an invasive forest pest of eastern hemlock (Tsuga
canadensis ((L.) Carriere), Pinales: Pinaceae) and Carolina hemlock
(Tsuga caroliniana (Engelma)). Adelges tsugae was first discovered
in the eastern United States in Richmond, Virginia in 1951 (Stoetzel
2002), and was likely introduced as early as the 1900s from southern
Japan (Havill et al. 2006). Since then, it has spread to 21 states in

the eastern United States and two Canadian provinces (USDA Forest
Service HWA Distribution map, Morgantown Field Office). Eastern
hemlock is an ecologically important shade-tolerant foundation
species, creating unique habitats throughout its range (Ellison et al.
2005). Unfortunately, it is highly susceptible to heavy infestation
by A. tsugae, due to a lack of natural enemies and/or host tree re-
sistance (McClure 1987, Havill et al. 2011). As a result, there has
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been significant decline and mortality of hemlock in eastern North
America (Orwig and Foster 1998, Eschtruth et al. 2006). Although
systemic pesticide treatments are highly effective at managing A.
tsugae on individual trees, landscape level implementation of chem-
ical control is logistically and economically unsustainable (Cowles
et al. 2006, Vose et al. 2013). An integrated management strategy
utilizing chemical and biological methods shows promise for long-
term landscape level control (Mayfield et al. 2020).

Adelges tsugae is not considered as a forest pest in the native
Asian range (McClure et al. 1996) nor in western North America,
where a native lineage feeds on western hemlock (Tsuga heterophylla
((Raf.) Sargent)) and mountain hemlock (Tsuga mertensiana ((Bong.)
Carriere); Havill et al. 2016). In North America, A. tsugae has two
parthenogenetic generations per year, an overwintering generation
and a spring generation (McClure 1989). The spring generation
consists of wingless progrediens and winged sexuparae that fly to
spruce trees, where a sexually reproducing generation and gall for-
mation occurs in the Asian range (Havill et al. 2016). The sexual
generation fails to reproduce in North America because they lack a
compatible spruce host species (McClure 1989, Havill et al. 2016).
Parthenogenesis enables A. fsugae to become established through
colonization by a single individual, leading to rapid dispersal and
population growth (Tobin et al. 2013).

In its native Asian and western North American ranges, A. tsugae
is predated by a suite of specialist and generalist predators (Yu et al.
2000, Kohler et al. 2008a, Shiyake et al. 2008). Research has been on-
going since the early 1990s to determine suitable candidates for use
as biological control agents (Onken and Reardon 2011). Of these,
the beetle Laricobius nigrinus (Fender) (Coleoptera: Derodontidae)
has displayed successful establishment and dispersal in parts of the
eastern United States (Mausel et al. 2010, Davis et al. 2012, Foley
et al. 2019). Predation by La. nigrinus has been observed to signif-
icantly reduce the overwintering adelgid generation (Mausel et al.
2017, Jubb et al. 2020), but is negated by a population rebound with
the spring generation (Crandall et al. 2020). These findings support
the need for additional predators, especially specialists on the spring
generation of A. tsugae.

Two predatory flies in the genus Leucotaraxis (Diptera:
Chamaemyiidae), Leucotaraxis argenticollis (Zetterstedt), and
Leucotaraxis piniperda (Malloch) (misidentified as Leucopis
atrifacies (Aldrich) in Kohler et al. 2008a and 2008b; these both are
members of a newly named genus, see Gaimari and Havill 2021),
show promise as biological control agents. In the North American
Pacific Northwest, these flies and La. nigrinus are the three most
abundant predators and the only known specialists on A. tsugae
(Kohler et al. 2008a, Kohler et al. 2016, Rose et al. 2019, Dietschler
et al. 2021). Leucotaraxis argenticollis and Le. piniperda are also
found in eastern North America; however, eastern lineages of both
species are genetically distinct from their western relatives (Havill et
al. 2018). The eastern biotypes of Le. piniperda and Le. argenticollis
feed on adelgids in the genus Pineus (Shimer) (Hemiptera: Adelgidae)
(Tanasijtshuk 2002, McAlpine and Tanasijtshuk 1972) and are very
rarely found predating on A. tsugae (Havill et al. 2018; Gaimari and
Havill 2021). The western biotypes of these Leucotaraxis species are
promising as biocontrol agents due to their phenological synchrony
and host specificity for A. tsugae (Grubin et al. 2011). Population
peaks of these western Leucotaraxis larvae have been found to coin-
cide with egg-laying by both generations of A. tsugae (Grubin et al.
2011, Rose et al. 2019).

One factor that may negatively influence the efficacy of
these Leucotaraxis as biocontrol agents is parasitism. Flies in
Chamaemyiidae are susceptible to several parasitoid species,

especially wasps in the genera Melanips (Walker) (Hymenoptera:
Figitidae) and Pachyneuron (Walker) (Hymenoptera: Pteromalidae)
(Ross et al. 2011). Both of these wasp genera have been reared from
Le. argenticollis and Le. piniperda puparia with overall parasitism
rates over 20% (Kohler et al. 2008b). Because of this, Leucotaraxis
must be reared to adulthood before release to prevent their
parasitoids from being introduced to novel environments. Globally,
Noyes (2019) records the seven species of Pachyneuron associated
with six genera of Chamaemyiidae (Chamaemyia, Cremifania,
Leucopina, Leucopis, Leucopomyia, Lipoleucopis, and Neoleucopis;
seven with the recent description of Leucotaraxis). Only two of the
seven Pachyneuron species are known from the Nearctic region,
whereas the remainder are Palearctic. The reported host records
are often based on species catalogs, and many should be verified. In
terms of parasitization of Leucotaraxis, Pachyneuron sp. is known
from Le. atrifacies (Aldrich) (as Leucopis) (Herting 1978). Even
less is known regarding host preference of Melanips. Specimens
of undescribed Melanips with the remains of a Leucopis host are
housed at The Natural History Museum, London, from both Kenya
and India (M. L. Buffington, unpublished data). Little else is known
about these parasitoids and their potential impact on Leucotaraxis
as biological control agents.

This study investigated the parasitoid communities associated
with heavy infestations of A. tsugae in the Pacific Northwest and
the emergence rates of adult Leucotaraxis compared to Pachyneuron
and Melanips parasitoids. From these emergence data, our objectives
were to 1) examine the association between Leucotaraxis flies and
the Melanips and Pachyneuron parasitoids emerging from the same
foliage, 2) determine how parasitoid emergence numbers vary over
time while rearing Le. argenticollis and Le. piniperda from collected
foliage, 3) determine if the two genera of parasitoids are more closely
associated with one of the two Leucotaraxis species, and 4) eval-
uate the implications of parasitism on competition between these
Leucotaraxis and La. nigrinus.

Methods
Study Sites

Branches of A. tsugae infested western hemlock were collected in
2018, 2019, and 2020 to rear Le. argenticollis, Le. piniperda, and
La. nigrinus for research and release for biological control in the
introduced eastern range (Supp Table S1 [online only]). In 2018,
the branches came from 10 field sites in Washington State and were
sampled during three collection periods between February and May.
In 2019, branches were collected from 16 field sites in Washington
State from February to July, and from seven field sites in British
Columbia, Canada, in May and June. In 2020, branches were col-
lected from 15 field sites in Washington State from February to May,
and eight field sites in British Columbia, Canada were sampled in
February, March, and May. Temperature data were collected from
the Lakshmi, Shannon Point, and Point Lawrence sites in 2019 and
the Lakshmi, Shannon Point and Point Defiance sites in 2020 using
a temperature data logger (Onset HOBO U23 Pro V2, Bourne, MA)
placed on the north side of the bole of a collection tree at each site.
Data were logged every 15 min.

The branches were shipped to the Sarkaria Arthropod Research
Laboratory quarantine facility at Cornell University in Ithaca, NY
(USDA APHIS permit P526P-18-00945). Branches were inserted
into plastic tubs (Sterilite, 35.6 x 20.3 x 12.4 cm, Townsend, MA)
with soaked floral foam (FloralCraft, Ludington, MI) to keep fo-
liage hydrated. They were kept in custom acrylic cages (Leigh-Dale
Specialties, Syracuse, NY) with 120-p nylon mesh (Component
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Supply Co., Sparta, TN) for ventilation and to prevent the mo-
bile crawler stage of A. tsugae and other insects from escaping.
Temperature data were recorded every 15 min in the quarantine fa-
cility in 2019 and 2020 (Onset HOBO U23 Pro V2, Bourne, MA),
fluctuating between 12.2 and 19.7°C in 2019, and between 14.5 and
18.2°C in 2020. The greenhouse was kept under natural lighting
conditions except when supplemental overhead lights were turned
on during insect collections.

Specimen Collection and ldentification

Insects were collected daily from cages between March 29 and June
29 in 2018, February 25 and August 16 in 2019, and February 20
and July 2 in 2020. At least 10 min prior to collection, overhead hal-
ogen lights were turned on in the greenhouse to attract arthropods
upwards and out of the foliage. Leucotaraxis adults and La. nigrinus
larvae were recorded daily while being removed from the cages for
release as biocontrol agents. Laricobius nigrinus larvae were reared
to the adult stage before removal from quarantine and release.
Leucotaraxis adults from the sites with recorded temperature data
were identified to species using the morphological and molecular
methods in Dietschler et al. (2021). All parasitic Hymenoptera seen
inside the cages were aspirated into clear 9-dram vials. Specimens
were immediately frozen for at least 3 d before being sorted into
individual vials. Specimens that emerged in lower numbers and
were not thought to be parasitoids of Leucotaraxis were identified
to family using the keys in Goulet and Huber (1993). Parasitoids
of high abundance were identified to genus as Pachyneuron using
BouCek and Heydon (1997), and to Melanips using Buffington et
al. (2020). Throughout this paper, ‘parasitoids’ refers specifically to
these two genera, whereas other collected Hymenoptera will be re-
ferred to as ‘non-focal parasitoids’.

Several Pachyneuron and Melanips specimens were sent to
the USDA-ARS Systematic Entomology Laboratory for further
Ethanol-preserved dehydrated
through increasing concentrations of ethanol and transferred to
hexamethyldisilazane (HMDS) (Heraty and Hawks 1998) before
point-mounting. Parasitoid specimens were identified using a Leica

identification. specimens were

M205C stereomicroscope with 10X oculars and a Leica LED ring
light source for point-mounted specimen observation.

In 2020, a subset of branches from several sites was dissected to
separate a total of 137 Leucotaraxis puparia into individual 2-oz
deli cups. These cups were kept in an incubator at 16°C and checked
daily until a parasitoid or Leucotaraxis adult emerged. Individual
parasitoids and the puparium they eclosed from were placed in vials
with 90% ethanol, and then identified to genus. This was done to
confirm that the Pachyneuron and Melanips being collected were
emerging from Leucotaraxis puparia (Kohler et al. 2008b), to mon-
itor for any other parasitoid species emerging from the puparia, and
to determine if these parasitoids were solitary or gregarious.

Statistical Analysis

Site, collection period, and date of emergence were recorded for
all specimens. We performed a Pearson’s correlation to evaluate
the relationship between parasitoid and Leucotaraxis emergence.
Parasitoid and Leucotaraxis counts were natural log transformed
using (In (x +1)) to reduce skew in the data. We also performed a
Pearson’s correlation to determine if there is a density dependent
relationship between percent parasitism and the population of im-
mature Leucotaraxis. Percent parasitism (P) was calculated for each
site-year by dividing the number of parasitoids (p) that emerged by
the total number of parasitoids and Leucotaraxis (1) that emerged

and multiplying by 100, P = (p/(p + 1) * 100). This was done with
the assumption that one parasitoid emerges from an individual pu-
parium, based on observations of solitary parasitoid emergence from
Leucotaraxis puparia in deli cups. We do not know exactly how many
Leucotaraxis puparia were present or how many were parasitized; we
only recorded the number of adult flies and parasitoids that emerged.
As a result, any uneclosed puparia were not included in analyses
using percent parasitism. Immature Leucotaraxis populations were
estimated by adding together adult Leucotaraxis and parasitoid
emergence. Percent parasitism and immature Leucotaraxis counts
were both natural log transformed using (In (x + 1)) to reduce skew
in the data.

To examine temporal variation in parasitoid emergence from A.
tsugae infested foliage, we performed a one-way ANOVA comparing
percent parasitism from rearing material collected in different
months. Percent parasitism (P) was calculated for each site per col-
lection period. A post-hoc Tukey HSD test was used to determine
significant differences between months.

The accumulated number of heating degree days was calculated
using the modified sine wave method (Allen 1976) for the Lakshmi,
Shannon Point, Point Lawrence, and Point Defiance sites in 2019
and 2020 using the methods from Dietschler et al. (2021). As in
Dietschler et al. (2021), a base temperature of 4°C was used based
on developmental thresholds found for A. tsugae progrediens (Salom
et al. 2002, Tobin and Turcotte, 2018). Due to a lack of data on tem-
perature thresholds for Leucotaraxis and their parasitoids, 4°C was
used because of the association between A. tsugae and Leucotaraxis.
This allows for standardized emergence timing across collection
periods. Differences in emergence distribution between each genus
of parasitoid and each Leucotaraxis species were examined using
a non-parametric two-sample Kolmogorov-Smirnov test for each
site (Conover 1971). Graphs comparing Melanips, Pachyneuron,
Le. argenticollis, and Le. piniperda emergence in relation to heating
degree day accumulation were used to visualize patterns suggesting
host associations.

To examine the effects of parasitism on competition between
Leucotaraxis and La. Nigrinus, we performed a Pearson’s corre-
lation comparing La. nigrinus larval abundance to percent para-
sitism at sites where both predator genera were found. To look
at coexistence between Leucotaraxis and La. nigrinus larvae, we
performed a Pearson’s correlation comparing La. nigrinus larval
abundance and the sum of Leucotaraxis and parasitoid emergence.
The combination of adult Leucotaraxis and parasitoid emergence
serves as an estimate for the number of Leucotaraxis larva that
fed and developed on A. #sugae in potential co-occurrence with
La. nigrinus larvae. Leucotaraxis and La. nigrinus data were nat-
ural log transformed using (In (x +1)) to reduce skew. Data anal-
ysis was performed using R Studio version 4.0.3 (R Core Team
2020). Graphs and plots were made in R Studio using the ggplot2
package (Wickham 2016).

Results

Parasitoid Identification

Overall, 19,285 Leucotaraxis adults and 15,844 La. nigrinus larvae
were collected. We collected 6,411 parasitic Hymenoptera, of which
1,548 were Pachyneuron, 3,044 were Melanips (Table 1), and 1,819
were non-focal parasitoids from 19 families (Supp Table S2 [on-
line only]). The species of Pachyneuron and Melanips found are
undescribed, and, due to the taxonomic difficulty of both genera,
were not assigned a species concept.
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Evidence for Leucotaraxis Parasitism

Of the 137 Leucotaraxis puparia that were observed, fifteen had
parasitoids emerge from them. Pachyneuron emerged from four
puparia, and Melanips emerged from eleven. All parasitoids emerged
as a single parasitoid from an individual puparium.

There was a significant, positive correlation between parasitoid
emergence and Leucotaraxis emergence (7, (r54=0.672,P- value <0.001;
Fig. 1). There was no significant correlatlon between percent para-
sitism and immature Leucotaraxis abundance (755 = 0.49, P- value =
0.096). Of 56 total sites, 42 had both Leucotamxts and parasitoids
present, and two sites had no emergence of flies or parasitoids. Sites
that had parasitoid emergence with no Leucotaraxis emergence, or
vice versa, only had low levels of emergence (< 18 parasitoids, < 38
Leucotaraxis). This may be due to sampling bias introduced by the
timing of collections (see Fig. 2) or limited sampling at these sites.

Effect of Collection Period on Leucotaraxis

Parasitism

The month that foliage was collected had a significant effect on per-
a1 = 13.65, P-value < 0.001; Fig. 2
parasitism observed in April was significantly lower than in June
(P-value = 0.001) and July (P-value= 0.041), but was not signifi-
cantly lower than May (P-value= 0.412). There was no significant
difference between the months of February, March, and April, and

cent parasitism (F ). The percent

no significant difference between the months of May, June, and July.

Parasitoid Emergence and Associations with
Leucotaraxis piniperda and Leucotaraxis

argenticollis

Emergence timing, expressed as accumulated heat degree days using a
base temperature of 4°C, differed significantly between Pachyneuron
and Melanips at three of the six site-years. The two parasitoid genera
had separate emergences in 2019 at Lakshmi (D = 0.402, P-value
= 0.003) and Shannon Point (D = 0.396, P-value = 0.003), and in
2020 at Point Defiance (D = 0.389, P-value < 0.001). Emergence
distributions were not different in 2019 at Point Lawrence (D =
0.375, P-value = 0.441) or in 2020 at Lakshmi (D = 1, P-value =
1) and Shannon Point (D = 0.4, P-value = 0.854), potentially due
to the smaller sample size at these sites. As shown in Dietschler et
al. (2021) and in this paper (Fig. 3), there were differences in the
timing of emergence between the two Leucotaraxis host species.
Leucotaraxis piniperda has a single peak in emergence, with peaks in
emergence for Le. argenticollis occurring before and after. This paper
and Dietschler et al. (2021) use the same Leucotaraxis emergence
data, whereas parasitoid data are unique to this paper.

Differences in emergence distributions between the flies and
parasitoids were found. Many of the emergence patterns in Fig.
3, especially Point Defiance in 2020, show a time lag between
Leucotaraxis emergence and subsequent parasitoid emergence.
Pachyneuron emergence distributions were different from Le.
argenticollis in 2019 at Lakshmi (D = 0.921, P-value < 0.001),
Shannon Point (D = 0.433, P-value < 0.001), and Point Lawrence
(D = 0.929, P-value < 0.001) and in 2020 at Shannon Point (D
= 1, P-value = 0.006) and Point Defiance (D = 0.887, P-value <
0.001). Pachyneuron emerged shortly after an initial wave of Le.
argenticollis emergence (Fig. 3). Pachyneuron emergence time was
significantly different from Le. piniperda in 2019 at Lakshmi (D
= 0.477, P-value < 0.001) and Point Defiance in 2020 (D = 0.859,
P-value < 0.001). There is considerable overlap in emergence be-
tween Pachyneuron and Le. piniperda, though Pachyneuron
seems to continue emerging after Le. piniperda emergence drops.

Table 1. Total number of Leucotaraxis, Laricobius nigrinus,
Melanips, Pachyneuron, and non-focal parasitoids collected

Species 2018 2019 2020 Total
Leucotaraxis 2,262 10,291 6,732 19,285
Laricobius nigrinus 1,345 4,837 9,662 15,844
Melanips 1,007 1,358 679 3,044
Pachyneuron 270 940 338 1,548
Non-focal parasitoids 228 816 775 1,819
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Fig. 2. One-way ANOVA showing differences in percent parasitism between
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differences (a. = 0.05) based onTukey’s HSD test.

Pachyneuron emergence time was not different from Le. piniperda
in 2019 at Shannon Point (D = 0.453, P-value = 0.115) and Point
Lawrence (D = 0.5, P-value = 0.051) and in 2020 at Lakshmi (D
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= 1, P-value = 0.2997) and at Shannon Point (D = 1, P-value =
0.181).

Melanips emergence distributions were distinct from Le.
piniperda in 2019 at Lakshmi (D = 0.425, P-value < 0.001),
Shannon Point (D = 0.647, P-value = 0.009), and Point Lawrence
(D = 0.403, P-value = 0.025), and in 2020 at Point Defiance (D =
0.685, P-value < 0.001), but there was no difference at Shannon
Point (D = 1, P-value = 0.071) or at Lakshmi (D = 1, P-value
= 0.2997) in 2020. Melanips emergence began later than Le.
argenticollis in 2019 at Lakshmi (D = 0.938, P-value < 0.001),
Point Lawrence (D = 0.929, P-value < 0.001), and in 2020 at
Shannon Point (D = 0.891, P-value < 0.001) and Point Defiance (D
= 0.672, P-value < 0.001). In 2019, the Melanips emergence distri-
bution was not different from Le. argenticollis at Shannon Point (D
=0.137, P-value = 0.618).

Indirect Effects of Leucotaraxis Parasitoids on A.
tsugae Predator Laricobius nigrinus

There was no correlation between percent parasitism on Leucotaraxis
and the number of La. nigrinus larvae collected (r ,,, = -0.089, P-value =
0.570). When both predator genera are present, there is a positive correla-
tion between La. nigrinus larval abundance and the sum of Leucotaraxis
and parasitoid emergence (r( 4 = 0.585, P-value < 0.001; Fig. 4).

Discussion

Parasitoid Identification
Pachyneuron (Walker) consists of over 50 species globally with 12
known from the Nearctic and 28 from the Palearctic. Some regional

species treatments exist: Szelenyi (1942; Palearctic), Sureshan
(2003; India), Graham (1969; Europe), Gibson (2001; Australia),
Narendran et al. (2007; Middle East), and Kamijo and Takada
(1973; Japan). In other regions, the species are unrevised. Most spe-
cies are hyperparasites of Aphididae or other Hemiptera (Coccoidea,
Psylloidea) through their Braconidae (Ichneumonoidea) or
Aphelinidae and Encyrtidae (Chalcidoidea) primary parasitoids, or
are primary parasitoids or hyperparasitoids of the predators of these
plant herbivores (Gibson 2001, Noyes 2019). Melanips (Walker)
consists of 31 species globally (Buffington et al. 2020) and is a tax-
onomically problematic genus within Figitidae. Morphologically
these species appear to be cynipids, but their biology and phy-
logeny put them securely in Aspicerinae (Figitidae) (Buffington et al.
2012). The group is currently being evaluated as its own subfamily
(Mata-Casanova et al., submitted). Adding to the taxonomic diffi-
culty of Melanips is the lack of any revision of the genus. Together,
Pachyneuron and Melanips, though unrelated, share the common-
ality that species currently assigned to these genera are not well
defined; hence, species of these genera encountered in this current
study cannot be readily assigned to a species concept.

Evidence for Leucotaraxis Parasitism

Observation of individually reared puparia shows that Pachyneuron
and Melanips are the dominant parasitoid genera that use these
Leucotaraxis species as hosts. All observed puparia containing
parasitoids had a single wasp emerge, indicating that parasitoids
in both genera are solitary rather than gregarious. This is con-
sistent with other studies that have observed parasitoids of these
Leucotaraxis species (Grubin et al. 2011, Kohler et al. 2008b). Across
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Fig. 4. Pearson’s correlation of Laricobius nigrinus larval abundance and
the sum of Leucotaraxis and parasitoid emergence at each site (rmn = 0.585,
P-value < 0.001). Data have been transformed on both axes using the natural
log (In (x + 1)).

all site-years, the emergence totals of Pachyneuron and Melanips
increased with Leucotaraxis emergence totals, suggesting an associ-
ation between these parasitoids and Leucotaraxis (Fig. 1). However,
there was no significant correlation between percent parasitism and
immature Leucotaraxis abundance, suggesting that parasitism rate
is not density dependent. More work should be done investigating
these host—parasitoid interactions to further understand how these
parasitoids influence Leucotaraxis populations, and consequentially
A. tsugae biological control.

Non-focal parasitoid families had relatively low emergence
compared to Pachyneuron and Melanips, indicating that these are
likely not important parasitoids of Leucotaraxis or are parasitoids
of other insects associated with hemlock. With both focal parasitoids
emerging in high numbers from the same foliage as Leucotaraxis,
this highlights the importance of careful cleansing of wild-collected
Leucotaraxis and releasing only adult flies for biological control. It
also provides an incentive to establish clean laboratory colonies in
the East for research purposes.

Effect of Collection Period on Leucotaraxis

Parasitism

When comparing Leucotaraxis rearing cages, foliage collected in
the later months had increased percent parasitism compared to
foliage collected earlier in the year (Fig. 2). Parasitoids begin to
increase between April and July and exceed Leucotaraxis emer-
gence in June and July. These patterns suggest that collecting
Leucotaraxis immatures to rear for biological control earlier in the
year could help reduce the number of parasitoids in the sampled
material.

Several sites showed a time lag between adult Leucotaraxis emer-
gence and parasitoid emergence, with significant overlap at other
sites (Fig. 3). As a result, it may be best to collect foliage when
Leucotaraxis larvae are active, but before parasitoid emergence.
Previous studies have shown that Leucotaraxis larva population
levels peak in synchrony with the egg laying stage of both A. tsugae

generations (Grubin et al. 2011, Kohler et al. 2016). In the Pacific
Northwest, A. tsugae eggs are present February to mid-May, and
again from June to mid-July (Zilahi-Balogh et al. 2003). Due to the
increase in parasitoid emergence seen later in the year (Fig. 2), we
suggest that collecting Pacific Northwestern foliage for Leucotaraxis
rearing during the egg stage of the A. tsugae spring generation may
reduce the parasitism rate in the collected sample.

Performing Leucotaraxis collections during times of the year with
lower parasitoid emergence may reduce the number Leucotaraxis
lost to parasitism and reduce time needed to cleanse collections of
parasitoids. However, with adult Leucotaraxis emerging during both
generations of A. tsugae (Dietschler et al. 2021), collections will
need to be continued through June in order to pair releases with
the appropriate A. tsugae phenology, when A. tsugae eggs are abun-
dant in the introduced range in eastern North America (McClure
1987, Gray and Salom 1996, Mausel et al. 2008, Joseph et al. 2011).
Restricting collections to a specific time period may also favor the
collection of one Leucotaraxis species over the other due to their
alternating emergence patterns (Neidermeier et al. 2020, Dietschler
et al. 2021). Future research on what stage of Leucotaraxis devel-
opment is initially parasitized by these wasps may further inform
timing of foliage collection.

Parasitoid Emergence and Associations with
Leucotaraxis piniperda and Leucotaraxis

argenticollis

Emergence distributions for Pachyneuron and Melanips were signif-
icantly different from each other, demonstrating variation in phe-
nology and host association. Separate emergence distributions were
also shown for Le. argenticollis and Le. piniperda. Parasitoid emer-
gence was independent from host emergence, with parasitoid emer-
gence occurring slightly after adult Leucotaraxis (Fig. 3). Parasitoid
emergence likely coincides with the presence of immature hosts at
the preferred developmental stage for oviposition, after the adult
flies have mated and reproduced.

Previous studies have found that Le. argenticollis and Le.
piniperda have non-overlapping adult emergence peaks within a
year (Neidermeier et al. 2020) that are consistent and predictable
(Dietschler et al. 2021). Leucotaraxis argenticollis has a bimodal
emergence, emerging before and after Le. piniperda (Dietschler et
al. 2021). In addition, we also observed some evidence for a bimodal
emergence pattern in Pachyneuron, especially at Lakshmi, Shannon
Point, and Point Lawrence in 2019 (Fig. 3). Lab-reared specimens
of the species Pachyneuron altiscutum (Howard), a parasitoid of
the chamaemyiid Neoleucopis obscura (Haliday), have previously
shown evidence of having two generations a year (Brown and Clark
1957). Meanwhile, Le. piniperda and Melanips seem to have single
peaks in emergence. These emergence trends provide evidence that
Pachyneuron may use Le. argenticollis as a host, and that Melanips
may use Le. piniperda. Further research is needed to determine if
these are strict associations or if these parasitoids can successfully
complete development on both Leucotaraxis species.

Indirect Effects of Leucotaraxis Parasitoids on A.
tsugae Predator Laricobius nigrinus

Understanding the direct and indirect effects of parasitism on
predator community dynamics is important to successful imple-
mentation of management strategies utilizing a multi-predator
approach. Parasitism pressure on these Leucotaraxis could poten-
tially change competitive interactions with La. nigrinus, either by
directly influencing Leucotaraxis population numbers or via non
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consumptive effects (Abram et al. 2019). Our results indicate that
heavy parasitism of these Leucotaraxis has no effect on La. nigrinus
larval abundance, at least when prey densities are high, as in our
collections. This may be an indicator that there is limited compe-
tition between Leucotaraxis and La. nigrinus, possibly due to tem-
poral (Rose et al. 2019, Neidermeier et al. 2020, Dietschler et al.
2021) or spatial niche partitioning. Larval La. nigrinus abundance is
positively correlated with the combined emergence of Leucotaraxis
adults and the parasitoids (Fig. 4). Since both parasitoids are solitary,
combining parasitoid and Leucotaraxis emergence gives an estimate
of how many Leucotaraxis larva were at a site, which is the life
stage that could compete most directly with La. nigrinus larva for re-
sources. These findings suggest that there is limited competition be-
tween these Leucotaraxis and La. nigrinus, indicating that they may
be compatible for use as biological control agents simultaneously.
This could be important for effective A. #sugae biological control,
as the co-existence of both biological control agents would allow
for predation on all adelgid generations. Further research should be
done to look at interactions between these predators when A. tsugae
populations are low, which would likely increase competition over
a shared resource.

Due to the constraints of working with these parasitoids in a quar-
antine facility in the eastern United States, this research was based on
emergence data gathered from specimens that were immediately killed.
Experiments to increase our understanding of the behavioral ecology
of Pachyneuron and Melanips parasitoids of these Leucotaraxis and
their impacts on predators are important to increasing biological
control agent collection efficiency and implementation. This includes
experiments to verify host associations and specialization, effects of
parasitism on Leucotaraxis behavior and development prior to host
death, and the host stage initially parasitized. We have evidence that
Melanips initially parasitizes the larval stage of Leucotaraxis and
emerges after it pupariates. Eight Leucotaraxis that were collected as
larvae and reared on A. tsugae had Melanips emerge from them in
the puparial stage (N. P. Havill, unpublished data). It is not known
whether Melanips can parasitize both the larvae and puparia, and the
stage(s) in which Pachyneuron oviposits is(are) still unknown. If par-
asitism begins at the egg stage or larval instars when Leucotaraxis
are still actively feeding, this may have consequences for predation
efficiency. Some parasitoids have been shown to modify host behavior,
either by directly altering host physiology and chemistry from within a
host or through non-consumptive effects (Slansky 1986, Abram et al.
2019). Possible changes include altered foraging behavior, increased
or decreased food consumption, and host development time (Guillot
and Vinson 1973, Senthamizhselvan and Muthukrishnan 1989).
Similar changes in behavior in these Leucotaraxis species could
have direct impacts in their efficiency at controlling A. tsugae and
interspecies competition with other predators. Potential changes in
host behavior or physiology could also change competition dynamics
between parasitized and unparasitized conspecifics (Sisterson and
Averill 2003, Cameron et al. 20035). The presence or absence of native
eastern parasitoids of Leucotaraxis in the introduced range may have
consequences for arthropod community dynamics, and will be impor-
tant to understand because of their potential impacts on Leucotaraxis
establishment and A. #sugae control.

Related fly species in the United States experience heavy par-
asitism by wasps in the genera Pachyneuron and Melanips.
Chamaemyiid flies that were studied for biological control of balsam
woolly adelgid, Adelges piceae, have had recorded parasitism by the
wasp Pachyneuron altiscutum (Brown and Clark 1956). Neoleucopis
obscura in particular had parasitism rates of 20 percent or more
in eastern Canada (Brown and Clark 1957). Leucopis bellula

(Williston), a natural enemy of coccid scales on prickly pear cactus,
had recorded parasitism by Pachyneuron mucronatum (Girault), and
Melanips lomevya (Pujade-Villar & Vanegas-Rico) (Gilreath and
Smith 1988, Mendel et al. 2020). Pachyneuron and Melanips have
also been collected from chamaemyiid puparia in co-occurrence with
Le. piniperda in the eastern United States, though it is unknown if
these are the same Pachyneuron species as in the west (N. P. Havill,
unpublished data). As western biotypes of Le. piniperda and Le.
argenticollis become established in eastern North America, it will
be important to monitor their populations for parasitism should
parasitoids of native chamaemyiid flies, especially parasitoids of
eastern biotypes of Le. argenticollis and Le. piniperda, switch to the
introduced western biotypes. More research is needed on how these
parasitoids could impact the efficacy of Leucotaraxis as a biological
control agent, and how this would influence the wider community
of A. tsugae predators.

Acknowledgments

We would like to thank everyone with the New York State Hemlock
Initiative for their continued support and help collecting parasitoids
from the rearing cages, especially Isis Caetano. Thank you to Lynn
Johnson from the Cornell Statistical Consulting Unit for helping
with statistical analysis, and to Diego Gabriel Huerta and R. Talbot
Trotter III for supplying the heating degree day accumulation code.
This research was supported by funding from the New York State
Department of Environmental Conservation Contract #CM04068
and the USDA Forest Service Agreement Number 18-CA-11420004-
088. Mention of trade names or commercial products in this pub-
lication is solely for the purpose of providing specific information
and does not imply recommendation or endorsement by the USDA.
USDA is an equal opportunity provider and employer.

Supplementary Data

Supplementary data are available at Environmental Entomology
online.

References Cited

Abram, P. K., J. Brodeur, A. Urbaneja, and A. Tena. 2019. Nonreproductive
effects of insect parasitoids on their hosts. Ann. Rev. Entomol. 64: 259-276.

Allen, J. C. 1976. A modified sine wave method for calculating degree days.
Environ. Entomol. 5: 388-396.

Boucek, Z.,and S. L. Heydon. 1997. Pteromalidae, pp. 542-692.In G. A. P. Gibson,
J. T. Huber, and J. B. Woolley (eds.), Annotated keys to the genera of Nearctic
Chalcidoidea (Hymenoptera). NRC Research Press, Ottawa, Canada.

Brown, N.R.,and R. C. Clark. 1956. Studies of predators of the balsam woolly
aphid, Adelges piceae (Ratz.) (Homoptera: Adelgidae). II. An annotated
list of the predators associated with the balsam woolly aphid in eastern
Canada. Can. Entomol. 88: 678-683.

Brown, N.R.,and R. C. Clark. 1957. Studies of predators of the balsam woolly
aphid, Adelges piceae (Ratz.) (Homoptera: Adelgidae): IV. Neoleucopis
obscura (Hal.) (Diptera: Chamaemyiidae), an introduced predator in
eastern Canada. Can. Entomol. 89: 533-546.

Buffington, M. L., S. G. Brady, S. I. Morita, and S. Van Noort. 2012. Divergence
estimates and early evolutionary history of Figitidae (Hymenoptera:
Cynipoidea). Syst. Entomol. 37: 287-304.

Buffington, M. L., M. Forshage, J. Liljeblad, C. T. Tang, and S. van Noort.
2020. World Cynipoidea (Hymenoptera): a key to higher-level groups.
Insect Syst. Divers. 4: 1.

Cameron, T. C., H. J. Wearing, P. Rohani, and S. M. Sait. 2005. A koinobiont
parasitoid mediates competition and generates additive mortality in
healthy host populations. Oikos. 110: 620-628.



908

Environmental Entomology, 2022, Vol. 51, No. 5

Conover, W. J. 1971. Practical nonparametric statistics. John Wiley & Sons,
Hoboken, NJ.

Cowles, R. S., M. E. Montgomery, and C. S. Cheah. 2006. Activity and residues
of imidacloprid applied to soil and tree trunks to control hemlock woolly
adelgid (Hemiptera: Adelgidae) in forests. J. Econ. Entomol. 99: 1258-1267.

Crandall, R. S., C. S. Jubb, A. E. Mayfield, B. Thompson, T. J. McAvoy, S. M.
Salom, and J. S. Elkinton. 2020. Rebound of Adelges tsugae spring gen-
eration following predation on overwintering generation ovisacs by the
introduced predator Laricobius nigrinus in the eastern United States. Biol.
Control. 145: 104264.

Davis, G. A., S. M. Salom, C. C. Brewster, B. P. Onken, and L. T. Kok. 2012.
Spatiotemporal distribution of the hemlock woolly adelgid predator
Laricobius nigrinus after release in eastern hemlock forests. Agric. For.
Entomol. 14: 408-418.

Dietschler, N. J., T. D. Bittner, R. T. Trotter III, T. J. Fahey, and M. C. Whitmore.
2021. Biological control of hemlock woolly adelgid: implications of adult
emergence patterns of two Leucopis spp. (Diptera: Chamaemyiidae) and
Laricobius nigrinus (Coleoptera: Derodontidae) larval drop. Environ.
Entomol. 50: 803-813.

Ellison, A. M., M. S. Bank, B. D. Clinton, E. A. Colburn, K. Elliott, C. R. Ford,
D. R. Foster, B. D. Kloeppel, J. D. Knoepp, and G. M. Lovett. et al. 2005.
Loss of foundation species: consequences for the structure and dynamics
of forested ecosystems. Front. Ecol. Environ. 3: 479-486.

Eschtruth, A., N. Cleavitt, J. Battles, R. Evans, and T. Fahey. 2006. Vegetation
dynamics in declining eastern hemlock stands: 9 years of forest response
to hemlock woolly adelgid infestation. Can. J. For. Res. 36: 1435-1450.

Foley, J.R., T. J. McAvoy, S. Dorman, K. Bekelja, T. J. Kring, and S. M. Salom. 2019.
Establishment and distribution of Laricobius spp. (Coleoptera: Derodontidae),
a predator of hemlock woolly adelgid, within the urban environment in two
localities in southwest Virginia. J. Integr. Pest Manag. 10: 1-4.

Gaimari, S., and N. Havill. 2021. A new genus of Chamaemyiidae (Diptera:
Lauxanioidea) predaceous on Adelgidae (Hemiptera), with a key to
chamaemyiid species associated with Pinaceae-feeding Sternorrhyncha.
Zootaxa. 5067: 1-39.

Gibson, G.A.P.2001. The Australian species of Pachyneuron Walker (Hymenoptera:
Chalcidoidea: Pteromalidae). J. Hymenopt. Res. 10: 29-54.

Gilreath, M. E., and J. W. Smith Jr. 1988. Natural enemies of Dactylopius
onfuses (Homoptera: Dactylopiidae): exclusion and subsequent impact on
Opuntia (Cactaceae). Environ. Entomol. 17: 730-738.

Goulet, H., and J. Huber. 1993. Hymenoptera of the world: an identification
guide to families. Research Branch Agriculture Canada, Ottawa, Canada.

Graham, M. W. R. de V. 1969. The Pteromalidae of north-western Europe
(Hymenoptera: Chalcidoidea). Bull. Br. Mus. Nat. Hist. Entomol. 16: 1-908.

Gray, D. R., and S. M. Salom. 1996. Biology of the hemlock woolly adelgid in
the southern Appalachians, pp. 26-35.In S. M. Salom, T. C. Tigner, and R.
C. Reardon (eds.), Proceedings of the first hemlock woolly adelgid review.
12 October 1995, Charlottesville, VA. USDA Forest Service Forest Health
Technology Enterprise Team FHTET-1996-10, Morgantown, WV.

Grubin, S. M., D. W. Ross, and K. F. Wallin. 2011. Prey suitability and phe-
nology of Leucopis spp. (Diptera: Chamaemyiidae) associated with hem-
lock woolly adelgid (Hemiptera: Adelgidae) in the Pacific Northwest.
Environ. Entomol. 40: 1410-1416.

Guillot, . S., and S. B. Vinson. 1973. Effect of parasitism by Cardiochiles
nigriceps on food consumption and utilization by Heliothis virescens. ].
Insect Physiol. 19: 2073-2082.

Havill, N. P., M. E. Montgomery, G. Yu, S. Shiyake, and A. Caccone. 2006.
Mitochondrial DNA from hemlock woolly adelgid (Hemiptera: Adelgidae)
suggests cryptic speciation and pinpoints the source of the introduction to
eastern North America. Ann. Entomol. Soc. Am. 99: 195-203.

Havill N. P., M. E. Montgomery, and M. Keena. 2011. Hemlock woolly adelgid
and its hemlock hosts: a global perspective, pp. 3-14. In B. P. Onken and R. C.
Reardon (eds.), Implementation and status of biological control of the hem-
lock woolly adelgid. FHTET-2011-04. USDA Forest Service, Washington, DC.

Havill, N. P, S. Shiyake, A. Lamb Galloway, R. G. Foottit, G. Yu, A. Paradis,
J. Elkinton, M. E. Montgomery, M. Sano, and A. Caccone. 2016. Ancient
and modern colonization of North America by hemlock woolly adelgid,
Adelges tsugae (Hemiptera: Adelgidae), an invasive insect from East Asia.
Mol. Ecol. 25: 2065-2080.

Havill, N. P, S. D. Gaimari, and A. Caccone. 2018. Cryptic east-west diver-
gence and molecular diagnostics for two species of silver flies (Diptera:
Chamaemyiidae: Leucopis) from North America being evaluated for bi-
ological control of hemlock woolly adelgid. Biol. Control. 121: 23-29.

Heraty, J. M. and D. Hawks. 1998. Hexamethyldisilazane - A chemical alter-
native for drying insects. Ento. News.109: 369-374.

Herting, B. 1978. A catalogue of parasites and predators of terrestrial arthro-
pods. Section A. Host or preylenemy. Volume 5. Neuroptera, Diptera,
Siphonaptera. Commonwealth Agricultural Bureaux, Farnham Royal, UK.

Joseph, S. V., A. E. Mayfield, M. ]J. Dalusky, C. Asaro, and C. W. Berisford.
2011. Phenology of the hemlock woolly adelgid (Hemiptera: Adelgidae) in
northern Georgia. J. Entomol. Sci. 46: 315-324.

Jubb, C. S., A. R. Heminger, A. E. Mayfield, J. S. Elkinton, G. J. Wiggins, J. F.
Grant, J. A. Lombardo, T. J. McAvoy, R. S. Crandall, and S. M. Salom.
2020. Impact of the introduced predator, Laricobius nigrinus, on ovisacs
of the overwintering generation of hemlock woolly adelgid in the eastern
United States. Biol. Control. 143: 104180.

Kamijo, K., and H. Takada. 1973. Studies on aphid hyperparasites of
Japan, II. Aphid hyperparasites of the Pteromalidae occurring in Japan
(Hymenoptera). Insecta Matsumurana. 2: 39-76.

Kohler, G. R., V. L. Stiefel, K. F. Wallin, and D. W. Ross. 2008a. Predators as-
sociated with the hemlock woolly adelgid (Hemiptera: Adelgidae) in the
Pacific Northwest. Environ. Entomol. 37: 494-504.

Kobhler, G. R., V. L. Stiefel, K. F. Wallin, and D. W. Ross. 2008b. Parasitoids
reared from predators of hemlock woolly adelgid (Hemiptera: Adelgidae),
and the hymenopterous parasitoid community on western hemlock in the
Pacific Northwest. Environ. Entomol. 37: 1477-1487.

Kobhler, G. R., K. E Wallin, and D. W. Ross. 2016. Seasonal phenology and
abundance of Leucopis argenticollis, Leucopis piniperda (Diptera:
Chamaemyiidae), Laricobius nigrinus (Coleoptera: Derodontidae) and
Adelges tsugae (Hemiptera: Adelgidae) in the Pacific Northwest USA. Bull.
Entomol. Res. 106: 546-550.

Mausel, D. L., S. M. Salom, L. T. Kok, and J. G. Fidgen. 2008. Propagation, syn-
chrony, and impact of introduced and native Laricobius spp. (Coleoptera:
Derodontidae) on hemlock woolly adelgid in Virginia. Environ. Entomol.
37:1498-1507.

Mausel, D. L., S. M. Salom, L. T. Kok, and G. A. Davis. 2010. Establishment
of the hemlock woolly adelgid predator, Laricobius nigrinus (Coleoptera:
Derodontidae), in the eastern United States. Environ. Entomol. 39: 440-448.

Mausel, D. L., L. T. Kok, and S. M. Salom. 2017. Numerical response and im-
pact of Laricobius nigrinus (Coleoptera: Derodontidae) on Adelges tsugae
(Hemiptera: Adelgidae) in their native range. Environ. Entomol. 46: 544-551.

Mayfield, A. E. I, S. M. Salom, K. Sumpter, T. McAvoy, N. E. Schneeberger, and
R. Rhea. 2020. Integrating chemical and biological control of the hemlock
woolly adelgid: a resource manager’s guide. FHAAST-2018-04. USDA Forest
Service, Forest Health Technology Enterprise Team, Morgantown, WV.

McAlpine, J. E, and V. N. Tanasijtshuk. 1972. Identity of Leucotaraxis
argenticollis and description of a new species (Diptera: Chamaemyiidae).
Can. Entomol. 104: 1865-1875.

McClure, M. S. 1987. Biology and control of hemlock woolly adelgid.
Connecticut Agricultural Experiment Station, New Haven, CT.

McClure, M. S. 1989. Evidence of a polymorphic life cycle in the hemlock
woolly adelgid, Adelges tsugae (Homoptera: Adelgidae). Ann. Entomol.
Soc. Am. 82: 50-54.

McClure, M. S., S. M. Salom, and K. S. Shields. 1996. Hemlock woolly adelgid.
FHTET-96-35. USDA Forest Service, Morgantown, WV.

Mendel, Z., A. Protasov, J. M. Vanegas-Rico, J. R. Lomeli-Flores, P. Suma, and
E. Rodriguez-Leyva. 2020. Classical and fortuitous biological control of
the prickly pear cochineal, Dactylopius opuntiae, in Israel. Biol. Control.
142: 104157.

Narendran, T. C., S. Santhosh, and A. Peter. 2007. A review of Pachyneuron
species (Hymenoptera: Pteromalidae) of the Middle East. J. Environ.
Sociobiol.. 4: 119-138.

Neidermeier, A. N., D. W. Ross, N. P. Havill, and K. E Wallin. 2020. Temporal
asynchrony of adult emergence between Leucotaraxis argenticollis and
Leucotaraxis piniperda (Diptera: Chamaemyiidae), predators of the hem-
lock woolly adelgid (Hemiptera: Adelgidae), with implications for biolog-
ical control. Environ. Entomol. 49: 823-828.



Environmental Entomology, 2022, Vol. 51, No. 5

909

Noyes, J. 2019. Universal Chalcidoidea Database. Worldwide Web electronic
publication. http://www.nhm.ac.uk/chalcidoids.

Onken, B. P., and R. C. Reardon. 2011. An overview and outlook for bi-
ological control of hemlock woolly adelgid. I B. P. Onken and R. C.
Reardon (eds.), Implementation and status of biological control of
the hemlock woolly adelgid. FHTET-2011-04. USDA Forest Service,
Washington, DC.

Orwig, D. A., and D. R. Foster. 1998. Forest response to the introduced hemlock
woolly adelgid in southern New England, USA. J. Torrey Bot. Soc. 125: 60-73.

R Core Team. 2020. R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria. http://
www.R-project.org/.

Rose, A., D. W. Ross, N. P. Havill, K. Motley, and K. F. Wallin. 2019.
Coexistence of three specialist predators of the hemlock woolly adelgid in
the Pacific Northwest USA. Bull. Entomol. Res. 110: 303-308.

Ross, D., S. Gaimari, G. Kohler, K. Wallin, and S. Grubin. 2011. Chamaemyiid
predators of the hemlock woolly adelgid from the Pacific Northwest, pp.
97-106. In B. P. Onken and R. C. Reardon (eds.), Implementation and
status of biological control of the hemlock woolly adelgid. FHTET-2011-
04. USDA Forest Service, Washington, DC.

Salom, S. M., A. A. Sharov, W. Mays, and D. R. Gray. 2002. Influence of
temperature on development of hemlock woolly adelgid (Homoptera:
Adelgidae) progrediens. J. Entomol. Sci. 37: 166-176.

Senthamizhselvan, M., and J. Muthukrishnan. 1989. Effect of parasitiza-
tion by a gregarious and a solitary parasitoid on food consumption and
utilization by Porthesia scintillans Walker (Lepidoptera: Lymantriidae)
and Spodoptera exigua Hubner (Lepidoptera: Noctuidae). Parasitol.
Res. 76: 166-170.

Shiyake, S., Y. Miyatake, M. Montgomery, and A. Lamb. 2008. Hemlock
woolly adelgid phenology and predacious beetle community on
Japanese hemlocks, pp. 261-266. In B. P. Onken and R. C. Reardon,
(comps.), Fourth Symposium on hemlock woolly adelgid in the eastern
United States; February 12-14, 2008; Hartford, CT. FHTET 2008-
01. USDA Forest Service, Forest Health Technology Enterprise Team,
Morgantown, WV.

Sisterson, M. S., and A. L. Averill. 2003. Interactions between parasitized and
unparasitized conspecifics: parasitoids modulate competitive dynamics.
Oecologia. 135: 362-371.

Slansky, F. 1986. Nutritional ecology of endoparasitic insects and their hosts:
an overview. J. Insect Physiol. 32: 255-261.

Stoetzel, M. B. 2002. History of the introduction of Adelges tsugae based on
voucher specimens in the Smithsonian Institute National Collection of
Insects, p. 12. Iz B. Onken, R. Reardon, and J. Lashomb (eds.), Proceedings
of the hemlock woolly adelgid in eastern North America symposium, 5-7
February 2002, U.S. Department of Agriculture Forest Service and State
University of NJ Rutgers, East Brunswick, NJ.

Sureshan,P. M. 2003. Pteromalinae (Pteromalidae: Chalcidoidea: Hymenoptera)
of Indian subcontinent. Rec. Zoo. Surv. India, Occ. Paper. 205: 1-170.
Szelenyi, G. 1942. Uber die Chalcididen-Gattung Pachyneuron Walk. (Hymen.).

Zbl. ges. Forstw. 68: 93-105.

Tanasijtshuk, V. N. 2002. Studies on Nearctic species of Leucopis (Diptera:
Chamaemyiidae). I. The redescription of Nearctic Leucopis published be-
fore 1965. Zoosyst. Ross. 11: 193-207.

Tobin, P. C., R. M. Turcotte, and D. A. Snider. 2013. When one is not neces-
sarily a lonely number: initial colonization dynamics of Adelges tsugae on
eastern hemlock, Tsuga canadensis. Biol. Invasions. 15: 1925-1932.

Tobin, P. C., and R. M. Turcotte. 2018. Phenology of hemlock woolly adelgid
(Hemiptera: Adelgidae) in the central Appalachian Mountains, USA. J.
Econ. Entomol. 111: 2483-2487.

Wickham, H. 2016. ggplot2: elegant graphics for data analysis. Springer, New York.

Vose, J. M., D. N. Wear, A. E. Mayfield, and C. Dana Nelson. 2013. Hemlock woolly
adelgid in the southern Appalachians: control strategies, ecological impacts, and
potential management responses. For. Ecol. Manage. 291: 209-219.

Yu, G., M. E. Montgomery, and D. Yao. 2000. Lady beetles (Coleoptera:
Coccinellidae) from Chinese hemlocks infested with the hemlock woolly adelgid,
Adelges tsugae Annand (Homoptera: Adelgidae). Coleopt. Bull. 54: 154-199.

Zilahi-Balogh, G., L. Humble, A. Lamb, S. Salom, and L. Kok. 2003. Seasonal
abundance and synchrony between Laricobius nigrinus (Coleoptera:
Derodontidae) and its prey, the hemlock woolly adelgid (Hemiptera:
Adelgidae). Can. Entomol. 135: 103-115.


http://www.nhm.ac.uk/chalcidoids
http://www.R-project.org/
http://www.R-project.org/

