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In the eastern United States, feeding by introduced predators Laricobius nigrinus Fender and Laricobius osakensis Shiyake
and Montgomery are likely insufficient to sustainably regulate the invasive hemlock woolly adelgid (HWA), Adelges tsugae
Annand, due to adelgid population rebound postpredation. This suggests that additional predators may be needed in eastern
North America to achieve effective biological control. In the Pacific Northwest, there is evidence that multiple specialist pred-
ators, including La. nigrinus, Leucotaraxis piniperda (Malloch), and Le. argenticollis (Zetterstedt) contribute to maintaining HWA
populations below damaging levels on western hemlock. We report on a 2-yr, 5-location study to evaluate the combined effect
of predators, La. nigrinus, La. osakensis, and Le. piniperda on HWA populations and eastern hemlock health in the eastern
United States. Three assessments targeting different stages of predatorprey activity were conducted annually by installing
mesh cages on HWA-infested branches where La. nigrinus was established. Predation by Laricobius spp. caused measurable
spring HWA ovisac disturbance, and Le. piniperda predation caused measurable summer HWA ovisac disturbance during both
years. Proportion of new shoot growth and mean length of new shoot growth did not differ among treatments for both years.
This suggests that a longerterm study may be needed to better understand the combined effects these predators may have
on eastern hemlock health, or that additional predators such as Le. argenticollis should also be evaluated.
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Introduction provinces (Nova Scotia and Ontario) (Dodd 2023). It has been a
successful invader due in part to its parthenogenesis, high fecun-
dity, multivoltinism (McClure 1989, Havill et al. 2016), and lack

of specialized natural enemies in its introduced range (Wallace

Managing the impact and spread of the hemlock woolly adelgid
(HWA), Adelges tsugae Annand (Hemiptera: Adelgidae), in east-
ern North America is a continuing challenge. This insect was first

recorded in eastern North America in 1951 in Richmond, VA
(Stoetzel 2002), and was likely transported on nursery stock sent
from Japan (Havill and Montgomery 2008, Havill et al. 2016).
Since the 1980°s, HWA has spread to 23 US states and 2 Canadian

and Hain 2000). In eastern North America, HWA feeds on 2
susceptible hosts, the eastern hemlock, Tsuga canadensis (L.)
Carriere (Pinales: Pinaceae), and Carolina hemlock, Tsuga caro-
liniana Engelm (Pinales: Pinaceae) (McClure 1989).
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Eastern hemlock has a wide distribution in eastern North
America, extending from Nova Scotia into Alabama and west
into Wisconsin, with isolated populations in Minnesota, south-
ern Michigan, western Ohio, southern Indiana, and Kentucky
(Godman and Lancaster 1990). Eastern hemlock grows in pure
stands or mixed-species stands and is considered a major com-
ponent in 4 mixed-stand types (Godman and Lancaster 1990).
The distribution of Carolina hemlock is substantially smaller;
it overlaps with eastern hemlock, with isolated populations in
Georgia, North Carolina, South Carolina, Virginia, and
Tennessee (Godman and Lancaster 1990). Eastern hemlock is
a foundation species (Ellison 2014), creating unique and stable
ecosystems with over 120 vertebrate species and at least 300
arthropod species (Dilling et al. 2009, Ellison et al. 2018). It
is also the most long-lived, shade tolerant tree species in eastern
North America (Farjon 1990). Without eastern and Carolina
hemlocks, these unique ecosystems would be lost, resulting in
elevated understory light levels, negative effects on several bird
species, alterations in arthropod diversity and abundance, and
alterations in nutrient and energy flow (Ellison et al. 2018).

HWA feeding causes plant chlorosis, premature needle drop,
bud abortion, reduction of new growth, and branch dieback
(McClure et al. 1996). Physiological effects of herbivory on the
host are variable depending on the scale of measurement and
may include an increase (Huggett et al. 2018) or a decrease
(Domec et al. 2013) in hydraulic conductivity, higher net pho-
tosynthetic rates (Huggett et al. 2018), or reduced net photo-
synthetic rates (Domec et al. 2013, Nelson et al. 2014,
McDonald et al. 2023), and a reduction in stomatal conduc-
tance depending on additional environmental stressors (Preston
et al. 2023a). As a result of these physical and physiological
effects, tree mortality may occur at any age after 4 or more
years of infestation (McClure et al. 1996).

To manage the impact of HWA in forest stands, classical
biological control programs have focused on the release and
redistribution of 4 specialist predators. Two specialist predators
of HWA, Laricobius nigrinus Fender (Coleoptera:
Derodontidae) and Laricobius osakensis Montgomery and
Shiyake (Coleoptera: Derodontidae), have established popula-
tions in the eastern United States (Mausel et al. 2010, Toland
etal. 2018, Crandall et al. 2023). In its introduced range, HWA
has 2 generations per year: the spring generation known as the
sistens, and the summer generation known as the progrediens
(McClure 1989). Both La. nigrinus and La. osakensis target
the spring HWA generation (sistens) and feed on its eggs (pro-
grediens) (Vieira et al. 2012). Laricobius nigrinus can signifi-
cantly reduce ovisac density of the sistens generation (Jubb
et al. 2020), resulting in a positive temporary effect on tree
physiology (Preston et al. 2023a). However, these specialist
predators only target the sistens adults and progrediens eggs,
and 1 study by Crandall et al. (2020) determined that even
though there were high predation rates of sistens ovisacs (up
to >80%) by La. nigrinus, the low number of surviving pro-
grediens would still be enough to cause damage to the tree
when the mother sistens generation density was high. Predators
that also target sistens eggs, Leucotaraxis argenticollis
(Zetterstedt) (Diptera: Chamaemyiidae) and Leucotaraxis pin-
iperda (Malloch) (Diptera: Chamaemyiidae), also known as
silver flies, have recently been released in the eastern United
States (Limbu et al. 2018). Both of these species co-occur with
La. nigrinus in the US Pacific Northwest and are known to feed
on both generations of HWA (Kohler et al. 2008, Grubin et al.
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2011, Kohler et al. 2016, Rose et al. 2020, Dietschler et al.
2021). Eastern strains of both species are found in the eastern
United States, but these strains are known to feed on other
adelgid species besides HWA and are phylogenetically divergent
from the western strains (Havill et al. 2018, 2023). Efforts to
monitor for establishment of the western strains of both
Leucotaraxis species in the eastern United States are ongoing.

In western North America, Le. argenticollis emerges prior
to La. nigrinus prepupal drop (Dietschler et al. 2021).
Leucotaraxis piniperda emerges at the end of HWA sistens
oviposition and after La. nigrinus prepupal drop (Dietschler
etal. 2021). There is also a second, lesser emergence period for
Le. argenticollis, following Le. piniperda emergence (Dietschler
et al. 2021). With emergence occurring at separate times for
each species, it is possible to differentiate the 2 Leucotaraxis
species based on this timing. In addition, Le. argenticollis and
Le. piniperda can tolerate environmental conditions in New
York and Tennessee during the spring through early summer
(Motley et al. 2017), and Le. argenticollis is capable of over-
wintering as puparia in plant hardiness zones 4a to 7a
(Dietschler et al. 2023).

Since Le. piniperda emerges after La. nigrinus prepupal drop
and near the end of HWA sistens oviposition, it is likely that
Le. piniperda mainly targets the HWA progrediens generation.
By releasing Le. piniperda at field sites where La. nigrinus has
established, it is possible that the presence of both predator
species could have a greater effect on HWA populations than
either one in isolation. After La. nigrinus prepupal drop occurs,
Le. piniperda emergence occurs making it possible to determine
the effects of La. nigrinus on the sistens generation separately
from the effects of Le. piniperda on the progrediens generation.
For this study, Le. piniperda was experimentally added to
caged release treatments at sites with established La. nigrinus
populations. This study was composed of 3 time-specific assess-
ments with the following objectives: Assessment 1, to determine
sistens winter mortality and the effect of La. nigrinus on sistens
ovisacs; Assessment 2, to determine progrediens summer mor-
tality and the impact of Le. piniperda on progrediens ovisacs;
and Assessment 3, to determine the overall impact of both
predators, separately and in combination, on the proportion
of new shoot growth, the mean length of new shoot growth,
and the density of aestivating sistens on new shoot growth.

Materials and Methods

Field Site Set Up

This 2-yr study was conducted at 5 field sites, each in a differ-
ent eastern US state (Table 1). Each site was selected based on
having an active infestation of HWA, releases of La. nigrinus
beginning in 2005 to 2007, and documented establishment of
La. nigrinus for at least 4 yrs prior to the study. Laricobius
osakensis was also released at the TN site, but was not known
to have established before our study began. In the fall of each
year (2020 and 2021), when HWA sistens nymphs resumed
development following summer aestivation, 8 to 10 trees were
selected at each site. Trees selected were of similar crown
classification (intermediate and/or suppressed) (Table 1)
(Schomaker et al. 2007).

On each tree, 8 branches were selected based on HWA sistens
density on current year shoot growth. Four branches with >1
HWA/cm were randomly assigned to one of the 4 following
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Table 1. Field site information for eastern hemlock stands used to evaluate predator impact on hemlock woolly adelgid in the eastern United States,
2021 to 2022

Release year of

Release year of Laricobius
Site Location coordinates Plant hardiness zone* Laricobius nigrinus  osakensis® Tree crown classification
MD 39.70 N, -78.67 W 7a 2004 N/A Suppressed, intermediate
NC 35.82 N, -82.19W 7a 2005 N/A Suppressed
PA 40.75 N, =77.72W 6b 2006 N/A Intermediate
TN 35.76 N, -83.30W 7b 2007 2014 Suppressed
VA 37.64 N, -78.80 W 7b 2005 N/A Suppressed, intermediate

“Plant hardiness zone assignments based on https://planthardiness.ars.usda.gov/.

"N/A indicates that La. osakensis was not released at the site.

Table 2. Treatment codes and characteristics for branches on eastern
hemlock trees used to evaluate predators and cage effects on hemlock
woolly adelgid and eastern hemlock health in the eastern United States,
2021 to 2022

Treatment® HWA density Apply cage® Remove cage*
Both predators >1 HWA/cm Assessment 1 End of study

No predators >1 HWA/cm Start of study Assessment 1

Ln only >1 HWA/cm No cage No cage

Lp only >1 HWA/cm Start of study End of study

Spring cage <1 HWA/cm Assessment 1 End of study

Fall cage <1 HWA/cm Start of study Assessment 1

No cage <1 HWA/cm No cage No cage

Fall and <1 HWA/cm Start of study End of study

spring cage

*“Ln only” represents the treatment with La. nigrinus. “Lp only”
represents the treatment with Le. piniperda.

"Cages were applied when the study began for the year, or after the first
branch was clipped for Assessment 1.

Cages were removed after the first branch was clipped for Assessment 1, or
when the study was completed for the year.

predator treatments, defined by adelgid exposure to predation
by La. nigrinus (Ln) and/or Le. piniperda (Lp): (i) No preda-
tors; (ii) Lp only; (iii) Both predators; and (iv) Ln only (Table 2).
Three 20 to 30 cm branchlets with similar HWA densities (>1
HWA/cm) were marked on each of the 4 branches per tree.
Each branchlet was randomly assigned to one of the 3
time-specific assessments of the study (described below). In
treatments with La. nigrinus predation (Ln only and Both pred-
ators), branches remained exposed to naturally occurring La.
nigrinus populations from fall through early spring, whereas
treatments without La. nigrinus predation, a 100x66 cm
(LxW) nylon mesh cage (MegaView Science Co., Ltd.,
Taichung, Taiwan) was installed around the branch to prevent
La. nigrinus access. For treatments with Le. piniperda preda-
tion (Lp only and Both predators), adult Le. piniperda were
released into a mesh cage surrounding the branch in the spring,
whereas for treatments without Le. piniperda, they were not.
Four branches with <1 HWA/cm (to represent negligible adel-
gid impact on shoot growth), each with three 20 to 30 cm
branchlets with similar HWA densities, were also selected as
cage treatments with cages installed at the same times as their
corresponding predator treatment branches (Table 2). Before
mesh cages were applied, branches that were assigned to the
predator treatments and corresponding cage treatments with-
out La. nigrinus (Lp only and No predators) were tapped

approximately ten times to remove any natural-occurring pred-
ators of HWA that might have been present. The neck of each
cage was closed over a piece of insulated pipe foam 7.5 cm long
by 1.25 cm wide and secured with zip ties.

Experiment Set up and Le. piniperda Adult Releases

At the New York State Hemlock Initiative (NYSHI) facility, at
Cornell University, Leucotaraxis that emerged from foliage
material shipped from sites in the Pacific Northwest, were col-
lected and identified to species by observing whether post-
pronotal setae were present (Le. argenticollis) or absent
(Le. piniperda) (Dietschler et al. 2021, Gaimari and Havill
2021). Adult silver flies identified as Le. piniperda were then
sexed by observing the genitalia under a dissecting scope
(Dietschler et al. 2021). Adult silver flies were then sorted and
shipped overnight to collaborators in MD, PA, NC, TN, and
VA. The MD and VA sites were monitored by the senior author.

The La. nigrinus sampling periods map from the HWA
Predator Database (Dodd 2023) was used to predict the time-
frame of La. nigrinus prepupal drop at each site for each year.
This map was based on a phenological model of La. nigrinus
that included data on the survival and development of this
species (Rémi Saint-Amant, personal communication, 7 April
2026). Within the timeframe, 1 branchlet was clipped for all
predator and cage treatments and returned to a lab in each
respective state. Cages were removed for the No predator treat-
ment and corresponding cage treatment branches. On the Both
predators and Lp only treatment branches, Le. piniperda adults
were released and cages were applied. Cages were also applied
to corresponding cage treatment branches. Leucotaraxis pin-
iperda adults were released in M: F sex ratios of 5:5 and 4:4
in 2021 and 2022, respectively. The NC site was monitored by
author A.M., the PA site was monitored by author T.T., and
the TN site was monitored by author J.G. Cages remained on
Lp only treatment and corresponding cage treatment branches
for the remainder of the study.

Assessment 1: La. nigrinus Impact and HWA Winter
Mortality

Assessment 1 determined the effect of La. nigrinus on HWA
sistens ovisacs, assessed HWA sistens natural winter mortality,
and quantified Laricobius spp. larvae present. At the respective
labs, cut branchlets were held in small containers that mim-
icked modified Burlese funnels to collect La. nigrinus after
they had reached the prepupal stage (Salom et al. 2012, Foley
et al. 2021). The containers consisted of 0.11 kg mason jars
with wire mesh lining the inside of the lid, which allowed La.
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nigrinus prepupae to fall through to the bottom of the jars.
The cut ends of the branches were placed in water-saturated
floral foam (Smithers-Oasis North America, Kent, OH). Thin
clear plastic surrounded each branch and stood on top of the
wire mesh. All containers were held in an environmental cham-
ber at 13°C with a 12 L: 12 D photoperiod. Containers were
checked daily to collect La. nigrinus prepupae, which were
then stored in 95% EtOH and at -20°C. When La. nigrinus
prepupae stopped dropping for 5 d, branches were placed at
-20°C until evaluation for impact on HWA. Branchlets col-
lected from MD, PA, and VA sites were examined at Virginia
Tech, whereas branchlets collected from NC and TN sites were
examined in the labs of co-authors A.M. and J.G., respectfully.

All predator and cage treatment branches were analyzed to
determine the impact of La. nigrinus on HWA sistens ovisacs
and to assess HWA sistens winter mortality. From 1-yr old
shoot growth on each branchlet, the number of disturbed HWA
sistens ovisacs, live HWA sistens, and dead HWA sistens were
recorded. HWA sistens were considered live if their woolly
ovisacs were intact and if they produced red hemolymph when
prodded. HWA sistens were considered dead if their woolly
ovisacs were intact but the insect was shrunken and dry or
produced dark brown hemolymph when prodded. HWA sistens
ovisacs were considered disturbed from La. nigrinus predation
if the ovisac had a shredded appearance (Jubb et al. 2020).
Ovisac disturbance has been used in multiple studies as an
indicator of La. nigrinus predation (Mausel et al. 2008, Jubb
etal. 2020), as it is the only known predator active at this time
of year (Mayfield et al. 2023). Percent live HWA sistens was
determined by dividing the number of live HWA by the total
number of HWA sistens counted at the time of the assessment.
Percent winter mortality was determined by dividing the num-
ber of dead (with intact ovisacs) HWA sistens by the total
number of HWA sistens counted, and the percent disturbed
HWA sistens was determined by dividing the number of dis-
turbed HWA sistens by the total number of HWA sistens
counted at the time of the assessment.

Assessment 2: Le. piniperda Impact and HWA Summer
Mortality

Assessment 2 evaluated HWA progrediens summer mortality
and the effect of Le. piniperda on HWA progrediens ovisacs.
In June or July (depending on site location), when the majority
of progrediens adults had produced most of their eggs, the
second of the 3 experimental branchlets was cut from each
predator treatment and corresponding cage treatment branch
and transported to the lab. Branchlets were held in the freezer
at =20°C until they could be evaluated for impact on HWA.
For evaluation, progrediens were classified as live, dead, or
disturbed using the same methods as in Assessment 1. HWA
progrediens nymphs and adults that failed to produce eggs and
were dead due to other causes, besides Le. piniperda predation,
were considered dead due to summer conditions. All
Leucotaraxis spp. specimens that were found were collected
and stored in 95% EtOH and at -20°C for molecular
identification.

Assessment 3: Tree Health Measurements, Settled Sistens
Density, and Predator Impacts

Assessment 3 examined the effect of Laricobius spp. and Le.
piniperda predation and the density of the next generation of
settled aestivating sistens on new shoot growth. In September

Preston et al.

and October, while settled sistens were still in aestivation, the
final experimental branchlet was cut from all predator treat-
ment and corresponding cage treatment branches. Debris that
had gathered in the cages was also collected and examined for
Le. piniperda specimens. Cages were removed and returned to
the lab. Branchlets and debris were frozen at =20 °C until eval-
uation. Leucotaraxis piniperda specimens that were found on
the branchlet and in cage debris were collected and stored in
95% EtOH and held in the freezer at -20°C for molecular
identification.

For each branchlet the number of new shoots and the total
number of shoots were recorded, and the proportion of new
shoot growth (new shoots/total shoots) was calculated. New
shoot growth was measured to the nearest 0.1 cm, and mean
length of new shoot growth was calculated by dividing the sum
of new shoot growth by the number of new shoots. The density
of aestivating sistens nymphs was determined by the total num-
ber of aestivating sistens on new shoot growth divided by the
sum of new shoot growth.

Molecular and Morphological Analyses of Predators

For Laricobius and Leucotaraxis specimens, DNA was nonde-
structively extracted using the MagMAX DNA Multi-Sample
Kit (Thermo Fisher, Waltham, MA) on a KingFisher Flex instru-
ment (Thermo Fisher). Each individual was pierced with a clean
flame-sterilized insect pin, and the body was removed after
overnight digestion in tissue lysis buffer. Vouchers of each spe-
cies were deposited in the Virginia Tech Insect Collection,
Blacksburg, Virginia (VTEC) with accession numbers
VTEC000010523 to VTEC000010545. The standard DNA
barcoding region of the 5’ end of the mitochondrial COI gene
was amplified in 25 pL reactions containing 1X PCR Buffer,
2.4 pL ANTPs (10 mM each; New England Biolabs, Ipswich,
MA), 3.7 pL MgCI2 (25 mM), 1.0 pL of each primer LepF1
and LepR1 (10 mM; Hebert et al. 2004), 0.2 pL Go Taq G2
DNA polymerase Kit (Promega), and 3 or 5 pL template DNA.
The thermocycler profile consisted of 1 cycle at 95°C for 2
min, then 36 cycles at 95 °C for 30's, 46 °C for 30 s, and 72°C
for 1 min (30 cycles), and a final extension of 72 °C for 2 min.
PCR products were sequenced at the Yale University Keck
DNA Sequencing Facility on an ABI 3730 sequencer (Thermo
Fisher). Chromatograms were examined and edited using the
software GENEIOUS. For identification of immature
Leucotaraxis, DNA barcode sequences were compared to
sequences from adults determined using morphology. All new
sequences generated in this study were deposited in GenBank
with voucher numbers PP352701 to PP352912. The presence
or absence of sclerotization on the puparial posterior spiracles
was used to distinguish puparia of Le. piniperda from Le.
argenticollis (Gaimari and Havill 2021) for specimens collected
at the NC and PA sites in 2021, and MD site in 2022,

Statistical Analysis

Assessment 1: La. nigrinus Impact and HWA Winter
Mortality

This study was set up as a randomized complete block design.
Site and tree nested within site were set as random variables to
account for the variability among the sites and to avoid pseudo
replication from pooling the treatments on the same tree.
Treatment and year were set as fixed. Response variables con-
sisted of proportions with zeros and ones within the dataset.
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Therefore, a generalized linear mixed model with an ordered
Beta distribution and logit link was used to analyze the effect
of predator treatments on the proportion of disturbed sistens
ovisacs, and to analyze the proportion of sistens winter mor-
tality among the predator treatments for 2021 and 2022
(Kubinec 2023, Korhonen et al. 2024). Treatments Both pred-
ators and Ln only were pooled into a single treatment, because
both treatments were inclusive of La. nigrinus, the only spe-
cialist predator of HWA sistens adults. Similarly, treatments
No predators and Lp only that excluded La. nigrinus were
pooled into a single treatment for these analyses. Branchlet
replicates of treatments No predators and Lp only branches
that were observed to have been contaminated with La. nigri-
nus were removed from analyses for all assessments.

To determine the mean proportion of sistens ovisac distur-
bance from La. nigrinus predation, the mean proportion of
sistens ovisac disturbance of the No Ln treatment was sub-
tracted from the mean proportion of sistens ovisac disturbance
of the Ln treatment. This was to distinguish ovisac disturbance
due to La. nigrinus predation from the mechanical disturbances
that could have occurred to some of the sistens ovisacs on all
treatment branches. Possible causes of mechanical disturbance
include environmental conditions such as the wind, cages rub-
bing against the branches, and the handling of the branches
while at the site, or by transporting them to the lab. All analyses
(Assessments 1 to 3) were conducted in R (R Core Team 2025)
using gamlss (Rigby and Stasinopoulos 2005), glmmTMB
(Brooks et al. 2017), and supporting packages dplyr (Wickham
et al. 2023) and emmeans (Lenth and Piaskowski 2026).
Models for all analyses (Assessments 1 to 3) were validated
using the DHARMa package (Hartig 2022). Cage treatments
were excluded from all Assessments 1 and 2 analyses because
they were selected specifically for cage effects on eastern hem-
lock health. All figures were created using the package ggplot2
(Wickham 2016).

Assessment 2: Le. piniperda Impact and HWA Summer
Mortality

When the first branchlet from all treatments was clipped for
Assessment 1, La. nigrinus present on predator treatment
branches were assumed to have reached the final larval stage
or were prepupae, and no longer feeding on HWA progrediens
eggs and HWA sistens. Therefore, for Assessment 2, data were
pooled into treatments with Le. piniperda (Both predators and
Lp only) and without Le. piniperda (No predators and Ln only)
to determine effects on the proportion of progrediens ovisac
disturbance and progrediens summer mortality among the
predator treatments. Zeros and ones were present within the
dataset, therefore a generalized linear mixed model with an
ordered Beta distribution with a logit link was used to analyze
predator treatment effects on progrediens ovisac disturbance
and progrediens summer mortality to determine differences
among treatments across sites for 2021 and 2022. Fixed and
random variables in this model were the same as in the model
used for Assessment 1, see above. To determine the mean pro-
portion of progrediens ovisac disturbance from Le. piniperda
predation, the mean proportion of progrediens ovisac distur-
bance of the No Lp treatment was subtracted from the mean
proportion of progrediens ovisac disturbance of the Lp treat-
ment. This was to distinguish ovisac disturbance due to Le.
piniperda predation from the mechanical disturbances that
could have occurred to some of the progrediens ovisacs on all

treatment branches. The TN site was excluded from this anal-
ysis for both years because branch sampling occurred in July,
which was too late in the season to accurately capture preda-
tion effects (sistens eggs had already hatched and sistens crawl-
ers dispersed).

Assessment 3: Tree Health Measurements, Settled Sistens
Density, and Predator Impacts

The TN site was excluded from the cage treatment analyses for
both years, due to initial HWA densities >1 HWA/cm.

A generalized linear mixed model with an ordered Beta dis-
tribution with a logit link was used to analyze the effect of
predator treatments and cage treatments on the proportion of
new shoots in 2021 and 2022. To analyze the effect of predator
treatments on the mean length of new shoot growth in 2021
and 2022, a generalized linear mixed model with a zero-inflated
gamma distribution with a log link was used. This was to
account for the high number of zeros within the dataset for
data that was not proportion data. To analyze the effect of cage
treatments on the mean length of new shoot growth a linear
mixed model was used since the data was not zero inflated or
in proportions. For both models, fixed variables were the same
as what was used for previous assessments, and site was a
random variable. Treatments were not pooled therefore; tree
nested within site was not a random variable for this assessment.

Due to a low number of new shoots that were produced
across treatments and sites, we were not able to analyze HWA
density on new shoot growth.

Results

Assessment 1: La. nigrinus Impact and HWA Winter
Mortality

In 2021, mean initial HWA densities for all predator treatments
ranged between 1.80 and 4.38 HWA/cm across all sites
(Supplementary Table S1). In 2022, mean initial HWA densities
ranged between 2.82 and 5.05 HWA/cm across all sites
(Supplementary Table S1).

Opverall, sistens ovisac disturbance in the Ln treatment was
significantly greater than in the No Ln treatment (z=-9.75,
P<0.0001, Fig. 1). Overall, sistens ovisac disturbance in 2022
was significantly greater compared to 2021 (z=6.28, P<0.0001,
Fig. 1). In 2021, sistens ovisac disturbance, from Laricobius
spp. predation, ranged between 11.8% and 53.2% among all
sites (Supplementary Table S2). In 2022, the mean proportion
of sistens ovisac disturbance from Laricobius spp. predation,
ranged between 13.0% and 49.7% among all sites
(Supplementary Table S2).

There was modest evidence that sistens winter mortality was
greater in the No Ln treatment compared to the Ln treatment
(z=-3.39, P=0.03, Fig. 2). Overall, sistens winter mortality
was significantly lower in 2022 than in 2021 (z=-3.39,
P=0.0007, Fig. 2). In 2021, mean sistens winter mortality was
<50% in MD and PA, as low as 13.4% in NC, and as high as
73.9% in TN. In 2022, mean sistens winter mortality was
<50% for all field sites and was as low as 0.9% in TN.

The molecular analyses determined that La. nigrinus was
present at all field sites (Table 3). However, at the TN site, 72%
(n=18) were La. osakensis, 17% were La. nigrinus, and 11%
were La. rubidus LeConte (Coleoptera: Derodontidae)
(Table 3). The greatest number of Laricobius larvae that were
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Fig. 1. Assessment 1: Ovisac disturbance of the sistens generation of
Adelges tsugae. Mean percentage (+SE) of disturbed sistens on predator
treatment branches. Different lowercase letters above individual box plots
indicate significant differences between treatments for each year
(P<0.05). Different capitalized letters above box plots indicate significant
differences between years (P<0.05). Data points represent data points
across all sites for each treatment. “Ln" represents treatment branches
exposed to La. nigrinus and “No Ln" represents treatment branches
without La. nigrinus.

Fig. 2. Assessment 1: Winter mortality of the sistens generation of
Adelges tsugae. Mean percentage (+SE) of sistens winter mortality on
predator treatment branches. Different lowercase letters above individual
box plots indicates significant differences among treatments (P<0.05).
Different capitalized letters above box plots indicate significant differ-
ences between years (P<0.05). Data points represent data points across
all sites for each treatment. “Ln" represents treatments with La. nigrinus
and “No Ln" represents treatments without La. nigrinus.

collected occurred in 2021 at the NC site with a total of 105
Laricobius larvae (Table 4). The lowest number of Laricobius
larvae that were collected occurred in 2021 at the PA site with
a total of 2 Laricobius larvae collected (Table 4).

Assessment 2: Le. piniperda Impact and HWA
Summer Mortality

In 2021, mean initial HWA densities for all predator treatments
ranged between 1.93 and 4.30 HWA/cm across all sites

Preston et al.

(Supplementary Table S1). In 2022, mean initial HWA densities
ranged between 2.84 and 6.57 HWA/cm across all sites
(Supplementary Table S1).

Overall, progrediens ovisac disturbance in the No Lp treat-
ment was significantly lower compared to the Lp treatment
(z=-2.94, P=0.003, Fig. 3). Overall, progrediens ovisac dis-
turbance in 2022 was significantly greater than in 2021
(z=4.62, P<0.0001, Fig. 3). In 2021, the mean percentage of
progrediens ovisac disturbance from Le. piniperda predation,
ranged from 2.9% to 8.3% across all sites (Supplementary
Table S3). In 2022, progrediens ovisac disturbance from Le.
piniperda predation, ranged from 0.0% to 13.3% across all
sites (Supplementary Table S3).

Overall, progrediens summer mortality in the No Lp treat-
ment was not significantly different from the Lp treatment
(z=-1.07, P=0.29, Fig. 4). However, overall progrediens sum-
mer mortality was significantly greater in 2021 than in 2022
(z=-5.89, P<0.0001, Fig. 4). In 2021, mean progrediens sum-
mer mortality ranged from 9.6% in NC to 78.8% in PA. In
2022, mean progrediens summer mortality ranged from 11.0%
in VA to 43.4% in NC.

Molecular analyses confirmed that the western strain of Le.
piniperda was collected from cages from all field sites, except
NC (Table 3). Specimens collected from the NC site were
mostly puparia from which adults had emerged, so they did
not contain enough DNA to be analyzed molecularly. These
specimens were confirmed to be Le. piniperda using morpho-
logical identification, yet it was not possible to determine if they
were the western strain. Molecular analyses confirmed that all
specimens except one, from VA in 2022, were the western strain
of Le. piniperda (Table 3). In addition, adult flies were released
into mesh cages and confined within those cages, preventing
the eastern strain of Le. piniperda from being actively present
on those branches. Therefore, we can assume that all specimens
confirmed to species based on morphological characteristics
were also the western strain. In 2022, at the VA field site, 97.1%
of Leucotaraxis specimens collected were the western strain of
Le. piniperda (n=34) and 2.9% were the western strain of Le.
argenticollis (n=1) (Table 3). The majority of specimens col-
lected from all sites were undetermined due to low presence of
DNA or contamination (Table 3). Morphological analyses con-
cluded that all emerged puparia were Le. piniperda (Table 3).

Assessment 3: Tree Health Measurements and
Predator Impacts

In 2021, mean initial HWA densities for all predator treatment
branches ranged between 2.15 and 3.61 HWA/cm across all
sites (Supplementary Table S1). Mean initial HWA densities
for cage treatment branches ranged between 0.13 and 0.41
HWA/cm across all sites (Supplementary Table S4). In 2022,
mean initial HWA densities for predator treatment branches
ranged between 2.98 and 5.82 HWA/cm across all sites
(Supplementary Table S1). Mean initial HWA densities for cage
treatment branches ranged between 0.16 and 0.77 HWA/cm
across all sites (Supplementary Table 54).

The proportion of new shoot growth was not significantly
different among predator treatments (Ln only: z=-1.20,
P=0.23, Lp only: z=-1.63, P=0.10, and No predators:
z=-1.29, P=0.20) (Fig. 5). Overall, the proportion of new
shoot growth was significantly greater in 2022 compared
with 2021 (z=3.77, P=0.0002). In 2021, the mean percent-
age of new shoot growth ranged between 1.2% and 42.4%
among all sites and predator treatments. In 2022, the mean
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Table 3. Molecular and morphological results of Laricobius spp. and Leucotaraxis spp. specimens collected at each site from treatment branches and
cage debris, 2021 to 2022

Total Total Number of specimens by type

specimens specimens

tested tested
Year State (molecular)*  (morphology)® Undetermined® Ln® Lre Lo! La® Lp" Other'
2021 N 9 0 2 . 0 2 5
2022 N 43 0 14 3 2 13 0 1 10
2021 NC 29 9 8(8) 21(21) 0 0 0 0y 0
2022 NC 0 0
2021 PA 9 2 6(6) 0 0 0 0 4(2) 1(1)
2022 PA 59 0 46 3 0 0 0 8 2
2021 VA 22 0 9 0 0 0 0 13 0
2022 VA 103 0 23 42 0 0 1 34 3
2021 MD 29 0 19 2 0 0 0 3 5
2022 MD 35 11 3(3) 32(32) 0 0 0 11(0) 0

“Total specimens tested (molecular) represents the number of specimens that were analyzed using PCR techniques.

"Total specimens tested (morphology) represents the number of specimens that were analyzed based on morphological characteristics.
‘Undetermined represents the number of specimens that could not be identified due to contamination or low amounts of DNA present.
dLn represents the number of La. nigrinus specimens that were confirmed to species.

Lr represents the number of La. rubidus that were confirmed to species.

fLo represents the number of La. osakensis that were confirmed to species.
sLa represents the number of Le. argenticollis that were confirmed to species.
"Lp represents the number of Le. piniperda that were confirmed to species.

iOther represents the total number of specimens that were confirmed to family and were not Ln, L, Lo, La, or Lp.

"Total number of specimens tested (number of specimens tested molecularly).

Table 4. Assessment 1: Total number of Laricobius spp. larvae collected
from Ln only and Both predators treatment branches at each site for year
2021 and 2022

Total number of Laricobius

Year Site spp. larvae collected
2021 MD 48
2021 NC 105
2021 PA 2
2021 N 33
2021 VA 16
2022 MD 22
2022 NC 37
2022 PA 6
2022 N 20
2022 VA 31

percentage of new shoot growth ranged between 7.3% and
58.4% among all sites and predator treatments. The propor-
tion of new shoot growth was not significantly different
among the cage treatments (Fall cage: z=0.56, P=0.59, No
cage: ¢=0.71, P=0.49, and Spring cage: z=0.28, P=0.78,
Fig. 6). Overall, the proportion of new shoot growth was
significantly greater in 2022 compared with 2021 (z=3.62,
P=0.0003). In 2021, the mean percentage of new shoot
growth ranged between 0.76% and 78.1% across all sites
and cage treatments. In 2022, the mean percentage of new
shoot growth ranged between 27.1% and 77.6% across all
sites and cage treatments.

The mean length of new shoot growth did not significantly
differ among predator treatments (Ln only: 2=0.47, P=0.64,
Lp only: 2=-0.73, P=0.47, and No predators: z=0.28,
P=0.78, Fig. 6). Overall, the mean length of new shoot
growth was not significantly different between years (z=0.18,
P=0.86). In 2021, the mean length of new shoot growth
ranged between 0.25 and 2.57 cm across all sites and

Fig. 3. Assessment 2: Ovisac disturbance of the progrediens generation
of Adelges tsugae. Mean percentage (+SE) of progrediens disturbed on
predator treatment branches. Different lowercase letters above individual
box plots indicate significant differences between treatments (P<0.05).
Different capitalized letters above box plots indicate significant differ-
ences between years (P<0.05). Data points represent data points across
all sites for each treatment. Data from treatments with Le. piniperda
were pooled and assigned “Lp." Data from treatments without Le.
piniperda were pooled and assigned “No Lp."

predator treatments. In 2022, the mean length of new shoot
growth ranged between 0.62 and 3.09 cm across all sites and
predator treatments.

The mean length of new shoot growth did not significantly
differ among cage treatments (Fall cage: z=1.60, P=0.11, No
cage: 2=0.86, P=0.39, and Spring cage: z=1.62, P=0.10).
Overall, the mean length of new shoot growth was significantly
greater in 2022 than in 2021 (z=2.76, P=0.006). In 2021, the
mean length of new shoot growth ranged between 0.43 and
3.07 cm across all sites and cage treatments. In 2022, the mean
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Fig. 4. Assessment 2: Summer mortality of the progrediens generation
of Adelges tsugae. Mean percentage (+SE) of dead progrediens due to
summer conditions on predator treatment branches. No lowercase letters
above individual box plots indicates no significant differences among
treatments (P> 0.05). Different capitalized letters above box plots
indicates significant differences between years (P<0.05). Data points
represent data points across all sites for each treatment. Data from
treatments with Le. piniperda were pooled and assigned “Lp.” Data from
treatments without Le. piniperda were pooled and assigned “No Lp."

Fig. 5. Assessment 3: Mean percentage (+=SE) of new shoot growth
(predator treatments). No lowercase letters above individual box plots
indicates no significant differences among treatments (P> 0.05). Different
capitalized letters above box plots indicates significant differences
between years (P<0.05). Data points represent data points across all
sites for each treatment.

length of new shoot growth ranged between 1.17 and 3.14 cm
across all sites and cage treatments.

Discussion

Laricobius spp. predation had a significant effect on sistens
ovisac disturbance, and the predation of Le. piniperda had a
modest effect on progrediens ovisac disturbance. However, our
experiments did not demonstrate an effect of Laricobius spp.
or Le. piniperda predation (alone or in combination) on hem-
lock shoot growth, which we used as an indicator of tree health.

Preston et al.

Fig. 6. Assessment 3: Mean length (+SE) of new shoot growth (cm)
(predator treatments). No lowercase letters above individual box plots
indicates no significant differences among treatments (P>0.05). No
capitalized letters above box plots indicates no significant differences
between years (P>0.05). Data points represent data points across all
sites for each treatment.

Since predation on HWA did not lead to an effect on eastern
hemlock health at the branch level, it could indicate that a
larger-scale or longer-term study is needed to improve our
understanding of these predators and how they affect HWA
populations and eastern hemlock health in the eastern United
States. It also suggests evaluating additional predators, such as
Le. argenticollis, which could provide increased pressure on
high HWA densities. This study provides a preview into the
effects that Laricobius and Leucotaraxis could have on HWA
populations and suggests that continued efforts on the evalu-
ation of their impact on HWA populations and eastern hemlock
health in the eastern United States are warranted.

Laricobius spp. and Le. piniperda Effects to HWA
Populations

Laricobius spp. predation significantly affected sistens ovisacs
for both years. These results were consistent with the findings
of Jubb et al. (2020) and Preston et al. (2023a), who demon-
strated that, established populations of La. nigrinus could
reduce the HWA sistens population. At the TN field site, the
majority (72.7%) of Laricobius larvae that were found on
treatment branches at the site were confirmed as La. osakensis
(Table 3). Although, predation by established populations of
La. osakensis predation on sistens ovisacs has not been previ-
ously quantified, our results at the TN field site suggest that
La. osakensis predation causes similar disturbance of HWA
sistens ovisacs as La. nigrinus.

Progrediens ovisac disturbance was significantly greater for
treatments with Le. piniperda compared to treatments without
Le. piniperda for both years (Fig. 3). Progrediens ovisac dis-
turbance caused by Le. piniperda was low ranging from 2.9%
to 8.3% in 2021, and 0% to 13.3% in 2022 across all sites.
This was lower compared to sistens ovisac disturbance caused
by Laricobius spp., which ranged between 11.9% and 53.2%
in 2021 and 13.0% and 49.7% in 2022 across all sites. For
this study, an unknown number of wild La. nigrinus, was able
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to approach treatment branches. Leucotaraxis piniperda was
not established at any of our field sites, so we had to select a
specific number of adult flies to release into mesh cages. The
optimal number of adult Le. piniperda that should be released
to effectively reduce the progrediens population is uncertain.
Another possibility for why progrediens ovisac disturbance was
considerably lower in the Lp treatments would be the time of
release of adult Le. piniperda into cages. In the US Pacific
Northwest, Dietschler et al. (2021) found that Le. piniperda
adult emergence occurred after La. nigrinus prepupal drop. For
this study, Le. piniperda adult flies were released into cages
while La. nigrinus prepupal drop was still occurring. This was
done to limit the number of times we opened and shut the cages
to minimize any potential damage to the study branches and
from mechanically disturbing HWA. Therefore, when La. nigri-
nus prepupal drop was occurring, the branchlet for Assessment
1 could be clipped at the same time when Le. piniperda adult
flies were released into cages. As a result, it is possible Le.
piniperda adult flies may have been released into the cages too
soon and their phenology may not have been synchronized with
HWA phenology at a field site. It is important to note that while
HWA ovisac disturbance has been used as a proxy for HWA
population impact it is only a rough estimate of actual popu-
lation impact because the number of eggs consumed per ovisac
is variable (Jubb et al. unpublished data). When HWA densities
are high (>1 HWA/cm) it can also be difficult to distinguish the
exact number of ovisacs that were disturbed, so an estimate on
the number of ovisacs disturbed is produced. Trained and expe-
rienced researchers collected these data to remain consistent
and to reduce bias.

One adult silver fly collected from treatment branches at the
VA site was determined as the western strain of La. argenticol-
lis. Flies released into the mesh cages were selected based on
when they emerged from western hemlock foliage collected
from sites in the Pacific Northwest. In the field, after La. nigri-
nus prepupal drop, Le. piniperda adults emerge followed by
an emergence of La. argenticollis adults, which can occur as
Le. piniperda adults are still emerging (Dietschler et al. 2021).
The majority of Leucotaraxis that were recovered from cages
and confirmed to species were the western lineage of Le. pin-
iperda and suggests that the majority of these flies were the
offspring of the adults that were released into the treatments
(Table 3). However, there were a large number of specimens
(130 total specimens) that could not be identified to species
due to contamination or low DNA presence. This could have
been a result of how this study was designed. Cages used to
hold Le. piniperda adults on a hemlock branch were applied
in April to May and Leucotaraxis specimens were not collected
from the cages until June to July and in September of the same
year. Specimens may have been present within the cages for
long periods of time and exposed to environmental conditions
that likely caused fungal growth and degradation of DNA.
Future field studies on Le. piniperda and Le. argenticollis that
depend on molecular analyses should include frequent moni-
toring of sites for Leucotaraxis specimens throughout the study
to prevent this.

In our study, we selected Le. piniperda instead of Le. argen-
ticollis because Le. piniperda adult emergence occurs after La.
nigrinus prepupal drop in the US Pacific Northwest (Dietschler
et al. 2021). This enabled us to examine the impacts of La.
nigrinus and Le. piniperda separately. However, the phenology
of Le. piniperda in the eastern United States is unknown. Based

on Dietschler et al. (2021), Le. piniperda adult emergence in
the West occurs only once per year at the time when the pro-
grediens generation is present. This led us to believe that Le.
piniperda would be a good candidate for a caged branch study
to test the impact on the HWA progrediens generation.
However, our results suggest that Le. piniperda may not be as
effective a biological control agent as Le. argenticollis. Le.
argenticollis adult emergence occurs 1 or 2 times per year when
the sistens generation is present and later when the progrediens
generation is present (Dietschler et al. 2021). Another study
that focused on the phenology of Le. argenticollis on caged
branches in the eastern United States, found that Le. argenti-
collis adults emerged before and during the time when adult
sistens were producing eggs and when progrediens nymphs and
adults with eggs were present (Preston et al. 2023b). In addi-
tion, Le. argenticollis larvae were found throughout the year
in NY and VA, with peaks occurring when HWA adults were
producing eggs and when HWA nymphs of both generations
were present (Preston et al. 2023b). This suggests that Le.
argenticollis may have an impact on both generations of HWA,
and with La. nigrinus already present at several locations in
the eastern United States, may be more beneficial than Le.
piniperda since there would be an additional predator targeting
the sistens generation. While we cannot determine if Le. pin-
iperda or Le. argenticollis would have more of an impact, we
can confirm that Le. piniperda was able to reproduce at all field
sites, which shows potential for establishment (Motley
et al. 2017).

Impacts of Summer and Winter Conditions on HWA
Populations

Several studies have indicated that HWA populations are sus-
ceptible to cold temperatures <-10 °C, with some variation on
survival depending on geographic location (Parker et al. 1998,
Skinner et al. 2003, Paradis et al. 2008, Trotter and Shields
2009, McAvoy et al. 2017). From our study, winter mortality
ranged between 18.0% to 75.0% in 2021 and 5.0% to 60.0%
in 2022. Although, we do not have temperature data, we can
assume that the winter conditions in 2021 and 2022 were not
detrimental to HWA populations throughout the eastern
United States and did not result in suppressing HWA popula-
tions. For this study, we needed to apply mesh cages over hem-
lock branches to exclude La. nigrinus and to include Le.
piniperda depending on the treatment. The proportion of HWA
winter mortality slightly differed among treatments in 2021
and in 2022 (Fig. 2). Previous studies using mesh cages on
eastern hemlock branches have found minimal variability in
temperatures inside versus outside of the mesh cages (Preston
et al. 2023a, 2023b). Therefore, we can assume that the effect
of temperature was minimal on HWA population inside of the
mesh cages.

No known previous studies have examined the impact of
summer conditions on the progrediens generation of HWA.
For our study, the number of dead, alive, and disturbed pro-
grediens present on the 1- to 2-yr-old shoot growth on hemlock
branches in June and July when adult progrediens had pro-
duced most of their eggs were recorded. From this, we deter-
mined that the percentage of dead progrediens, that was not
caused by Le. piniperda, ranged between 9.6% to 79.0% in
2021 and 11.0% to 43.4% in 2022.There were no significant
differences among treatments for progrediens summer
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mortality, suggesting that cage effects were minimal across sites
during the summer months for both years. We suggest that
future studies should focus on the effect of summer conditions,
such as high temperatures, drought conditions, or direct expo-
sure to sunlight on the progrediens generation and determine
how influential it may be to HWA population growth.

La. nigrinus and Le. piniperda Impacts to Eastern
Hemlock Health

HWA feeding is known to cause multiple symptoms to eastern
hemlock, such as premature needle drop, a reduction in new
shoot growth, and branch dieback, which can eventually lead
to tree mortality (McClure et al. 1996). For this study, we
looked at the proportion of new shoot growth and the mean
length of new shoot growth as indications of eastern hemlock
health. We also tried to determine if the number of Laricobius
spp. larvae and Le. piniperda specimens collected would cor-
relate with these measurements. The results were inconclusive
and presented a weak relationship between the presence of
either predator and eastern hemlock health. One possible rea-
son for this could be the short length of this study. A previous
study that looked at the impact of La. nigrinus predation on
HWA populations and on the net photosynthetic rate of eastern
hemlock found a temporary effect where treatments with La.
nigrinus had higher photosynthetic rates compared to treat-
ments without La. nigrinus in June (Preston et al. 2023a). In
addition, that study found that the treatment branches with a
high density of La. nigrinus produced significantly more shoot
growth than treatment branches without predators (Preston
et al. 2023a), suggesting that La. nigrinus predation on sistens
ovisacs had an indirect effect on eastern hemlock physiology.
However, our study did not look at the photosynthetic rate, so
we were unable to confirm if there were any physiological
improvements of eastern hemlock health from the predator
treatments. Another study, assessing the effect of an integrated
pest management approach on eastern hemlock health, found
that changes in eastern hemlock health lagged 0 to 3 yrs after
HWA populations declined (Sumpter et al. 2018). Therefore,
in our study we may have not been able to see the after effect
from reducing HWA populations on treatment branches with
predators, since our study evaluated eastern hemlock health
less than 1 yr after predators effected HWA populations.

Another reason for these inconclusive results could be that
the density of HWA sistens from previous years could have
been more influential on the production of new shoot growth
than the presence of the predators. Sussky and Elkinton (2014)
found that mean new shoot growth length declined due to
HWA densities that occurred the previous year. Therefore, new
shoot production may be a function of both current HWA
densities as well as the physiological impact of past HWA
dynamics on the tree. And our study was not able to disentangle
these short-term and long-term effects on hemlock growth. For
predators to have an impact on eastern hemlock health, the
predators may need to consistently suppress HWA populations
for multiple years.

CageTreatment Effects on Eastern Hemlock Health

For this study, 4 branches with low adelgid densities (<1 HWA/
cm) were selected as cage treatments. Each cage treatment cor-
responded with one of the 4 treatments by when a cage was
applied. For example, the Fall cage treatment corresponded
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with the No predator treatment, where cages were installed in
the fall to prevent La. nigrinus from reaching the branches, and
then, in the spring, cages were removed. These cage treatments
were used to determine if there was a cage effect on eastern
hemlock growth.

Overall, the percentage of new shoot growth on treatment
branches, that started with >1 HWA/cm, ranged between 2.0%
and 58.0%, and the percentage of new shoot growth on cage
treatment branches ranged between 2.0% and 79.0%. The
range of percentage of new shoot growth may be similar
between predator treatments and cage treatments, however, for
MD, NC, PA, and VA sites for both years, 3.4% and 68.4%
of predator treatment replicates did not produce new shoot
growth and 0.0% and 47.4% of the cage treatment replicates
did not produce new shoot growth. This suggests that HWA
densities >1 HWA/cm had a higher chance of not producing
new shoot growth and that HWA densities at the beginning of
the study could have influenced the percentage of new shoot
growth, regardless of La. nigrinus and Le. piniperda predation
that occurred on predator treatment branches. McClure (1991)
suggested that the prohibition of new shoot growth of eastern
hemlock occurred when more than 4 adelgid were found per
cm of branch. However, McClure (1991) used only mature
eastern hemlocks, examined only branches in the lower canopy,
and excluded the effect of environmental factors, so the sug-
gested damage threshold of eastern hemlock should be consid-
ered with caution. Based on the results here, it suggests that
HWA densities from the previous year that were >1 HWA/cm
seem to reduce new shoot growth the following year, but it is
difficult to know what the exact threshold would be.
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