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Abstract

Two species of silver fly, Leucopis argenticollis (Zetterstedt) and Leucopis piniperda (Malloch) (Diptera:
Chamaemyiidae), from the Pacific Northwest region of North America have been identified as potential biological
control agents of hemlock woolly adelgid (Hemiptera: Adelgidae: Adelges tsugae Annand) in eastern North
America. The two predators are collectively synchronized with A. tsugae development.To determine whether adult
emergence of the two species of silver fly are also synchronized with one another, we collected adult Leucopis
which emerged from A. tsugae-infested western hemlock [Pinaceae: Tsuga heterophylla (Raf.) Sarg.] from four sites
in the Pacific Northwest over a 29-d period. Specimens were collected twice daily in the laboratory and identified
to species using DNA barcoding. The study found that more adult Leucopis were collected in the evening than
the morning. Additionally, the daily emergences of adults over the 29-d sampling period exhibited sinusoidal-like
fluctuations of peak abundance of each species, lending evidence to a pattern of temporal partitioning. This pattern
could have logistical implications for their use as biological control agents in eastern North America, namely the
need to release both species for maximum efficacy in decreasing A. tsugae populations.
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Two species of silver fly (Diptera: Chamaemyiidae), Leucopis
argenticollis (Zetterstedt) and Leucopis piniperda (Malloch) [mis-
identified as Leucopis atrifacies Aldrich in Kohler et al. (2008), see
Grubin et al. (2011)], from the Pacific Northwest show promise as
biological control agents for hemlock woolly adelgid (Adelges tsu-
gae Annand) in eastern North America. Adelges tsugae were first
observed in the eastern United States almost 70 yr ago and were
likely introduced from Japan on ornamental trees near Richmond,
Virginia (Stoetzel 2002, Havill et al. 2014). Adelges tsugae has
spread throughout most of the range of eastern and Carolina hem-
locks (Tsuga canadensis (L.) Carriére and T. caroliniana Engelmann,
respectively), incurring aesthetic, ecological, and economic impacts
(Quimby 1996). Damages to hemlocks caused by A. tsugae include
needle drop, desiccation, branch dieback, nutrient loss, and death
(McClure 1991). At the landscape scale, the loss of hemlock trees
changes forest composition (Orwig et al. 2002, Ellison et al. 20035,

Brantley et al. 2013) and increases stream temperatures, soil pH, and
nitrification (Jenkins et al. 1999, Kizlinski et al. 2002). The effects of
hemlock loss also negatively impact the abundance of several species
of fish and bird found uniquely in association with hemlock ecosys-
tems (Ross et al. 2003, Angelini et al. 2011).

Adelges tsugae has multiple native genetic lineages in Asia and
western North America (Havill et al. 2018). Potential biological con-
trol agents from these regions have been evaluated based on their
host specificity (e.g., Zilahi-Balogh et al. 2002, Grubin et al. 2011),
synchronization with A. #sugae development (Grubin et al. 2011),
long-term potential to establish (Mausel et al. 2010) and effective-
ness at lowering A. tsugae populations (Mausel et al. 2008, Vose
et al. 2013). In North America, A. tsugae is parthenogenetic, with
two generations, sistens and progrediens, which oviposit eggs into
ovisacs on hemlock branches in approximately March and June, re-
spectively (McClure 1987).
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Surveys of A. tsugae predators in the West revealed that two
species of silver fly, Leucopis argenticollis and Leucopis pin-
iperda, were collectively the most abundant predators associated
with A. tsugae infested western hemlocks (Kohler et al. 2008,
2016). Research published by Grubin et al. (2011) documented
the incidence of the four life stages (egg, larva, puparium, and
adult) for Leucopis spp., but the total lifespan of Leucopis spp.
could not be discerned from these data. The larval stage, which
was documented feeding on adelgids (Grubin et al. 2011, Motley
et al. 2017), were collected on all but 3 d of the year-long study
conducted by Grubin et al. (2011), with peak abundances in June
and July. This study also found that Leucopis spp. abundance was
positively correlated with each of the two A. tsugae generations
in the western United States, a possible indicator of life cycle
synchronicity.

Remarkably, Leucopis argenticollis and L. piniperda are also
found in eastern North America (McAlpine and Tanasijtshuk
1972), but eastern populations of both species are genetically di-
vergent from their western relatives (Havill et al. 2018). The eastern
flies predate on pine adelgids (Pineus spp.) and have not been col-
lected in the east on A. tsugae (Havill et al. 2018). Leucopis spp.
are promising candidates for biological control due to their abun-
dance on A. tsugae in the Pacific Northwest (Kohler et al. 2007,
Kohler et al. 2016), association with both A. zsugae generations
(Kohler et al. 2008, Grubin et al. 2011), host-specificity on adelgid
eggs and nymphs (Grubin et al. 2011), and successful survival and
reproduction in enclosed-release experiments in Tennessee, New
York (Motley et al. 2017), and North Carolina (experiments on
going). Other species of Chamaemyiidae have successfully con-
trolled adelgid species in Hawaii, Chile, and Africa (Ztdiga 1985,
Allo and Karanja 1986, Culliney et al. 1988, Greathead 1995),
suggesting that this group of predators could be effective against
A. tsugae.

However, biological control programs using other species of
Chamaemyiidae have encountered issues with predator—prey pheno-
logical synchronization (Mitchell and Wright 1967, Gaimari 1991).
Phenological assessment of L. piniperda and L. argenticollis from
the Pacific Northwest has been limited. Synchronization of these two
species of Leucopis was initially studied in aggregate because it is
difficult to distinguish them from one another based on morphology.
Collectively, the two species were shown to predate both the sistens
and progrediens generations of the adelgid’s yearly life cycle in the
Pacific Northwest (Kohler et al. 2008, Grubin et al. 2011). However,
this left a gap in knowledge about how the two species of fly coexist
at collection sites in the western United States. Specimens can now
be reliably identified to species using DNA barcoding (Havill et al.
2018, Rose et al. 2019), allowing each species to be studied separ-
ately. Using these DNA barcoding methods, Rose et al. (2019) did
not find evidence of spatial niche differentiation between the two
fly species at four sites in the Pacific Northwest. In the same study,
bi-weekly sampling indicated no obvious patterns of temporal differ-
entiation between the two species. However, the temporally coarse
sampling of flies in the study by Rose et al. (2019) may have masked
finer scale patterns.

Therefore, our research focused on assessing other avenues
of differentiating niche partitioning between the two species of
Leucopis in the West in three parts. First, temporal dynamics were
explored through a semidiurnal, daily assessment of adult emergence
(hereafter referred to as AM/PM for simplicity). Second, aggregate
daily abundances were assessed over a 29-d timeframe to determine
whether emergence patterns of each species may be evident over the

course of weeks instead of days. Finally, the effect of collection site
was assessed to determine whether it may have a statistical effect
on each species adult emergence. The results collectively represent
a novel, finer-scale temporal survey of Leucopis dynamics in the
Pacific Northwest. This approach avoids aggregate sampling, which
could potentially confound crepuscular emergence, daily emergence,
and effects of site. The clarification of temporal differentiation may
help optimize the sampling of each Leucopis species from the West.
If this strategy is predicted to have the best probability of decreasing
A. tsugae populations, this will allow both species of Leucopis to be
optimally released in the East.

Materials and Methods
Field Methods

To explore Leucopis spp. temporal dynamics, we assessed adult
emergence of Leucopis spp. in the lab using A. tsugae -infested Tsuga
heterophylla (Raf.) Sarg. foliage collected in the Pacific Northwest.
Sites in Washington and Oregon with abundant A. tsugae (approxi-
mately 50 ovisacs per 30 cm) were first identified. Nine sites were
found to have suitably high populations of A. tsugae, and thus were
likely able to support ample numbers of Leucopis spp. to achieve the
study’s goals (Supp Table 1 [online only]). At each site, foliage was
initially collected between 1000 and 1600, between 30 March and
7 April 2019. Foliage was transported to Oregon State University
(OSU), Department of Forest Ecosystems and Society, Corvallis, OR,
and placed in bug dorms (Item number BD2120, MegaView Science,
Taiwan; referred to as ‘cages’ hereafter). Each cage was filled with
as much foliage as could reasonably fit into the space. The cages
also contained two Sterilite plastic shoeboxes (31 x 19 x 10 mm)
with floral foam blocks, saturated with deionized water, into which
branch clippings were inserted with a small amount of water at the
bottom of each shoebox to maintain turgidity of the cut branches.
Cages were kept in a laboratory at room temperature (20-25°C).
In order to establish an ample dataset from which to subsample
specimens, four sites with the most adult Leucopis emergence were
chosen for this analysis. For these four sites, Grant Park, Point
Defiance, Thurston Title Co., and Tumwater Falls (Supp Table 2 [on-
line only]), at least 60 adult Leucopis emerged in the lab within 2 wk
of the initial collection. Additional foliage was, therefore, collected
from these four respective sites on April 29th and 13 May 2019 and
placed in separate cages.

Each cage was inspected for adult Leucopis in the morning
(between 730 and 900) and evening (between 1830 and 2000).
Leucopis from each cage were aspirated and placed into vials with
95% EtOH. For each vial, whether adults emerged in the morning or
evening (AM/PM), the date, and collection site were recorded. This
procedure was carried out for all but 2 d (JD 117 and 118) of the
full study period (JD 106-135), when collection was not possible.
Vials were stored at =20°C until overnight shipment to the USDA
Forest Service George D. Aiken Forestry Sciences Laboratory at the
University of Vermont (UVM) in Burlington, VT, where samples
were immediately placed into -10°C storage until DNA extraction
and identification using DNA barcoding.

A subsample from the total 3,808 collected specimens was
selected for analyses. Up to six adult flies, as available, were iden-
tified to species using DNA-barcoding per AM/PM, laboratory col-
lection date, and site, resulting in a total of 767 individuals. This
methodology provided ample data for a comparison of proportions
of collected adult specimens to fulfill the spatial and temporal ob-
jectives of the study.
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DNA Barcoding

Leucopis argenticollis is morphologically distinguished from L. pin-
iperda by the patterns of postpronotal setae, which can be difficult
to observe. Therefore, species was determined using DNA barcod-
ing methods outlined in Havill et al. (2018). Briefly, each fly was
punctured with a sterilized insect pin to expose contents of the body
cavity and incubated with proteinase K at 56°C for a minimum of
1 h. After incubation, the fly cuticles were recovered as morpho-
logical vouchers and deposited at the Yale Peabody Museum of
Natural History with accession numbers ENT961561 through
ENT961676. DNA was extracted from the remaining liquid using
the Mag-Bind Blood and Tissue Kit (Omega Bio-Tek, Norcross, GA)
using the manufacturer’s protocol. The standard 658 bp DNA bar-
coding portion on the 5" end of the mitochondrial cytochrome oxi-
dase I gene was amplified and sequenced using primers LepF1 and
LepR1 (Hebert et al. 2004). DNA sequences were compared to those
of known specimens (described in Havill et al. 2018, and available
on GenBank) for species identification.

Statistical Analyses

All data sets were tested for normality using the Shapiro-Wilk test.
Mean daily abundances were calculated for the collected subset
of 767 DNA-barcoded Leucopis for each species at each AM/PM
interval and site. Differences in species abundances in the morning
versus evening emergence were assessed using Welch’s Two-Sample
t-test with a null hypothesis of no difference between means. Both
L. piniperda and L. argenticollis daily abundance data were not nor-
mally distributed (W = 0.92; P = 0.03 and W = 0.81; P = 0.0001,
respectively). Accordingly, a Spearman rank correlation test was ap-
plied to the two species’ abundances over the 29-d study period.
The effect of site on abundance of each species was assessed using
one-way analyses of variance. All data analyses were run in R Studio
version 3.5.2 (RCoreTeam 2018).

Results

Results Overview

Our study found differences in the abundance of each species of
Leucopis collected in the laboratory over a 29-d collection period.
Of the 767 adult flies, there was a higher proportion of L. pin-
iperda (71.1%) than L. argenticollis (28.9%) (¢ = 3.35, df = 44.19,
P = 0.001). In addition, four flies that emerged from foliage col-
lected at the Grant Park site were identified as a different species of
Chamaemyiidae, Neoleucopis atratula (Ratzeburg).

Temporal Patterns

Our study first assessed temporal dynamics of the subsample of
DNA-identified, emerged adults of Leucopis spp. collected in the
lab. Collectively, we found that Leucopis emergence was higher
at the PM collection (59.2%) than the AM collection (40.8%)
(t = -2.66; df = 52.84; P = 0.01) (Fig. 1). However, when evalu-
ated by species, we found no effect of time of day for L. argenti-
collis (t = -0.95; df = 51.69; P = 0.35) or L. piniperda (¢t = -1.61;
df = 51.18; P = 0.11).

Within the 29-d study period, the abundances of L. argenticollis
and L. piniperda appeared to vary in a sinusoidal pattern (Fig. 2),
with L. piniperda emerging before L. argenticollis, and peaks of
abundance alternating between species. Peak totals of L. piniperda
occurred on Julian Date (JD) 106 (49 adults), JD 127 (43 adults),
and JD 134 (25 adults). Peak totals of L. argenticollis occurred on
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Fig. 1. Total number of adult Leucopis collected from laboratory cages in the
morning and evening pooled by foliage collection sites and day of collection
in the laboratory. Emergence was found to be higher at the PM collection
(59.2% of sampled adult flies) than the AM collection (40.8% of sampled adult
flies) (t = -2.66; df = 52.84; P=0.01).
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Fig. 2. Daily total number of Leucopis piniperda and L. argenticollis adults
collected from laboratory cages with Adelges tsugae-infested Tsuga
heterophylla foliage from four sites. Data were collected between 16 April
and 15 May 2019 (JD 106-135). No data were collected on Julian dates 117
and 118.

JD 110 (19 adults) and JD 133 (28 adults). L. piniperda were not
found (i.e., abundance of zero) between JD 113 and JD 116 while no
L. argenticollis were found between JD 106 and JD 109 or JD 121
and JD 129. The number of L. piniperda and L. argenticollis were
found to be inversely correlated over the study period (rho = -0.71;
§=6263; P <0.0001).

Site Effects on Species’ Abundance Patterns

Leucopis spp. emerged from branches collected at all sites. The
greatest total of emerged Leucopis adults were collected from, in
descending order, Point Defiance (1,481 collected, 234 sampled),
Thurston Title Co. (781 collected, 194 sampled), Tumwater Falls
(925 collected, 192 sampled), and Grant Park (526 collected, 147
sampled) (Fig. 3a). The number of L. argenticollis did not vary stat-
istically among sites (F = 0.822; df = 3, 48; P = 0.488), however, the
mean number of L. piniperda did vary statistically by site, specif-
ically Thurston Title Co., which has comparably higher variability
for this species: Point Defiance (4.94 = SE 0.38), Thurston Title Co.
(5.03 = SE 0.28), Tumwater Falls (4.24 = SE 0.46), and Grant Park
(3.38 = SE 0.39) (Fig. 3b; F = 3.828; df = 3, 118; P = 0.0117).
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Fig. 3. Median number of (a) L. argenticollis and (b) L. piniperda adults
collected per day from cages between 16 April and 15 May 2019 (JD 106-
135) is represented by the central, bold line in each box plot below. Dots
represent statistical outliers at each site. Adelges tsugae-infested foliage
from which flies emerged was collected from Tumwater Falls, Point Defiance,
andThurstonTitle Co. in Washington and Grant Park in Oregon.

Discussion

Our results provide insight on the emergence times of L. argenticol-
lis and L. piniperda from the Pacific Northwest which may improve
their implementation as biological control agents of A. #sugae in
eastern North America. Overall, we found that L. piniperda out-
numbered L. argenticollis by 42.2%. This is seemingly at odds with
the findings of Kohler et al. (2008), Grubin et al. (2011), and Rose
et al. (2019), which all found higher abundances of L. argenticol-
lis. However, unlike previous studies, we examined Leucopis spp.
populations at a finer-scale (daily) over a relatively short time-period
(29 d). Additionally, the sample size used in the current study was
nearly seven times (7 = 767 Leucopis spp.) that of previous studies
(Kohler et al. 2008, 7 = 99, Grubin et al. 2011, z = 125, Rose et al.
2019, n = 76). In terms of within-day temporal patterns, our re-
sults indicate that both species of Leucopis combined had marginally
greater adult emergence at the evening collection time across all sites
(Fig. 1). This synchronous daily activity may be useful information
for collection of Leucopis spp. in the West and for timing its release
on A. tsugae in the East.

The recovery of a few Neoleucopis atratula specimens among
the Leucopis feeding on A. tsugae in our study represents a new
prey record. Neoleucopis atratula is a European species that was
introduced to New Brunswick, Canada from Germany in 1965 for
biological control of Adelges piceae (Ratzeburg), an invasive pest of
fir trees (Abies) in North America (Schooley et al. 1981). In addition
to being established in the East, Neoleucopis atratula has been re-
covered feeding on Adelges piceae in the Pacific Northwest in British
Columbia in 1990-1991 (Humble 1994), but it is not known how it
arrived on the west coast. This species primarily feeds on A. piceae
and related adelgid species on Abies but has also been reported on

Pineus species on Pinus (McAlpine and Tanasijtshuk 1972). Similar
to Greathead (1995), who concluded that N. atratula would not be
an effective control for Pineus sp. in Africa, N. atratula probably
would not contribute to A. tsugae control because it primarily feeds
on A. piceae.

In terms of longer-term temporal dynamics, patterns over a 29-d
period demonstrated an inverse relationship between the abun-
dances of each species’ daily emerged adults which followed a sinus-
oidal pattern with peaks of abundance alternating between species.
Although examining the drivers for this pattern is outside the scope
of this study, alternating abundances could result in decreased inter-
specific competition (Walter 1991). The segregation of adult emer-
gence could provide an opportunity for the predatory larval stages of
each Leucopis species to be consequently staggered (Pellmyr 1989,
Pompanon et al. 2006). This pattern could also be a residual effect of
prey availability (Grubin et al. 2011, Ximenez-Embun et al. 2014),
or of the specialization of each species of larval stage Leucopis
in predating specific parts of A. tsugae’s life cycle (Pellmyr 1989,
Pampanon et al. 2006).

The complementary sinusoidal patterns of daily abundance for
the two species may also explain findings from a previous study
by Motley et al. (2017). In that study, Leucopis spp. from the
Pacific Northwest were released in caged field experiments first in
Tennessee in mid-May (at the southern edge of the eastern A. fsu-
gae range) and then in upstate New York in early-June (at the
northern edge of the eastern A. tsugae range) to evaluate survival
and reproduction in eastern North America. Release-times at each
site were staggered to synchronize with A. tsugae egg laying in
the different regions. In New York, all F1 adults collected from
enclosures were L. argenticollis, whereas those collected from the
enclosures in Tennessee were a mix of L. piniperda and L. argen-
ticollis. Given the findings of our study on the temporal presence
of each species, a possible explanation for the findings of Motley
et al. (2017) would be that species’ composition was influenced
by the temporally staggered collection of Leucopis spp. from the
Pacific Northwest.

Our results also indicated differences in species proportions
based on collection site. Although the effect of the site from which
branches were collected did not correlate with L. argenticollis
abundance, there was a relationship for L. piniperda. This is con-
trary to the findings of a previous study which found that site did
not correlate with abundances of adult and immature specimens
of either species (Rose et al. 2019). These differences may be ex-
plained, in part, by the large variance in our study, specifically in
the Thurston Title Co. L. piniperda data set (Fig. 3b). Additionally,
our sampling of only emerged adults versus all life stages may
cause our study results to differ from those of previous studies
(Rose et al. 2019). By excluding immature flies from our dataset,
it was not possible to assess the effects of immature survival or
interspecific competition by site, which is an area of consideration
for further studies.

Our findings may have implications for the use of these Leucopis
species as biological control agents of A. tsugae in eastern North
America, especially considering the documented synchronicity issues
for other Chamaemyiidae used for biological control (Smith and
Coppel 1957, Mitchell and Wright 1967, Gaimari 1991). Our find-
ings could imply that the two species work in tandem to impact
A. tsugae populations and thus would both need to be released in
eastern North America. Given the challenges of nondestructive dif-
ferentiation of these two Leucopis species based on morphology (i.e.,
samples need to be DNA-barcoded), staggering specimen collections
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in the West and subsequent releases in the East may increase the like-
lihood that both species of Leucopis spp. are released.

Broadly, our study of L. argenticollis and L. piniperda demon-
strates the importance of fully understanding a species’ niche in its
native range to predict its implementation and impact as a biological
control agent (Holmes 1973). Given that temporal investigations of
these two species had only been conducted in aggregate, our study
represents a novel investigation of L. argenticollis and L. piniperda
resource partitioning patterns at a fine scale. Knowledge of these
two species interspecific interactions, predator—prey relationships,
and environmental requirements could improve the efficacy of their
use as biological control agents of A. tsugae. With these insights,
biological control programs can avoid the challenges of destructively
sampling Leucopis spp. to identify them with DNA barcoding by
staggering collection times in the West. This logistical modification
may increase the likelihood that both species of Leucopis are re-
leased in the East with consequential improvements in their estab-
lishment and biological control efficacy.

Supplementary Data

Supplementary ~ data  are  available at  Envirommental

Entomology online.
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