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Abstract

Scymnus (Neopullus) camptodromus Yu and Liu (Coleoptera: Coccinellidae) was brought to the United States

from China as a potential biological control agent for hemlock woolly adelgid (Adelges tsugae Annand)

(Hemiptera: Adelgidae). Scymnus camptodromus phenology is closely synchronized with that of A. tsugae and

has several characteristics of a promising biological control agent. As a prerequisite to field release, S. campto-

dromus was evaluated for potential nontarget impacts. In host range studies, the predator was given the choice

of sympatric adelgid and nonadelgid prey items. Nontarget testing showed that S. camptodromus will feed to

some degree on other adelgid species, but highly prefers A. tsugae. We also evaluated larval development of

S. camptodromus on pine bark adelgid (Pineus strobi (Hartig)) (Hemiptera: Adelgidae) and larch adelgid

(Adelges laricis Vallot) (Hemiptera: Adelgidae); a small proportion of predator larvae was able to develop to

adulthood on P. strobi or A. laricis alone. Scymnus camptodromus showed no interest in feeding on woolly al-

der aphid (Paraprociphilus tessellatus Fitch) (Hemiptera: Aphididae) or woolly apple aphid (Eriosoma lanigerum

(Hausmann)) (Hemiptera: Aphididae), and minimal interest in cotton aphid (Aphis gossypii Glover) (Hemiptera:

Aphididae) in choice and no-choice experiments. Scymnus camptodromus females did not oviposit on any host

material other than A. tsugae-infested hemlock. Under the circumstances of the study, S. camptodromus ap-

pears to be a specific predator of A. tsugae, with minimal risk to nontarget species. Although the predator can

develop on P. strobi, the likelihood that S. camptodromus would oviposit on pine hosts of this adelgid is small.
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Hemlock woolly adelgid (Adelges tsugae Annand) (Hemiptera:

Adelgidae) is a major pest of eastern hemlock, Tsuga canadensis (L.)

Carriére, and Carolina hemlock, Tsuga caroliniana Engelmann, in the

eastern United States, causing marked tree decline and mortality

(McClure 1991). It was originally introduced into the eastern United

States from southern Japan (Havill et al. 2006). Adelges tsugae is not

considered a pest in its native range due to the presence of a complex

of natural enemies and naturally resistant hemlocks (Cheah and

McClure 2000, Cheah et al. 2004). Although A. tsugae is endemic to

the western United States, the biotype there is genetically distinct

from the introduced A. tsugae in the eastern United States that causes

severe injury and extensive tree decline (Havill et al. 2006).

Adelges tsugae has spread rapidly since its introduction; there

are no known parasitoids, insufficient generalist native predators,

and an abundance of susceptible hemlock stands in the eastern

United States (Montgomery and Lyon 1996, Wallace and Hain

2000, Hakeem et al. 2013, Havill et al. 2014). This pest is currently

distributed over 19 states in the eastern United States, encompassing

�40% of the T. canadensis range and 100% of the T. caroliniana

range (U.S. Department of Agriculture–Forest Service [USDA-FS]

2012, Preisser et al. 2014). The rate of spread has been estimated at

about 15 km per year in the South and 8 km per year in the North

(Evans and Gregoire 2007). Proliferation of A. tsugae is believed to

be more rapid in the South due to the warmer climate, which allows

prolonged feeding and reduced winter mortality of adelgids, result-

ing in faster hemlock decline (Parker et al. 1999, Skinner et al. 2003,

Ford et al. 2012).

Evaluation of classical biological control agents for managing A.

tsugae populations has been progressing in earnest for several years

(Butin et al. 2003, 2004; Vieira et al. 2011; Story et al. 2012; Jones

et al. 2014; Limbu et al. 2015) and is considered the most promising

approach for forest settings (Onken and Reardon 2011). The aim is

to build a community of predators that collectively keeps the pest

population below damaging levels.
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Natural enemies introduced in the eastern United States for con-

trol of A. tsugae include several predatory insect species collected

from the native range of A. tsugae worldwide (Cheah and McClure

1998, Mausel et al. 2010, Montgomery and Keena 2011,

Montgomery et al. 2011, Hakeem et al. 2013). Two of those preda-

tory species, Laricobius nigrinus Fender (Coleoptera: Derodontidae)

and Sasajiscymnus tsugae Sasaji and McClure (Coleoptera:

Coccinellidae), have been released, recovered, and were found coex-

isting in the areas of release (Hakeem et al. 2011). However, studies

also suggest that predation is somewhat temperature dependent; for

example, some predators are more active during cooler spring tem-

peratures and some during warmer summer temperatures (Flowers

et al. 2006). Therefore, a complex of natural enemies will likely be

required to significantly reduce A. tsugae populations in different

seasons and geographic locations.

Exploration for natural enemies of A. tsugae included a collec-

tion of Scymnus (Neopullus) camptodromus Yu and Liu

(Coleoptera: Coccinellidae) from the Sichuan and Yunnan provinces

in the southwestern China (Montgomery and Keena 2011). Scymnus

camptodromus is an efficient predator in its native ecosystem; the

adults feed on all life stages of A. tsugae throughout their develop-

ment (Cheah et al. 2004). The larvae also feed on multiple life

stages, although they feed most voraciously on A. tsugae eggs

(Montgomery and Keena 2011, Limbu et al. 2015). This predator’s

phenology is closely aligned with that of A. tsugae; S. camptodro-

mus eggs diapause while A. tsugae are in summer aestivation, hatch-

ing in spring as A. tsugae begin laying eggs (Keena et al. 2012).

Also, the lower temperature threshold for development of S. camp-

todromus larvae is 5�C, which closely matches that of A. tsugae pro-

grediens, making it an attractive choice for biological control in the

northeastern United States (Limbu et al. 2015).

Scymnus camptodromus is found over a broad geographic region

and diverse habitats in its native range, yet unlike some Scymnus

(Neopullus) species collected from China, it was not found in associ-

ation with host trees other than hemlock, suggesting it may be a spe-

cialist predator of A. tsugae (Montgomery and Keena 2011).

However, as with introduction of any classical biological control

agent, potential ecological impacts of the introduced species must be

explored, particularly in respect to nontarget species (Bellows 2001,

Van Lenteren et al. 2003). We studied the host range of S. campto-

dromus, including the possibility that it might feed on sympatric

adelgid species, as well as four nonadelgid prey items, including

Paraprociphilus tessellatus Fitch (Woolly alder aphid) in choice and

no-choice tests. Paraprociphilus tessellatus is an important consider-

ation for nontarget feeding, as the larvae of the only known carnivo-

rous butterfly Feniseca tarquinius F. (Lepidoptera: Lycaenidae) in

the continental United States feed almost exclusively on P. tessellatus

(Scott 1986, Butin et al. 2004, Hall et al. 2007). These data were

incorporated into an environmental assessment report for consider-

ation for the release of S. camptodromus for control of A. tsugae in

the field.

Materials and Methods

Predator and Prey Source
Scymnus camptodromus adults were collected in 2006–2007 from

different geographic locations in China and transported to the

USDA Forest Service quarantine facility in Ansonia, CT, under per-

mit. Voucher specimens of adults were deposited at the Entomology

Division, Yale Peabody Museum of Natural History, New Haven,

CT. Five geographic populations of S. camptodromus were used in

this study (Keena et al. 2012), including DGS (CHINA:Sichuan:

5-X-06, 5-11-XI-06, 26-IV-07), MNP (CHINA:Yunnan: 20-IV-07,

13-VI-07, 23-XI-07), NBG (CHINA:Sichuan: 5-X-06, 5-11-XI-06,

26-IV-07), LP (CHINA:Yunnan: 23-IX-05, 10-VI-07, 20-IX-07),

and LJS (CHINA:Yunnan: 21-22-IV-07, 25-V-07, 11-VI-07, 21-IX-

07). The strains used in any one experiment depended on which

strain had adults available to test at the time. Equal numbers of

predators from each province were evaluated in each test whenever

possible.

Information on test prey with the rationale for testing a given

prey species is shown in Table 1. The A. tsugae used in this study

were collected from T. canadensis trees in 2007 and 2008 from the

vicinity of Raleigh, NC, and in 2009 and 2010 from Rothrock State

Forest, PA. Scymnus camptodromus was evaluated for nontarget im-

pacts on three sympatric adelgids collected in April (overwintering

adelgid generation) or June (second adelgid generation) of 2007,

2010, and 2015. Pineus strobi (Hartig) (Hemiptera: Adelgidae)

(pine bark adelgid) were collected from Pinus strobus L. in Hamden,

CT, Ansonia, CT, Perry Township, PA, and Yale Meyers Forest in

CT. Adelges cooleyi (Gillette) (Cooley spruce gall adelgid) were col-

lected from Pseudotsuga menzesii (Mirb.) Franco in Hamden, CT,

and Adelges laricis Vallot (Hemiptera: Adelgidae) (larch adelgid)

from the Lake Watrous area, CT, from Larix kaempferi (Lamb.)

Carr. The predator was also tested using four nonadelgid species:

Fiorinia externa Ferris (Hemiptera: Diaspididae) from A. tsugae in

Mile Run exit, PA; Eriosoma lanigerum (Hausmann) (Hemiptera:

Aphididae) (woolly apple aphid), from Malus species Borkh., in the

Soergel Orchards area, PA; P. tessellatus (woolly alder aphid) from

Alnus serrulata (Ait.) Willd in Scotia Barrens, PA, collected in

February 2008; and Aphis gossypii Glover (Hemiptera: Aphididae)

(cotton aphid) obtained from honeydew melon (Cucumis melo L.)

plants from a lab colony maintained at Penn State University

(University Park, PA) in March 2015.

Prey Preference (Choice Tests)
Choice tests were conducted in 150- by 15-mm Petri dishes with fil-

ter paper placed in the bottom. Host material with prey items was

placed inside the Petri dish by trimming them to approximately

equal size to minimize bias based on the amount of cover for prey or

predator. All samples in each test were placed on top of the filter pa-

per and arranged around the edges, making sure each sample

touched the other samples as little as possible. The number of prey

items presented to each predator was equalized as much as possible.

Prior to placement in the choice test, each foliage sample was

cleaned of any predators and other insects at the time it was

collected.

The sex of each beetle, the foliage sample type, and the number

of prey items present on each type of foliage were recorded prior to

the start of each test. Each adult S. camptodromus was placed in the

center of the test arena, equidistant from each sample, the lid of the

Petri dish was closed, and the dish edges were sealed with

parafilm or tape to prevent insects from escaping. To maintain

humidity the Petri dishes were placed in a plastic box on a screen

over water and held in an incubator at 15 6 1�C with a photoperiod

of 12:12 (L:D) h for 48 h (four-way choice tests) or 72 h (three-way

choice tests).

After 48 or 72 h, the predators were removed, and the final loca-

tion of each predator (on which sample or on the filter paper) was

recorded. The predators were returned to holding cages, and the

number of prey items remaining on each sample was recorded.

Oviposition by S. camptodromus was noted and recorded.
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Four-Way Choice Tests
To evaluate the feeding preference of adult S. camptodromus among

sympatric adelgid species and for different adelgid stages, choice

tests were conducted by giving each S. camptodromus adult a choice

of four prey items (A. laricis, P. strobi, A. tsugae, A. cooleyi) simul-

taneously without removing the mature adelgids that continued lay-

ing eggs. As the choice test was performed with ovipositing adelgids,

it was only held for 48 h to minimize oviposition and egg eclosion.

Additionally, based on availability at the time of the test, the over-

wintering generation of P. strobi, A. tsugae, and A. cooleyi and the

second generation of A. laricis were used. A 1-cm-long piece of in-

fested hemlock, a 1-cm2 piece of P. strobi excised infested bark, one

infested needle of P. menzesii, and 3–5 infested needles of L. kaemp-

feri were spaced evenly around the margins of the Petri dish. There

were 10 replicates for this experiment, which included five MNP

strain and five DGS strain females. After 48 h, the remaining adults,

eggs, and crawlers were counted, and the remaining crawlers were

subtracted from the eggs left in the test. Because ovipositing prey

adults were present during the course of this experiment, we first

sought to determine if there were differences in oviposition by prey

species and prey generation, which could alter subsequent analyses.

To estimate the average number of eggs laid by each adelgid in 48 h,

all eggs were removed from 10 adelgid females of each species and

held in the same containers and conditions as used in the choice test.

In this analysis, the number of eggs laid by prey and prey generation

was transformed using log10(yþ1) and subjected to an analysis of

variance.

Total eggs consumed of each adelgid species by each S. campto-

dromus adult was calculated by summing the number of eggs at the

start plus the average number of eggs laid by a female of that species

and then subtracting the number of eggs and nymphs in the con-

tainer after 48 h. The number of nymphs (nymphs at the start plus

hatched eggs minus nymphs at the end) and adults consumed was

also recorded. The fate of an egg or nymph was considered to have a

binary response: consumed or not consumed, and analyzed using lo-

gistic regression while accounting for the number of eggs presented

to each S. camptodromus adult, given that these counts were not al-

ways equal among predators (although we made every effort to use

approximately the same number of eggs). We chose this statistical

approach over ordinary least squares (OLS) because the number of

cases of consumed eggs were often very small for some prey species

(i.e.,<10), which is known to bias results obtained from OLS (Coxe

et al. 2009). The significance of the main effect of prey was based on

the likelihood ratio chi-squared (G2), and odds ratios were com-

puted after decomposing G2 into nonsignificant components

(Agresti 1990). Statistical analyses were conducted in R (R

Development Core Team 2011).

Three-Way Choice Tests
Additional choice tests with S. camptodromus adults were con-

ducted in comparison with A. tsugae by giving each predator a

choice of three adelgid species at a time using A. laricis, P. strobi,

and A. cooleyi. During the four-way tests, the predator did not show

a preference for mature adelgids, so they were removed from the fo-

liage samples to prevent further oviposition. However, as all four

adelgid prey items were not available simultaneously, three-way

tests were performed. To obtain sufficient sample sizes, both male

and female adults of the MNP strain were used in these tests. The

tests were run for 72 h (rather than the 48 h for the four-way tests)

to provide more opportunity for the S. camptodromus females to lay

eggs. Infested foliage samples were 3–15 cm in length (total length of

all pieces of each foliage type in the dish was similar), with the ends

of each wrapped in damp cotton with parafilm over it to preserve

moisture and prevent the predators from drowning. The number of

adelgid eggs present in each sample was kept as equal from sample

to sample as possible, averaging 50–80 eggs per sample. The number

of eggs of each prey item on their respective foliage at the start of

each test was recorded, and all other adelgid life stages were re-

moved. Each test arena contained A. tsugae and two other adelgid

species. Tests were categorized as Set A, B, or C, depending on the

composition of adelgids (Set A¼A. tsugae, A. laricis, and A. cool-

eyi; Set B¼A. tsugae, P. strobi, and A. cooleyi; and Set C¼A. tsu-

gae, P. strobi, and A. laricis). There were four replicates of Sets A

and C and 11 replicates of Set B, based on availability of each adel-

gid species. Crawlers present at the start of the test were removed,

and any crawlers present at the end of the test were subtracted from

the number of eggs left after 72 h.

The statistical analyses of these data were conceptually the same

as in the four-way choice tests with the exception of the inclusion of

the main effect of prey set (A, B, or C), and the interaction of the

two main effects (prey and prey set). The specific hypotheses tested

in our logistic regression analysis were 1) predation does not vary

among hosts, and 2) predation on hemlock woolly adelgid does not

vary by the set composition of hosts. When appropriate, odds ratios

were estimated, and post hoc tests were conducted by partitioning

G2 into nonsignificant components (Agresti 1990).

Paired Choice Tests
To further examine the prey preference of S. camptodromus, we also

conducted paired choice tests when given a choice of A. tsugae and F.

externa, or A. tsugae and E. lanigerum. F. externa and A. tsugae can

coexist in hemlock trees, and an arboreal population of E. lanigerum

and the progrediens generation of A. tsugae can co-occur. Thus, these

prey species were tested in a paired choice test. A mixture of males

Table 1. Test prey on associated host plant, the native range of test prey, and rationale for selection of prey item used in host specificity

tests

Prey Host plant Native range Rationale for testing

Adelges tsugae (hemlock woolly adelgid) Tsuga canadensis Japan Target pest

Pineus strobi (pine bark adelgid) Pinus strobus Eastern North America Taxonomic similarity

Adelges cooleyi (Cooley spruce gall adelgid) Pseudotsuga menzesii Western North America Taxonomic similarity

Adelges laricis (larch adelgid) Larix kaempferi Europe Taxonomic similarity

Fiorinia externa (elongate hemlock scale) T. canadensis Japan Co-occurs with A. tsugae on same host

Paraprociphilus tessellatus (woolly alder aphid) Alnus serrulata Eastern North America Ecological significance

Eriosoma lanigerum (woolly apple aphid) Malus domestica North America Similar to woolly alder aphid

Aphis gossypii (cotton or melon aphid) Cucumis melo Worldwide Another aphid species

Native range information for adelgids derived from (Havill and Foottit 2007).
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and females from the MNP strain of S. camptodromus was used for

these tests. The experimental set-up was the same as described above

for the three-way choice tests, but only A. tsugae and one other prey

type was offered using 10 replicates of each combination. The eggs of

F. externa and nymphs of E. lanigerum were counted at the beginning

and end of the 72-h test. Data were analyzed using a paired Student’s

t-test using JMP 9 (SAS Institute 2012).

Prey Acceptance (No-Choice Tests)
No-choice feeding tests were also performed using adelgid prey

items (A. cooleyi, P. strobi, A. laricis, and A. tsugae) and nonadelgid

prey items (A. gossypii, P. tessellatus, F. externa, and E. lanigerum).

We used 55- by 15-mm Petri dishes with filter paper placed in the

bottom and sealed with parafilm, except for the test with A. gossypii

where we used 50- by 9-mm Petri dish with a tight fitting lid and a

layer of damp cotton in the bottom so the prey could not escape.

Each of these tests was run for 48 h.

To test the adelgid species, S. camptodromus adults were pre-

sented with either 40 adelgid eggs alone spread out on the filter paper

or 40 eggs with intact ovipositing adelgid(s) on their host material.

The adelgid tests used the overwintering generation and second gener-

ation (as a separate treatment) of A. laricis and A. tsugae, the second

generation of A. cooleyi, and the overwintering generation of

P. strobi. Each adelgid species and generation was tested with and

without host plant material. Adelgid-infested host material consisted

of 1–2 cm of a T. canadensis branch with needles, a 0.5 cm length of

P. menzesii with four needles, five to seven needles (second genera-

tion) or one to three whorls with needles (overwintering generation)

of L. kaempferi, and either a 1-cm2 piece of excised bark or a 7- by

3-cm bolt of P. strobus (the latter being contained in a 7 cm high-by-

7 cm diameter plastic box with a single screen vent instead of the Petri

dish). Five adults from Sichuan Province (DGS or NBG strain) and

five from Yunnan Province (MNP or LJS strain) were used in each

test with the second generation of adelgids. All but one or two of the

adults used in tests of the overwintering generation were from

Sichuan (LP), and the rest were from Yunnan (DGS or NBG strain).

The no-choice tests with the nonadelgid prey were only per-

formed with host plant material present and with females from ei-

ther the Sichuan (DGS) or Yunnan Province (MNP). Different

strains of the predator were used at various times depending on

availability at the time of the test. To accommodate the size differ-

ences between the predator and various nonadelgid prey items, we

used different life stages (early instars, late instars, and adults) of

P. tessellatus and E. lanigerum and adults only of F. externa. There

were 10 replicates for each of these types of prey. The tests on

A. gossypii were also performed with 2-cm-diameter disks of either

melon or hibiscus host plant material placed on moist cotton.

Twenty-five replicates were performed: Fifteen with melon and 10

with hibiscus plants, each containing 40–45 first-instar A. gossypii

nymphs. The number of prey fed upon or consumed was recorded.

The effect of adelgid prey items on feeding preference of the preda-

tor was evaluated using the same method as used for the four-way

choice tests. As tests were done with and without host material, the

main effects of the host material and prey item, and their interaction

were analyzed using logistic regression analysis in which significance

was based on G2. Control for egg laying was done in the same manner

as the four-way choice test because ovipositing adelgids were present.

Prey Suitability
We evaluated the ability of S. camptodromus to complete larval

development by feeding only on P. strobi (needles and bark of

P. strobus) or A. laricis (on L. kaempferi foliage). The P. strobi and

A. laricis were chosen because they were, with the exception to

A. tsugae, the most and least preferred prey items in the four-way

choice test, respectively. Newly hatched S. camptodromus larvae

from the DGS or MNP strains (depending on availability) were im-

mediately transferred individually to a rearing container containing

prey items and observed until they died or reached the adult stage.

Different rearing containers were used for the two prey types be-

cause of differences in needle size of the host plant. A Petri dish

(150 - by 15-mm sterile Petri dishes; www.daigger.com, EF1630C)

was used for P. strobi and a clear 59-ml soufflé cup with a clear 2.5-

cm-diameter lid (Solo, Eastern Bag and Paper, CT) for A. laricis.

Each container consisted of filter paper placed at the bottom, and

the adelgid-infested host material was placed on top of the filter pa-

per. Foliage that contained sufficient adelgid eggs (based on choice

and no-choice tests described above) was used and checked thor-

oughly for other predators before presenting to the S. camptodro-

mus larvae. The larvae were reared in an environmental chamber at

20�C, with a photoperiod of 12:12 (L:D) h and an average humidity

of 80 6 5%. The foliage was checked every other day for prey items

and predator condition and changed when needed. Due to limited

availability of P. strobi and A. laricis during peak larval hatch of

S. camptodromus, the sample size was 10 beetle larvae on each of

the prey items. Survival, the number of days to reach adulthood, and

size of any eclosed predator adults, were recorded. Means and stan-

dard deviations were calculated for days to adult and adult sizes.

Also, chi-square statistics were performed to determine if survival to

adulthood on both prey items was different at P�0.05 from the

67% survival that was reported on A. tsugae (Limbu et al. 2015).

Results

Choice Test With Four Adelgid Species
As ovipositing adelgid species were present during the 48-h test pe-

riod, the effects of prey species and prey generation on adelgid ovi-

position were examined. We found that the mean oviposition by

adelgids was 2.62 6 0.42 eggs, which was not different by prey spe-

cies (F¼1.64; df¼3, 45; P¼0.19) or generation (F¼1.37; df¼1,

45; P¼0.25).

Predation differed significantly among adelgid species (Fig. 1).

Scymnus camptodromus adults were 4.0 times (95% CI: 2.7, 5.8)

more likely to consume A. tsugae than P. strobi, and 251 (95% CI:

34.9, 999.9) times more likely to consume A. tsugae than the com-

bined group of A. cooleyi and A. laricis. Similarly, the predator

adults were 62.9 (95% CI: 8.6, 460.4) times more likely to consume

P. strobi than the combined group of A. cooleyi and A. laricis.

Consumption of A. cooleyi and A. laricis did not differ from each

other (G2¼1.8, P¼0.17), which as a group differed from P. strobi

(G2¼34.5; P<0.01) and A. tsugae (G2¼40.1, P<0.01). Among

alternative adelgid hosts, P. strobi was most preferred, but the pred-

ator still strongly preferred A. tsugae over P. strobi (G2¼5.2,

P¼0.022).

Choice Tests With Three Adelgids
There was a significant interaction of prey-by-set composition, indi-

cating that predation of A. tsugae in each set depended on the com-

bination of prey items present. Consumption of A. tsugae eggs was

1.9 (95% CI¼1.2, 2.8) times more likely to occur when A. tsugae

was exposed to the predator in combination with P. strobi and

A. cooleyi (Set B), or with P. strobi and A. laricis (Set C), than when

combined with A. laricis and A. cooleyi (Set A). There was no
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significant difference in A. tsugae egg consumption between sets B

and C (G2¼0.65, df¼1, P¼0.4178), which both experienced sig-

nificantly higher predation than Set A (G2¼9.9, df¼1, P¼0.002;

Fig. 2).

Paired Choice Tests
When presented with the choice of F. externa and A. tsugae, the

mean number of A. tsugae eggs consumed by adult S. camptodro-

mus was 15.1 6 2.9 (mean 6 SEM) over 72 h, which was 151 times

greater than the mean number of F. externa consumed (0.1 6 0.1).

Also, the mean number of A. tsugae eggs consumed was 19 times

higher (19.3 6 2.9) than the mean number of E. lanigerum con-

sumed (1.0 6 0.44).

No Choice Test With Adelgid Prey Items
There was a significant effect of the presence of host plant material

with adelgid prey (G2¼26.9, P<0.01), and a significant effect of

adelgid species (G2¼7.8, P¼0.04) on predation, but no significant

host plant material by prey interaction (G2¼4.7, P¼0.19).

Holding host plant material as a main effect, S. camptodromus

adults were 3.3 (95% CI: 2.9–3.7) times more likely to consume adel-

gid prey (including alternate prey) in the absence of host material

than with host material present. Considering aldegid species as a

main effect, S. camptodromus was equally likely to consume A. cool-

eyi, P. strobi, and A. laricis (G2¼1.2, P¼0.28), which as a group dif-

fered significantly from A. tsugae (G2¼6.2, P¼0.013). Predators

were 1.9 (95% CI: 1.7, 2.1) times more likely to consume A. tsugae

than the combined group of A. laricis, A. cooleyi, and P. strobi.

The effect of generation of A. tsugae was explored in two sepa-

rate cases: with and without host material present. There was a sig-

nificant generation effect with (G2¼14.6, P<0.01) or without

(G2¼18.5, P<0.01) host material present; the predators were 7.6

(5.6, 10.2) times more likely to eat the overwintering generation

than the second generation. With host material absent, there was

also a significant generation effect (G2¼18.5, P<0.01), with preda-

tors 25.9 (16.0, 41.9) times more likely to eat the overwintering gen-

eration than the second generation.

For A. laricis, there was no significant generation effect in the

presence (G2¼0.02, P¼0.88) or absence (G2¼1.05, P¼0.31) of

the host material.

No Choice Test With Nonadelgid Prey Items
When P. tessellatus or E. lanigerum were presented as the only prey

species, adult S. camptodromus exhibited no evidence of feeding.

However, when F. externa was presented as the only choice, one prey

item was chewed upon in one of the tests but was not consumed en-

tirely. On average, with host material present, 0.32 6 0.031 nymphs

of A. gossypii were consumed per predator adult over 48 h.

Prey Suitability
Of the 10 S. camptodromus neonate larvae reared exclusively on

P. strobi, only two (less than expected, Person v2¼44.94, df¼1,

P<0.0001) pupated and eclosed to adult, which required an aver-

age of 28 6 1.0 d. On larch, only one larva out of 10 survived (less

than expected, Person v2¼68.61, df¼1, P<0.0001) and required

44 d to reach adulthood. The size of the two adults reared on

P. strobi was 2.48 6 0.2 mm in length and 1.37 6 0.1 mm in width,

whereas the size of one adult reared on A. laricis was 2.19 mm in

length and 1.07 mm in width.

Discussion

Nontarget testing indicated that S. camptodromus preferred A. tsu-

gae over the alternative adelgid and nonadelgid prey items evaluated
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adelgid species were provided simultaneously to S. camptodromus. Different

letters represent significant differences in mean egg reduction (G2¼44.5;

P<0.01).
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in this study. Although, there was evidence that this predator will

feed on other adelgid species to some extent, the predators consis-

tently ate significantly more A. tsugae than any other adelgid species

offered. We conclude, therefore, that release of S. camptodromus

would not present a significant risk to nontarget species. This is in

contrast to the predators Scymnus ningshanensis (Yu & Yao) from

China and S. tsugae from Japan, which were released against A. tsu-

gae in the eastern United States; these Scymnus species were shown

to feed equally on A. tsugae and P. strobi or A. cooleyi eggs in paired

choice tests performed in a laboratory (Butin et al. 2004).

In a prey suitability study to determine if the predator was able

to complete larval development on an alternative prey item, we

found that S. camptodromus larvae have a limited ability to com-

plete development when fed only on P. strobi or A. laricis. The de-

velopment time for the predator larvae to reach adulthood was 15 d

longer on A. laricis at 20�C than larvae reared on A. tsugae at the

same temperature (Limbu et al. 2015). Also, the adults reared on P.

strobi, or A. laricis were smaller compared with the adults reared

only on A. tsugae (Limbu et al. 2015). These findings suggest that

the majority of S. camptodromus larvae would not reach adulthood

in the field feeding exclusively on these alternative adelgid species,

yet those that did reach the adult stage would likely experience fit-

ness costs.

A small degree of feeding on P. strobi was observed, indicating

the potential for S. camptodromus to survive during the summer

months in the absence of A. tsugae. Using this prey source, S. camp-

todromus adults might be able to survive the summer until A. tsugae

begins to lay eggs again in the fall. Pineus strobi is also considered a

pest in most of its current range, so predation by S. camptodromus

on this adelgid species may be of benefit by helping to manage

P. strobi as well as A. tsugae (Raske and Hudson 1964). An addi-

tional consideration is that the likelihood of S. camptodromus larvae

encountering prey on trees other than hemlock is very small, as this

predator exclusively chose hemlock-infested foliage for oviposition

in our trials. Also, during the no-choice tests on aphids, the preda-

tors were observed to avoid the host plant materials (hibiscus and

melon) on which the aphids were feeding, suggesting that S. campto-

dromus is not likely to encounter nontarget pests such as aphids.

These behaviors explain in part why this predator was never recov-

ered from alternative tree species other than hemlocks in its native

range (Montgomery and Keena 2011).

In similar studies on Laricobius species, both larvae and adults

of L. nigrinus and Laricobius osakensis (Montgomery and Shiyake)

consumed P. strobi eggs to some degree. In contrast to our results

with S. camptodromus, L. nigrinus females were observed to ovi-

posit on P. strobi in paired and no-choice tests, while L. osakensis

oviposited only under no-choice conditions (Zilahi-Balogh et al.

2002, Vieira et al. 2011). However, unlike S. camptodromus both

the Laricobius species larvae failed to develop to adult on this prey

item alone (Zilahi-Balogh et al. 2002, Vieira et al. 2011), suggesting

that in the event that Laricobius larvae eclosed on P. strobi, they

would eventually die without reaching maturity unless they could

find A. tsugae.

When presented with F. externa, E. lanigerum, or P. tessellatus as

the only food source, S. camptodromus adults did not feed. This is

in contrast to other predators of A. tsugae such as S. ningshanensi,

S. tsugae, and L. osakensis, which were found to feed on P. tessella-

tus to some extent (Butin et al. 2004, Vieira et al. 2011). This is im-

portant to note due to the significance of P. tessellatus as the

primary food source for F. tarquinius, which is the only carnivorous

butterfly in the continental United States (Scott 1986, Butin et al.

2004). As expected, S. camptodromus is more specialized on

A. tsugae than the generalist lady beetle Harmonia axyridis (Pallas)

that prefers P. tessellatus over A. tsugae (Butin et al. 2004).

Our findings indicate that S. camptodromus is a specialist on

A. tsugae, particularly on the egg stage. Given the cold tolerance of

S. camptodromus and its closely synchronized phenology with that

of A. tsugae (Montgomery and Keena 2011), the absence of mean-

ingful nontarget effects should make it an attractive candidate for

biological control of A. tsugae in the northeastern United States.
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