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Abstract

Native insects can form novel associations with introduced invasive plants and use them as a food source. The re-

cent introduction into eastern North America of a nonnative European vine, Vincetoxicum rossicum (Kleopow)

Barbar., allows us to examine the initial response of a native chrysomelid beetle, Chrysochus auratus F., that feeds

on native plants in the same family as V. rossicum (Apocynaceae). We tested C. auratus on V. rossicum and closely

related or co-occurring native plants (Apocynum spp., Asclepias spp., and Solidago canadensis L.) using all life

stages of the beetle in lab, garden, and field experiments. Experiments measured feeding (presence or absence and

amount), survival, oviposition, and whether previous exposure to V. rossicum in the lab or field affected adult beetle

feeding. Beetles fed significantly less on V. rossicum than on native Apocynum hosts. Adult beetles engaged in ex-

ploratory feeding on leaves of V. rossicum and survived up to 10 d. Females oviposited on V. rossicum, eggs

hatched, and larvae fed initially on the roots; however, no larvae survived beyond second instar. Beetles collected

from Apocynum cannabinum L. field sites intermixed with V. rossicum were less likely to feed on this novel nonna-

tive host than those collected from colonies further from and less likely to be exposed to V. rossicum (>5 km). Our

experimental work indicates that V. rossicum may act as an oviposition sink for C. auratus and that this native beetle

has not adapted to survive on this recently introduced novel host plant.
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The invasion of new habitats by nonnative plants can lead to dramatic

ecological changes including altered nutrient cycling (Vitousek et al.

1997, Simberloff 2011), modification of trophic interactions (Norbury

et al. 2013), facilitation of secondary invasions (Simberloff and Von

Holle 1999, Richardson et al. 2000), and degradation of ecosystem

function (Simberloff and Von Holle 1999). One mechanism that ac-

counts for these ecological impacts is enemy release (Keane and

Crawley 2002), whereby an invasive plant escapes the natural enemies

from its source habitat and native herbivorous insects avoid feeding on

the unrecognized or unpalatable host plants, thus enabling them to

spread unchecked in their new habitat. Such escape, however, may be

temporary, as accumulating evidence shows native herbivores will

move onto these introduced species and form what is termed a new or

novel association (Janzen 1985, Agosta 2006, Carroll 2007, Sunny

et al. 2015), often after an adaptive lag period (Janzen 1985). Once

formed, these novel associations may serve to regulate the introduced

species and lower its populations so that long-term disruption in the

new habitat is minimized (Schlaepfer et al. 2005, Agosta 2006).

Regardless of the mechanism, a number of factors influence

whether a novel association will form after an introduced species ar-

rives. Insects that feed on plants that are closely related phylogenetic-

ally are more likely to include the novel host in their diet than those

that feed on distantly related plants (Futuyma and Mitter 1996,

Agrawal and Kotanen 2003, Bertheau et al. 2010, Pearse et al. 2013).

Closely related species demonstrate similar ecological niches

(Freckleton et al. 2002, Wiens and Graham 2005); therefore, native in-

sect herbivores in the same genus as the natural enemies of a nonnative

plant may be best-suited to feed on the novel host. Typically, the length

of time insects are exposed to a novel plant (whether in the lab or field)

increases their likelihood of using it as a host (Dethier 1982, Papaj and

Prokopy 1989, Lankau et al. 2004, Santana and Zucoloto 2011).

Thus, when investigating the potential of a native herbivorous insect to

form a novel association with a recently introduced plant, factors such

as the phylogenetic relationship between the introduced (potential)

host plant and resident native (current) host plants, the insect’s related-

ness to natural enemies of the nonnative plant in its home-range, and
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the length of time the native insect has been exposed to the nonnative

plant should all be considered.

The recognition of a nonnative plant as a host can in some cases

be to the detriment of a native herbivore’s fitness. By providing re-

sources similar to the native host plant but with a lower degree of

fitness (Schlaepfer et al. 2005), nonnative plants can act as ovipos-

ition sinks (if the host is less preferred) or evolutionary traps (if the

host is more preferred; Battin 2004, Sunny et al. 2015).

Vincetoxicum rossicum (Kleopow) Barbar. (Apocynaceae; syn.

Cynanchum rossicum (Kleopow) Borhidi), commonly known as

pale swallow-wort or dog-strangling vine (DSV), is a recently intro-

duced perennial herbaceous vine and a successful invader of terres-

trial habitats throughout eastern North America. The first records

of V. rossicum in North America date from the late 1800s, although

it was not until 1973 that it was first described as “weedy” in

Ontario, Canada (Pringle 1973, Sheeley and Raynal 1996). To date,

few insect herbivores have been found to feed on this plant, and of

those that do, none cause sufficient damage to limit its growth or

spread (Sheeley and Raynal 1996, Lawlor 2000, Ernst and

Cappuccino 2005, Milbrath 2010, Milbrath and Biazzo 2012). As a

member of the well-defended family, Apocynaceae, this plant con-

tains latex (Liede 1996) and a number of secondary toxic plant com-

pounds (Weston et al. 2005, Douglass et al. 2011). No native

Vincetoxicum species are known from North America (Tewksbury

et al. 2002), thus removing the possibility that natural enemies can

move from native plants in the same genus. However, insects from

other native plants within the same family have responded to

Vincetoxicum; i.e., the monarch butterfly (Danaus plexippus (L.)

(Lepidoptera: Nymphalidae) recognizes V. rossicum as an ovipos-

ition site (DiTommaso and Losey 2003, Casagrande and Dacey

2007). Unfortunately, this host recognition is to the detriment of

D. plexippus, as its larvae are unable to complete development on

V. rossicum, making the novel plant an oviposition sink for the

butterfly (DiTommaso and Losey 2003, Casagrande and Dacey

2007). It might be expected then that other native insect

Apocynaceae-specialists may similarly recognize nonnative V. rossi-

cum as a host, but be unable to complete development on it.

Chrysochus auratus F. (Coleoptera: Chrysomelidae) is a phyt-

ophagous insect native to eastern North America found feeding only

on Apocynum androsaemifolium L. and Apocynum cannabinum L.,

native plants in the family Apocynaceae (Weiss and West 1921,

Williams 1992, Dobler and Farrell 1999). Adults feed on the leaves

and female beetles lay eggs on leaves and stems (Hatch 1953, Arnett

1968, Dobler and Farrell 1999), which hatch and larvae drop to the

ground to feed on the roots. The insects overwinter as pupae or

prepupae in the soil (Weiss and West 1921). We hypothesized that

this species has the potential to form a novel host-association with

V. rossicum in North America because: 1) it is specialized to feed on

well-defended lactiferous plants within the same family (Weiss and

West 1921, Williams 1992, Dobler and Farrell 1999); 2) it is closely

related phylogenetically to Chrysochus asclepiadeus (Pallas), the

vine’s most-damaging herbivore in its original habitat in Europe

(Weed et al. 2011); and 3) it is found in similar habitats as intro-

duced V. rossicum.

Here we examined the novel interaction of a native insect herbi-

vore, C. auratus, on the introduced vine V. rossicum to assess

whether this beetle has the potential to become a biological control

agent for this recent invader. Specifically, we measured the response

variables of adult feeding, survivorship, and ovipositional preference

and success of larval hatching and development of C. auratus on V.

rossicum compared with that on its native Apocynum spp. hosts.

Key variables of beetle age, sex, and prior exposure to V. rossicum

(manipulated in the lab) were used as covariates for the response

variables measured. We also assessed the importance of preexposure

to V. rossicum for acceptance of the novel host by comparing beetle

populations from Ontario, Canada (where V. rossicum is present),

with colonies from both Ontario and Washington State, USA, where

native Chrysochus had never encountered this introduced plant.

Materials and Methods

Beetle and Plant Collection
Adult C. auratus were collected in the field from Apocynum andro-

saemifolium or Apocynum cannabinum in southwestern Ontario

and eastern Washington (Table 1 for collection date and locations).

Upon collection, beetles were placed in 4-liter (12 by 12 by 26 cm)

clear plastic containers with mesh lids and provided with foliage col-

lected from the same sites. Beetles were held under these conditions

at a photoperiod of 16:8 (L:D) h and ambient temperature (20–

22 �C) until tested in the lab, greenhouse, and garden.

Adult Feeding
Experiments to assess the effect of age, sex, and exposure to V. rossi-

cum on the feeding of adult beetles were conducted while control-

ling for temperature, collection site, and date. Regular small field

collections were used for these experiments because C. auratus could

not be mass-reared. For testing in the lab, adult beetles were placed

singly in 11-cm petri dishes with a moist filter paper and a leaf from

a single test-plant species per petri dish. Plants were collected as

young plants in the field from the Royal Botanical Gardens in

Table 1. Field collection sites for Chrysochus auratus adults in Ontario, Canada, and eastern Washington State, USA

Site Location (DD) Year(s) collected Host planta Nearest

Vincetoxicum spp.

Washington State, USA Badger Road, Richland 46.191944, �119.355556 2013, 2015 2 >500 km

Hybrid Site, Mabton 46.245556, �120.110278 2013, 2015 2 >500 km

Ontario, Canada Farm Field, Guelph 43.527778, �80.322778 2011, 2012, 2015 2 (1) <5 km

Farm Field, Copetown 43.224051, �80.055077 2011, 2012 1 (2) <5 km

Koffler Scientific Reserve,

King City

44.035556, �79.540833 2011 1 NAb

Cootes Drive, Dundas 43.266308, �79.941197 2011 2 (1) Intermixed

High Park, Toronto 43.648866, �79.462608 2012 1 (2) Intermixed

a 1, Apocynum androsaemifolium; 2, Apocynum cannabinum. Numbers in brackets refer to host plants present at the same site but in fewer numbers (<20

stems) that had evidence of feeding by C. auratus.
b Beetles from this site were not included in the field exposure test due to the small size of this colony.
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Hamilton, ON, and grown in a greenhouse in 4-liter pots with

Sungro Sunshine Mix #1 potting soil (Agawam, MA). Each leaf used

for testing was selected from the middle stratum of the plant to

maintain consistency in leaf size and scanned prior to placement

using ImageJ software v.1.47 (Bethesda, MD) to determine the sur-

face area (mm2). Petri dishes were placed on the test bench so as to

ensure no dish with the same treatment was adjacent to another and

to account for possible variation in the lab environment. All dishes

were kept at ambient lab conditions (20–22 �C) with a photoperiod

of 16:8 (L:D) h. To reduce error due to surface area reduction from

water loss, leaves were removed after 2 d and feeding galleries were

traced with initial scan overlaid to record the amount of leaf surface

area (mm2) removed. All leaves were reviewed visually to confirm

presence or absence of feeding. All adult feeding tests described

below followed this protocol.

Age and Sex

As age and sex have been shown to influence adult beetle feeding

(Jaenike 1990), we compared the adult feeding results from beetles

that had recently emerged from the soil (within 24 h) and had not

yet initiated feeding with older beetles collected at least 1 wk later in

the field that were actively feeding. To obtain recently emerged

C. auratus beetles, sites were surveyed daily from the beginning of

June (before the beetles have emerged) through to mid-June 2012.

Sites were searched thoroughly in order to collect all newly emerged

beetles present on Apocynum spp. in each patch at each date. No

evidence of adult C. auratus feeding was observed on Apocynum

plants during these collections. All 60 recently emerged beetles were

collected from four surveyed sites (Dundas, Copetown, Guelph, and

Toronto [Table 1]) between 16 and 23 June 2012. Adults were dis-

tributed evenly between petri dishes containing leaves of Ap. andro-

saemifolium and V. rossicum (30 beetles per plant species). These

same sites were visited at least one week later to collect 120 older

beetles, the last of which were collected on 8 July 2012. Older bee-

tles were also distributed evenly on Ap. androsaemifolium and

V. rossicum. Older beetles are identified as those that had already

initiated feeding on Apocynum spp. whereas in contrast, younger,

newly emerged beetles observed in the greenhouse and the field re-

main relatively stationary and do not initiate feeding, mating, or ovi-

position immediately (i.e., naı̈ve or with very little exposure to

Apocynum spp.; personal observations, R. deJonge). To determine

whether sex has an effect on feeding presence or absence with V. ros-

sicum and amount on native hosts, Apocynum spp., we compared

the adult feeding test results of 33 females and 47 males (80 beetles

total) collected from Ap. cannabinum in Richland, WA, in 2013

(Table 1). Forty beetles (15 female and 25 male) were fed leaves of

V. rossicum; the remaining 40 (18 female and 22 males) were fed

Ap. cannabinum as a control. All beetles were measured from the

front of the head to the tip of the elytron to the nearest 0.01 mm

using electronic calipers. Beetles were sexed following the procedure

by dissection. For all other tests, beetles were sexed using external

morphology.

Lab Exposure

To determine whether lab exposure to V. rossicum increased adult

feeding, the presence or absence and extent of feeding were exam-

ined by comparing beetles exposed to the vine with those that had

not been exposed over a 2-d period. In June 2013, 70 beetles were

collected from Ap. androsaemifolium plants at the Copetown site

and tested using the standard adult feeding procedure detailed above

with leaves from the following leaf species: Apocynum

androsaemifolium, Ap. cannabinum, Asclepias eriocarpa Benth.,

Asclepias fascicularis Dcne., Asclepias speciosa Torr., Solidago can-

adensis L., and V. rossicum (10 beetles per plant species). In the

event we did not observe feeding on V. rossicum, we added

Asclepias spp. to determine whether this result was due to host fidel-

ity to Apocynum spp., or whether V. rossicum leaves in particular

are unpalatable to C. auratus adults. In the event we observed a high

amount of feeding on V. rossicum, we added S. canadensis (an unre-

lated common plant often found in the field with Apocynum spp.

where C. auratus is present) to determine whether this result was

due to a lack of phylogenetic specificity in exploratory feeding dem-

onstrated by C. auratus adults. Immediately after the initial proced-

ure was completed, the same beetles were subjected to the identical

procedure, with each beetle receiving the same leaf species as they

had 2 d before. The results of the two procedures were compared to

each other to determine whether mean feeding had changed for bee-

tles following a 2-d exposure to the same leaf species.

Field Exposure

To determine whether exposure to V. rossicum (as measured by

proximity to V. rossicum in the field) affected feeding, beetles were

collected from Apocynum spp. at sites at varying distances from the

introduced vine in both Ontario, Canada, and Washington State,

USA. Specifically, we collected beetles from sites intermixed with

V. rossicum (i.e., the “exposed group”) (from Toronto, ON (17),

and Dundas, ON (49)), and those without V. rossicum nearby (i.e.,

the “unexposed group”): (Copetown, ON (13), Guelph, ON (22)),

which are both 5 km distant from V. rossicum, and (Mabton, WA

(25), and Richland, WA (40)), which are both >500 km distant

from V. rossicum (Table 1). Distance to closest V. rossicum was

determined using an invasive plant database (EDDMapS 2016), and

personal observation (R. deJonge). Leaves of native hosts Ap. canna-

binum were tested concurrently as a control (Toronto (19), Dundas

(59), Copetown (12), Guelph (16), Mabton (27), and Richland

(42)). In all cases, beetles were returned to the lab for testing using

the standard adult feeding protocol with cut leaves in petri dishes.

Statistical Analysis

G-tests were used to compare the presence or absence of feeding be-

tween—1) recently emerged and older adult beetles, 2) males and fe-

males, and 3) different collection sites or distances from V. rossicum

in the field. The G-test was used rather than the more common v2

test, as it is based on a multinomial distribution and is robust to

smaller sample sizes (Gotelli, 2004). McNemar’s test was used to

compare feeding presence or absence on all leaf species pooled by

genera before and after 2-d exposure to plant leaves.

ANOVAs were used with Tukey’s HSD (Tukey 1953, Kramer

1956) when comparing the amount of feeding by—1) recently

emerged and older adult beetles and 2) between the collection sites.

To compare feeding amounts by male or female beetles and between

feeding on Ap. cannabinum and V. rossicum, t-tests were conducted.

All statistical analyses in this study were carried out using R soft-

ware, version 3.2.2 (R Core Team, 2015) except for the G-tests,

which were calculated using the G-test calculator (McDonald

2014).

Adult Survival, Oviposition, and Egg Eclosion
No-Choice Survival Test

During the first week of July 2011, shortly after initial C. auratus

emergence had been observed, 120 adult beetles were collected from

Apocynum spp. at four sites in Ontario: Copetown, Guelph,
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Dundas, and King City (Table 1) and subjected to a no-choice test.

Mated pairs were allocated evenly between single potted plants of

either Ap. androsaemifolium (n¼10), Ap. cannabinum (10),

Vincetoxicum nigrum (L.) Moench (a second introduced,

Vincetoxicum species but less common in Ontario) (20) or V. rossi-

cum (20). Pots were tightly netted and placed on a greenhouse bench

with no plants of the same species directly adjacent to each other.

Beetles were monitored daily to determine survival. The procedure

was stopped 1 wk after the last beetle on a Vincetoxicum plant died,

at which time only those beetles on Apocynum spp. remained alive.

Choice Oviposition Test

To determine whether beetle oviposition was highly host-specific

(only on Apocynum spp.) or whether females would also use plants

from other genera within Apocynaceae for oviposition, and if so, the

ranking of their oviposition preference, a choice test using tightly

netted pairs of potted plants in a common garden was set up. In July

2012, 60 mated beetle pairs were collected from Ap. androsaemifo-

lium plants at the Copetown site (Table 1) and placed on paired

plants in a common garden within a single tightly netted pot con-

taining either: 1) Ap. androsaemifolium and V. rossicum; 2) Ap.

androsaemifolium and Asclepias incarnata L. (Apocynaceae); or 3)

Ap. androsaemifolium and Ap. androsaemifolium (20 replicates of

each plant-pair). In the event that no females oviposited on V. rossi-

cum plants, we added As. incarnata, a North American native

Apocynaceae that is not typically used as a host by C. auratus, in

order to determine whether C. auratus females are highly specific to

Apocynum spp., or whether V. rossicum itself is not preferred as an

oviposition site. As female preference for oviposition sites was being

measured, not absolute fecundity, we chose not to count individual

eggs within each egg mass due to lack of high variation observed.

All egg masses laid on plants and nonplant substrates during the 14-

d procedure were collected and counted. Egg masses were removed

from leaves and stems then stored separately in microcentrifuge

tubes in the lab, where they were monitored daily for 6 wk to record

hatching.

Statistical Analysis

No-choice adult survival on Apocynum spp. and Vincetoxicum spp.

was compared using an ANOVA with a post hoc Tukey’s test. In the

choice oviposition test, a type II ANOVA (Anova function (car

package, Fox and Weisberg 2016)), which uses Wald v2 tests to gen-

erate P-values, was used to determine whether the number of egg

masses laid on each plant species was significantly different from

each other. A type II ANOVA was used, as it allows the testing of

each of the two main effects: 1) plant species and 2) the random ef-

fect of total number of egg masses laid by the female in each pair,

after testing for the other main effect. The total number of egg

masses laid by the female in each pair was included in the model be-

cause the beetles would often lay egg masses on the plant and on

nonplant substrates like the screen and pot and this parameter cap-

tures that response. Total egg masses laid by each pair was set as a

random effect with the lmer function (lme4 package (Bates et al.

2016). As multiple ANOVAs were calculated in order to identify dif-

ferences between all three species, a Bonferroni-corrected alpha was

used.

Larval Feeding and Development
Early Larval Feeding and Development on Excised Roots

Adult beetles were placed in 4-liter clear plastic containers (12 by 12

by 26 cm) containing host plant foliage (Apocynum spp.). Egg

masses laid on the foliage were removed from stems and leaves every

3 d and placed separately in microcentrifuge tubes where they were

monitored daily for hatching. Following hatching, 120 first-instar

larvae from Richland, Washington, 190 from Mabton, Washington,

and 180 from Dundas, Ontario, were placed in 10 petri dishes in the

lab in groups of 12, 19, and 18, respectively, each containing cut root

segments (8–10 mm in length) of either Ap. cannabinum or V. rossi-

cum (five petri dishes of each root species). To maximize data collec-

tion, we used all available larvae for each site instead of an equal

number because pretesting suggested variances between sites were

relatively uniform. Each week the larvae were given freshly cut roots,

and dead larvae and shed head capsules were collected and preserved

in 75% ethanol. To determine the feeding instar or instar at death,

head capsules were measured using a digital microscope (Dino-Lite

AM413TA) and image processing software (ImageJ). Head capsules

were oriented with the mouth parts at the bottom and the distance at

the widest point between sides was measured for head capsule width

(Delbac et al. 2010). ANOVA was used to compare larval survival

and head capsule widths between collection sites and root species.

Late Larval Development on Potted Plants

In July of 2012, 15 potted plants each of V. rossicum and Ap. andro-

saemifolium (as a control) were placed on a greenhouse bench and

received 20 first-instar larvae from the Copetown site (Table 1).

Larvae were produced using the adult rearing and egg mass collection

procedure described above. Larvae were placed at the base of each

plant stem and the plants were grown in 4-liter pots with potting soil

(Sungro Sunshine Mix #1). A screen (mesh size¼0.5 mm) at the base

of each pot and tightly secured netting over the above-ground plant

matter prevented escape of the larvae. Pots were held in the green-

house under ambient light conditions (temperature ranging 16–34 �C

with an average of 24 �C cooled by cold-water air vents). The pots

were dissected after 85 d (allowing for sufficient time for beetles to

develop into late-instar larvae or pupae). All live larvae in the soil

were counted and head capsules measured as described above.

Results

Adult Feeding
Age and Sex

Feeding by C. auratus adults on V. rossicum leaves was characterized

only by nibbling or exploratory feeding (<5 bites per leaf). When

comparing the presence or absence of feeding, older beetles fed signifi-

cantly more often than recently emerged (24 h) beetles on V. rossicum

(G1 ¼ 7.992, P<0.050), thus they were used for all subsequent adult

feeding tests. There was no significant difference between age (F1,82 ¼
0.264; P¼0.608), or collection site (F3,80 ¼ 1.319; P¼0.274) for the

amount of beetle feeding on Ap. androsaemifolium leaves. Females

were larger (t111.63 ¼ 2.719; P<0.010) and fed in greater amounts

on Ap. cannabinum (t22.65 ¼ 4.123; P<0.001) than males. There

was no difference between sexes for either presence or absence of

feeding on V. rossicum (G1 ¼ 0.404, P¼0.525) nor amount of feed-

ing on the nonnative plant (t14.03 ¼ 0.964; P¼0.353).

Lab Exposure

There was no significant increase or decrease in the presence of feed-

ing by C. auratus adults on V. rossicum following short-term (2-day)

exposure to cut leaves of the same species, with 2% feeding initially

and 1% following exposure (n¼10; v2 ¼ 0, df ¼ 1, P¼1). In add-

ition, no increase or decrease in the presence of feeding was

observed on native Apocynum spp. hosts with 86% feeding initially
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and 76% following exposure (n¼30; v2 ¼ 1.333, df ¼ 1,

P¼0.248), nor Asclepias spp. (native plants in the same family,

Apocynaceae, yet not used as hosts) with 80% feeding initially and

83% following exposure (n¼30; v2 ¼ 0, df ¼ 1, P¼1) or the com-

mon native weed S. canadensis (Asteraceae) (v2 ¼ 0, df ¼ 1, P¼1),

on which only one beetle fed prior to exposure and none following

exposure to S. canadensis (n¼10).

When comparing the presence or absence of feeding on V. rossi-

cum by beetles at sites where this nonnative plant was intermixed

with their host plants, Apocynum spp. (Dundas, ON, and Toronto,

ON) to those found at sites where V. rossicum was not known to be

present within at least 5 km (Copetown, ON, Guelph, ON) and

500 km (Mabton, WA, and Richland, WA), we first determined

there was no significant difference in the presence or absence of

feeding by beetles either 5 km or 500 km distant from V. rossicum

(G1 ¼ 0.111, P¼0.739). The beetles from intermixed sites

(“exposed”) were much less likely to feed on V. rossicum than those

from sites where beetles were unexposed to V. rossicum (from sites

5 km to 500 km away; G1 ¼ 7.950, P<0.010). There was no differ-

ence between presence of feeding on native hosts Ap. cannabinum

either 5 km or 500 km distant from V. rossicum (G1 ¼ 1.090,

P¼0.296), nor between sites exposed or unexposed (G1 ¼ 0.28,

P¼0.866). Overall, beetles from all sites fed significantly more

often (G1 ¼ 153.351, P<0.001) and in higher amounts (t108.08 ¼
13.185, P<0.0001) on Ap. cannabinum than on V. rossicum.

Adult Survival, Oviposition, and Egg Eclosion
No-Choice Survival Test

Adult survival on potted plants in the no-choice test was not signifi-

cantly affected by collection site (F3,56 ¼ 0.976, P¼0.411) or date

in July on which they were collected (F5,54 ¼ 0.793, P¼0.559).

Adult beetles survived significantly longer on Apocynum spp.

(13.60 6 0.837 d), than on Vincetoxicum spp. (5.45 6 0.288;

mean 6 SE; F3,56 ¼ 42.010, P<0.001), with adults on Apocynum

spp. living over twice as long as those on the Vincetoxicum spp.

(max. 10 d on V. rossicum; Fig. 1). As the experiment was stopped

while C. auratus beetles remained alive on Apocynum spp., these

survival data are truncated, and do not reflect the maximum life-

length of these beetles.

Choice Oviposition Test

Female beetles laid significantly fewer egg masses on V. rossicum

than they did on Ap. androsaemifolium (v2 ¼28.257, df¼1,

P<0.001) or Asclepias incarnata (v2 ¼ 15.118, df¼1, P<0.001;

Fig. 2). There was no significant difference between the number of

larvae hatching per mass laid on the three plant species (F2,6.96

¼2.145, P¼0.118).

Larval Feeding and Development
Early Larval Feeding and Development on Excised Roots

Larvae from all three sites (Richland, WA, Mabton, WA, and

Dundas, ON) fed on both Ap. cannabinum and V. rossicum but sur-

vived significantly longer on Ap. cannabinum (F1,957 ¼ 23.595;

P<0.001), with no larvae living on V. rossicum beyond week seven

of the procedure (Fig. 3). Of larvae given V. rossicum roots

(n¼245), only 20.0% were able to undergo one molt, with no lar-

vae molting a second time. No head capsules were found for larvae

feeding on V. rossicum following the 5th week of the procedure.

Larvae feeding on Ap. cannabinum molted a maximum of two times

during this same time period, with 19.6% (n¼245) undergoing the

first molt and 10.41% of these going on to shed a second head cap-

sule. The longest larval survival on Ap. cannabinum was 31 wk.
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Fig. 1. Mean (6SE) number of days adult Chrysochus auratus lived when caged on potted plants of either Apocynum androsaemifolium, Ap. cannabinum,

Vincetoxicum nigrum, or V. rossicum in greenhouse experiments, 2011. Bars with the same letter are not significantly different from each other. Numbers within

bars reflect sample size (number of potted plants). Test was stopped 1 wk after the last beetle on Vincetoxicum spp. died, at which time only beetles on

Apocynum spp. remained alive.
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During the first 4 wk of the procedure (when larvae were present on

both root species) there was no significant difference between the

shed head capsule widths of larvae fed V. rossicum or Ap. cannabi-

num (F1,66 ¼ 1.794; P¼0.185). Throughout the procedure there

was no difference in shed head capsule widths of larvae collected

from the different sites and fed V. rossicum in the laboratory (F2,31

¼ 3.026; P¼0.063). However, there was between-site variation in

the width of head capsules from larvae fed Ap. cannabinum. Larvae
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Fig. 2. Mean (6SE) number of Chrysochus auratus egg masses laid by beetle pairs on each plant species in a common garden experiment, 2012. Bars with the

same letter are not significantly different from each other. Numbers within bars reflect sample size (number of potted plants) for each species. Although 20 tested

pairs were used for each plant treatment, only beetle pairs later confirmed through dissection to be male–female were used for statistical tests.

Fig. 3. Percentage of Chrysochus auratus larvae found alive each week on excised root segments of either Apocynum cannabinum (native host) or Vincetoxicum

rossicum (nonnative host) in lab experiments, 2015 (means 6 95% confidence intervals; n¼ 245).
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from the Dundas, ON, site were smaller than both Richland, WA

(P<0.050), and Mabton, WA (P<0.050), sites (Tukey’s HSD),

when comparing head capsule width of dead larvae measured

throughout the duration of the procedure.

Late Larval Development on Potted Plants

No C. auratus larvae were recovered from any of the pots containing

V. rossicum in this no-choice test. Larvae given Ap. androsaemifo-

lium (n¼300) had a survival rate of 9.7%, with an average of

8.3 6 1.4% (mean 6 SE) per pot. Larvae or pupae were found in

eight of the 15 pots with Ap. androsaemifolium 85 d after larvae

placement.

Discussion

Chrysochus auratus initially accepts the nonnative Vincetoxicum

rossicum vine for adult and larval feeding and oviposition in the lab,

but is unable to feed beyond nibbling or complete larval develop-

ment on this novel host, suggesting that it is not a viable host and

may act as an oviposition sink, very similar to that observed for

other specialists on plants in the Apocynaceae such as monarch but-

terflies (DiTommaso and Losey 2003, Mattila and Otis 2003,

Casagrande and Dacey 2007). It is likely that C. auratus responds to

flavonoid glycosides in V. rossicum that are common within the

Apocynaceae (Haribal and Renwick 1998). The low incidence of

feeding by later instar larvae and adults may be due to compounds

found in V. rossicum that deter feeding, as was observed for other in-

sect species (Mogg et al. 2008). The implication of the novel chemis-

try of V. rossicum preventing herbivory has been made in earlier

studies (Cappuccino and Arnason 2006). North American herbi-

vores may need to adapt to the unique chemistry of V. rossicum in

order to sustain feeding and complete development. Overall, V. ros-

sicum seems to provide feeding cues for adult beetles (unlike the na-

tive common weed, Solidago canadensis), initial feeding cues for

motile first-instar larvae, and ovipositional cues for female beetles;

however, its leaves do not permit feeding beyond the initial explora-

tory stage, and its roots are unable to support complete larval devel-

opment, likely due to its chemical compounds.

Beetle age, but not sex, predicted feeding by adult beetles on

V. rossicum, with younger (<24 h) beetles feeding less frequently

than those at least a week older. This is in-line with predictions

made in optimality models for host specialization, which predict

that older beetles are more likely to accept poor quality hosts when

compared with younger adults of the same species (Jaenike 1990).

Female C. auratus fed on native Apocynum hosts in greater amounts

than the smaller males. However, there was no difference between

the sexes and their feeding presence or absence and amounts on

nonnative V. rossicum. If feeding had been greater by the larger fe-

males on V. rossicum as compared to males (i.e. the amount of feed-

ing would be directly tied to food requirements of the individual

beetles), this would suggest that C. auratus accepts V. rossicum as a

host, albeit less preferred. The lack of difference in feeding on V. ros-

sicum between sexes instead suggests that C. auratus does not accept

the nonnative vine as a food source.

Chrysochus auratus beetles found on their host plants intermixed

with V. rossicum in the field appeared to avoid feeding on this intro-

duced vine when compared to those collected from sites with no

known V. rossicum. This held true for beetles collected greater than

5 km (Ontario) and 500 km (Washington State) from V. rossicum.

The hypothesis that gene introgression due to hybridization with a

western sibling species, Chrysochus cobaltinus LeConte (which

sustains feeding on V. rossicum (deJonge et al. unpublished data))

caused an increase in feeding, could be explored if only beetles from

Washington State (500 km), and not Ontario (5 km), had fed on V.

rossicum in significantly higher amounts. As we saw no difference in

feeding levels by beetles independent of continental location, we in-

stead propose two possible explanations for the observation of

close-proximity beetles (from sites intermixed with V. rossicum)

feeding less on the novel host. First, either individual beetles from

sites closest to V. rossicum had learned to avoid unacceptable hosts,

as has been observed in locusts on an unpalatable forbe, Senecio vul-

garis (L.) (Blaney et al. 1985) or second, beetle populations in these

locations may have adapted over decades of exposure to avoid V.

rossicum. Early adaptation to avoid an unpalatable host within dec-

ades had been seen in a leaf mining fly, Amauromyza flavifrons

(Meigen) on sugar beets (Uesugi 2008), and more recently with the

European corn borer (Ostrina nublilalis (Hubner)) on maize

(Orsucci et al. 2016). The lack of increase or decrease in presence of

feeding by adult C. auratus on V. rossicum following two days of ex-

posure suggests that the reduction in feeding on V. rossicum by

adults intermixed with the vine in the field may be an adaptation to

avoid V. rossicum; however, longer term lab exposure studies are ne-

cessary, as this shorter length of time may not be sufficient to test

for changes in adult feeding.

Our study is one of the first to examine the potential relationship

between a native herbivorous insect and an invasive nonnative plant

before actual feeding and use have been observed in the field (see

also Dalosto et al. 2015, Pfammatter et al. 2015). Investigating such

novel associations before they are altered through longer-term inter-

action is important, as it describes a baseline from which to compare

any future relationship between these species. By studying the herbi-

vore–host association before it is observed in the field, we can better

determine whether any possible association between these two spe-

cies is due to adaptation following some specified lag period (i.e.,

the current time period), and if so, the time taken, or in contrast,

whether the herbivore and host plant required no adaptation to

form an association or “ecological fit” (Agosta 2006, Harvey et al.

2010). Use of V. rossicum by C. auratus from the initial point of con-

tact would support the latter mechanism.

The investigation of novel associations before they occur in the

field may also help to identify potential native biological control

agents to help limit the spread of invasive species. If we can confirm

the potential for a native herbivore to assist in controlling an inva-

sive plant, then its augmentation and relocation would be sup-

ported, much like that undertaken with the native weevil,

Euhrychiopsis lecontei (Dietz) to control Eurasian watermilfoil

(Sheldon and Creed 2003). Lastly, the investigation of such novel as-

sociations before they are actually observed in the field can help

identify species of concern that may be affected directly when an in-

vasive arrives and becomes an oviposition sink or ecological trap.

Dalosto et al. (2015) used just such a strategy to protect native spe-

cies at risk by helping make recommendations for the management

and control of an introduced crayfish in South America. By studying

this herbivore–host relationships before it actually occurs in the

field, we have been able to add valuable information on how novel

associations form, as well as improve our understanding as to the

potential threat and risk of invasion for at least one native beetle.
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