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The study of host shifts by herbivorous insects has played an important role in evolutionary biology, contributing to research

in coevolution, ecological speciation, and adaptive radiation. As invasive plants become more abundant in many ecosystems,

the potential for exotic host use by native insects increases. Graves and Shapiro (2003) have documented exotic host use by

34% of Californian butterflies, suggesting that the plants and butterflies of California might be an important model system for

the colonization and utilization of novel resources. In this study, we analyze relationships among geographic range, native diet

breadth, and the use of exotic hosts by Californian butterflies and skippers (Lepidoptera). Geographic range and, to a lesser

extent, native diet breadth are significant predictors of exotic host use, with positive relationships found both before and after

phylogenetic correction. These results give insight into the process of insect host range evolution, as geographically widespread

generalists have an apparently greater tendency to use novel, exotic hosts than geographically constrained specialists. Increasing

occurrences of exotic host use are expected and those species not capable of shifting to nonnative hosts are likely to have higher

vulnerability to extirpation and extinction in the future.
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Interactions between herbivorous insects and exotic plants have

become model systems in a number of areas of evolutionary

biology, from the study of diversification to rapid adaptation

associated with anthropogenic environmental change (Drès and

Mallet 2002; Matsubayashi et al. 2009). In a few well-studied

examples, hosts shifts involving exotic plants have resulted in

speciation (e.g., Rhagoletis flies shifting from hawthorn to apple

trees; Feder 1998; Feder and Forbes 2008), the evolution of

feeding morphology (e.g., Leptocoris bugs adapting to introduced

hosts in the Sapindaceae; Carroll 2008; Carroll et al. 2005a),

and shifts in oviposition behavior (e.g., Euphydryas butterflies

and exotic Plantago hosts; Singer et al. 1993, 2008). A shift

to an exotic host has also been associated with an escape from

natural enemies (Papilio machaon aliaska caterpillars on novel

Asteraceae hosts; Murphy 2004), as well as an increased reliance

on a protection mutualism (Lycaeides melissa caterpillars with

ants on alfalfa; Forister et al. 2011). Outside these detailed

studies, we have much to learn about the frequency with which

native insects use exotic plants, the potential for host shifts, and

the conditions which either constrain or promote the colonization

of exotic hosts (Thompson 1998; Strauss et al. 2006).

An understanding of conditions associated with insect host

shifts is also important in light of the oscillation hypothesis

(Janz and Nylin 2008), which has been recently proposed as an
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explanation for herbivorous insect diversification through alter-

nating periods of dietary specialization and generalization within

lineages. According to the oscillation hypothesis, an expansion of

host breadth in a previously specialized taxon is associated with an

increase in geographic range, which facilitates subsequent local

adaptation to new hosts, specialization, and ultimately diversifica-

tion. Mechanisms of specialization have been studied, including

trade-offs in feeding efficiency and limitations in neural capac-

ity (Bernays 2001; Fox and Morrow 1981; Janz and Nylin 1997;

Nylin 1988). What has been less investigated is the relationship

between host breadth and geographic range, although the recent

finding of a positive correlation between host range and geo-

graphic range in the butterfly subfamily Nymphalinae provides

support for the oscillation hypothesis (Janz and Nylin 2008; Slove

and Janz 2011).

The butterflies, skippers, and plants of California provide

an excellent system to study the colonization of novel plants, as

at least 34% of Californian butterfly species have been reported

as utilizing nonnative plant species (Graves and Shapiro 2003).

In this study, we use exotic host plant records from Graves and

Shapiro (2003) in combination with native host data and published

geographic ranges for 70 species (five families) of butterflies

and skippers to investigate relationships among exotic host use,

native host range, and geographic range. In particular, we ask

if geographic range size and native diet breadth are significant

predictors of exotic host use using both raw and phylogenetically

corrected data.

Materials and Methods
STUDY ORGANISMS

Seventy species of butterflies (Papilionoidea) and skippers

(Hesperioidea) reported by Graves and Shapiro (2003) as hav-

ing used native plant species were included in this study. These

species include representatives of five Lepidopteran families: Hes-

periidae, Lycaenidae, Nymphalidae, Papilionidae, and Pieridae.

DATA COLLECTION

Graves and Shapiro (2003) conducted a literature review and inter-

viewed Californian lepidopterists to produce a list of known exotic

host plants for Lepidoptera found in California. In the list of exotic

hosts reported by Graves and Shapiro (2003), each host record for

every butterfly and skipper was assigned a confidence level rang-

ing from “high” to “unlikely.” Exotic hosts were only included in

our study if the records were reported with a “high” or “moderate”

level of confidence. Graves and Shapiro (2003) classified “high”

confidence as host records that are “well documented” in Califor-

nia and “moderate confidence” as host records that “seemed rea-

sonable given known food plants of the butterfly and distributions

of both butterfly and plant” in California. Plant hosts with lower

confidence levels were excluded from this study because Graves

and Shapiro (2003) deemed these records “unlikely” and their in-

clusion could have overestimated exotic diet breadth in our study.

All exotic host records are of caterpillar feeding, as “oviposition

only” records were not included in this study. Note that the records

reported by Graves and Shapiro (2003) are associations between

lepidopterans and exotic hosts that do not necessarily imply suc-

cessful utilization by a butterfly or skipper, since herbivorous

insects have been known to oviposit on plants that are ultimately

lethal to their offspring (Keeler and Chew 2008). Thus, we are ex-

amining associations between native butterflies and exotic hosts

without knowing which plants are viable hosts. Nevertheless, the

association is of inherent interest and represents the first stage of

contact between native insects and exotic plants, even if the as-

sociation is detrimental or transient in some unknown proportion

of cases. Butterfly and skipper species with zero exotic host plant

records were excluded from this study (11 species) because we

were only interested in species reported to have used exotics.

Native diet breadth was recorded as the number of native

plant genera used by caterpillars, based on observations of one of

us (AMS), and from field guides (Garth and Tilden 1986; Scott

1986); see Appendix S1 for native and exotic diet breadths. Body

size was originally included as a potential predictor of exotic

host use due to previous findings documenting adult body size

as a predictor of butterfly extinctions (Koh et al. 2004); however,

associations with body size were weak and nonsignificant and are

not discussed further.

Geographic range size was calculated using county records

obtained from Opler et al. (2010); see Appendix S1. Specifically,

we calculated the total square kilometers for occupied counties

for each species. County records were used in this study due to

their availability for the contiguous 48 states (Opler et al. 2010).

Range sizes from the continental United States were used in-

stead of Californian range sizes under the assumption that but-

terfly exotic host shifts occur throughout the United States, and

Californian shifts are just one subset. Furthermore, using county

records for the 48 states avoided artifacts associated with range

records restricted to California. For example, a species with a

continent-wide distribution might only occur in a small part of

California; including county records from the 48 states allowed

us to properly record such a species as widespread (records are

also available for Canada and Mexico, although the very large

counties in parts of these countries might exaggerate geographic

range). This methodology is supported by the results of Hawkins

and Porter (2003), who found that relationships in butterfly rich-

ness are conserved when sampling across geographic scales.

PHYLOGENETIC DATA AND INDEPENDENT

CONTRASTS

As no comprehensive phylogenetic hypothesis exists for North

American Lepidoptera, mitochondrial DNA sequences from a
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portion of the cytochrome oxidase subunit I region (COI) were

used to construct a phylogeny to be used in the generation of

independent contrasts. COI sequences were selected for use be-

cause they were available for most species included in this study.

Sequences were preferentially chosen from GenBank to have the

most complete COI sequences possible; see Appendix S1 for

accession numbers and for criteria in choosing accessions. Se-

quences were aligned with Clustal as implemented in Sequencher

4.10.1. Being a single, rapidly evolving marker, COI data are

not equally informative at all taxonomic levels (Forister et al.

2008); therefore, a phylogeny was constrained in BEAUti 1.6.1

by creating monophyletic taxon sets based on previously reported

phylogenetic hypotheses (Drummond and Rambaut 2007). Two

separate trees were constrained for analysis due to recent hy-

potheses of the family-level relationships of Lepidoptera; see

Appendix S1 for methods used in constructing constraints. Using

the constrained trees and COI data, Bayesian searches were per-

formed in BEAST 1.6.1 using a GTR + Invariant + Gamma sub-

stitution model (Drummond and Rambaut 2007); see Appendix

S1 for a figure of one phylogeny used. Phylogenetic-independent

contrasts of range size, native host breadth, and exotic host breadth

were calculated using the APE package in R 2.11.1 (Felsenstein

1985; Paradis et al. 2004; R Development Core Team 2010).

ANALYSES

To address our central question regarding relationships among

geographic range, native host breadth, and the number of exotic

hosts colonized, we conducted analyses in two phases: first using

raw data (prior to phylogenetic correction), then using data follow-

ing phylogenetic independent contrasts. For both sets of analyses

(before and after phylogenetic correction), we used simple linear

models in which the response variable was the number of exotic

hosts colonized and the predictor variables were geographic range

and native host breadth (the number of native genera). To investi-

gate colonization dynamics that might be affected by the diversity

of hosts used, analyses were performed using (as the response

variable) log-transformations of four taxonomic indices: number

of exotic species, number of exotic genera, exotic species multi-

plied by genera, and exotic genera multiplied by families. For the

models involving uncorrected data, we also included family as a

categorical variable, and investigated interactions between family

and both of the predictors (family is not a relevant category for the

data following phylogenetic correction). Following phylogenetic

corrections, data were highly leptokurtotic and were normalized

with Johnson Su transformations (Slifker and Shapiro 1980). All

linear models were calculated in JMP 8.0.

To account for the relatedness of exotic plants with native

hosts, another set of analyses was done with exotic plants cate-

gorized as congeneric, confamilial (but not congeneric), or non-

confamilial relative to the herbivore’s native host range based

on the methods of Connor et al. (1980). For example, the report

of L. melissa using the plant Medicago sativa (Fabaceae) was

categorized as confamilial because L. melissa does not have na-

tive Medicago hosts, but does have native hosts in Fabaceae. All

plant taxonomy was determined using the USDA plants database

(http://plants.usda.gov/). Each exotic host record was then ranked

by relatedness to native hosts (congeneric = 1; confamilial = 2;

nonconfamilial = 3), and the taxonomic isolation of exotic hosts

for each butterfly or skipper was calculated as the mean rank of all

reported exotic hosts from Graves and Shapiro (2003). A linear

regression was used to investigate the relationship between geo-

graphic range and the taxonomic isolation of exotic hosts used.

Results
Geographic range and native host plant breadth are both signifi-

cantly associated with the number of exotics colonized, and this

is true both with the raw data before phylogenetic correction

and with the data subsequent to correction (raw data are shown

in Fig. 1). For the uncorrected data, 36% of the variation was

explained in the number of exotic host species used by the 70

included butterfly and skipper species (R2 = 0.36; F6,63 = 5.96;

P < 0.0001). Geographic range and native host breadth were both

significant predictors, with standardized beta coefficients of 0.45

(F1,63 = 16.74; P = 0.0001) and 0.30 (F1,63 = 8.27; P = 0.0055),

respectively (beta coefficients are coefficients from linear models

that have been calculated in units of standard deviations to facili-

tate comparisons among predictor variables measured on different

scales, such as geographic range and native host range (Zar 2010,

p. 433)). Interactions between family and both geographic range

and native host breadth were not significant and were dropped

from the model. The main effect of family was similarly not sig-

nificant (F4,63 = 0.78; P = 0.54). The two predictor variables of

geographic range and native host breadth were also not signifi-

cantly correlated with each other (Spearman’s rank correlation:

ρ = 0.06; P = 0.65). Finally, we found no relationship between ge-

ographic range and the taxonomic isolation of exotic hosts relative

to native host breadth (R2 = 0.0003; F1,68 = 0.02; P = 0.88) (this

relationship was not tested using phylogenetic independent con-

trasts). In other words, although more widespread species are more

likely to colonize new hosts, these hosts are not more likely to

represent major host shifts (e.g., to new families). Similar results

(i.e., associations between geographic range, native host use and

exotic host use) using uncorrected data were found across analy-

ses for all taxonomic indices of exotic host use; see Appendix S2

for results from linear models for all indices (as explained above,

other indices included the number of exotic genera, the number

of exotic species multiplied by the number of exotic genera, and

the number of exotic genera multiplied by the number of exotic

families).
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Figure 1. Predictors of exotic host use for the 70 species of

Lepidoptera included in this study. Data are presented (without

phylogenetic correction) for the relationships between the num-

ber of exotic host genera used and (A) geographic range (y =
0.348 + 1.024e−7(x)) and (B) native diet breadth (y = 0.423 +
0.454(x)). Symbols indicate taxonomic families as follows: filled

triangle, Pieridae; filled circle, Papilionidae; filled square, Hesperi-

idae; open triangle, Nymphalidae; open circle, Lycaenidae.

The phylogenetically corrected linear model including ge-

ographic range and native host breadth accounted for 37% of

the variation in exotic host use (R2 = 0.37; F2,66 = 18.97;

P < 0.0001). Geographic range and native host breadth remained

significant predictors of exotic host use after phylogenetic cor-

rection. Geographic range had a standard beta coefficient of 0.51

(F1,66 = 26.31; P < 0.0001) and native host range had a standard

beta coefficient of 0.27 (F1,66 = 7.44; P = 0.0082). As with the

analyses using raw data, the effect of geographic range on ex-

otic colonization is greater than the effect of native host breadth

(judged by beta coefficients). Qualitatively similar results were

found with phylogenetically corrected data from all phylogenies;

see Appendix S2 for results from all constraints using number of

species and number of genera to quantify exotic host use.

Discussion
These results reveal a potentially simple facet of the evolution of

host range expansion: geographically widespread species colonize

more exotic hosts. This pattern holds across taxonomic families,

which suggests a simple biological mechanism by which greater

exposure to exotic hosts provides greater opportunities for suc-

cessful colonization. We also find that species with a broader

native host range have colonized more exotic hosts, which is

perhaps less surprising than the association between geographic

range and the number of exotic hosts colonized. These findings

support earlier results of Carroll et al. (2005b) who found that

the most polyphagous Australian soapberry bug utilized the most

exotic plants (the same soapberry bug was also one of the most

geographically widespread species in the study). This suggests

that relationships among geographic range, native host range, and

exotic host use might be important in many phytophagous insect

groups. When comparing the relative importance of geographic

range and native host breadth for predicting exotic colonizations,

we find that the former (geographic range) is a stronger predictor

(standardized beta coefficients discussed above; also see Fig. 1).

Furthermore, it is important to note that geographic range and na-

tive diet breadth are not correlated with one another in our study

(ρ = 0.06).

The result that generalists are more likely to shift to ex-

otic hosts than specialists also complements previous research by

Parker and others, who reported that generalist herbivores have

a higher preference for and can confer more damage to invasive

species than specialists (Parker and Hay 2005; Parker et al. 2006).

The phytochemicals in plants that butterflies use as cues to pick

oviposition sites might be partly responsible for this pattern. Her-

bivores are more likely to colonize plant species if they have al-

ready encountered the plants and associated phytochemicals or if

the hosts are used by closely related species (Janz et al. 2001; Liu

et al. 2005); therefore, herbivores with small ranges are less likely

to colonize exotic plants with unfamiliar suites of phytochemi-

cals that are not present in their geographic range (Cappuccino

and Arnason 2006). In contrast, herbivores with large geographic

ranges are potentially more likely to shift to exotic hosts because

they have a greater probability of having previously encountered

a wide array of plants and phytochemicals (of course, this would

not necessarily be true of species with large ranges but small

distances traveled by individual insects).

In addition to being generally consistent with the

oscillation hypothesis of herbivorous insect diversification
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(Janz and Nylin 2008), our results including exotic host species

provide a valuable complement to the positive correlation between

butterfly geographic range and diet breadth reported by Slove and

Janz (2011). We assume that the geographic ranges of the but-

terflies in our study have been relatively static compared to the

recent invasion of exotic plants in California. Thus the finding that

geographically widespread butterflies colonize more exotic hosts

than more localized species suggests a direction of causality in

which wide geographic range can influence host range expansion.

Future research in this area could profitably focus on the mecha-

nistic factors that promote the expansion of geographic range and

host breadth using butterflies and skippers in California as model

systems. Potential promoters of specialist host expansion include

mutations for generalist behavior and phenotypic plasticity on

novel hosts followed by genetic accommodation (Nylin and Janz

2009; Weingartner et al. 2006).

Up to two-thirds of the 2000 plus endemic plants found

in California are projected to undergo range reductions greater

than 80% of their current range over the next 100 years

(Loarie et al. 2008). A reduction in the abundance and availability

of native plants to herbivores combined with an accelerating rate

of invasion by exotic species into California (Cohen and Carl-

ton 1998) creates strong evolutionary and ecological pressures

selecting for exotic host use in herbivorous insects. The effects

of these forces should be most apparent in urban areas where na-

tive plants experience elevated extinction rates (Hahs et al. 2009).

In fact, some urban Californian butterflies are now entirely de-

pendent on exotic host plants for larval development (Shapiro

2002). For species unable to shift to exotics, this extirpation of

native hosts might exacerbate the combined negative effects of

habitat loss and climate change (Forister et al. 2010). However,

herbivorous insects are not equally prone to extinction, as gen-

eralists had lower extinction rates during the Cretaceous mass

extinction than specialists (Labandeira et al. 2002). The same

pattern can also be found in the current mass extinction, with

coextinction proneness positively correlated with the degree of

specialization between an organism and its hosts (Dunn et al.

2009). As native plants rapidly disappear, widespread generalists

are more likely to colonize exotic hosts and are less likely to expe-

rience coextinction with their traditional host plants than localized

specialists.
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