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1  | INTRODUC TION

One of the core questions in biology is why so many different 
species exist. Selection for more efficient resource use can lead 
to ecological niche specialization (Futuyma & Moreno, 1988), and 
eventually to genetic divergence and diversification (Rundle & Nosil, 
2005). Insect herbivores are an optimal group in which to study the 
role of niche specialization in species diversification, because they 

are so speciose, with at least 430,000 described species (~30% of 
all animal species; Roskov et al., 2013), and are primarily dietary spe‐
cialists. Several factors have been proposed to drive such high levels 
of diversification of insect herbivores, including differences in the 
identity of host plants used (Ehrlich & Raven, 1964) and variation in 
the number of plant species used (i.e., diet breadth, Hardy & Otto, 
2014). Herbivory has been shown to be an important driver of in‐
sect diversification at a broad phylogenetic scale (Wiens, Lapoint, 
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Abstract
Population	 divergence	 can	 occur	 due	 to	 mechanisms	 associated	 with	 geographic	
isolation and/or due to selection associated with different ecological niches. Much 
of the evidence for selection‐driven speciation has come from studies of special‐
ist insect herbivores that use different host plant species; however, the influence 
of host plant use on population divergence of generalist herbivores remains poorly 
understood. We tested how diet breadth, host plant species and geographic distance 
influence population divergence of the fall webworm (Hyphantria cunea; FW). FW is 
a broadly distributed, extreme generalist herbivore consisting of two morphotypes 
that have been argued to represent two different species: black‐headed and red‐
headed. We characterized the differentiation of FW populations at two geographic 
scales. We first analysed the influence of host plant and geographic distance on ge‐
netic divergence across a broad continental scale for both colour types. We further 
analysed the influence of host plant, diet breadth and geographic distance on diver‐
gence at a finer geographic scale focusing on red‐headed FW in Colorado. We found 
clear genetic and morphological distinction between red‐ and black‐headed FW, and 
Colorado	FW	formed	a	genetic	cluster	distinct	from	other	locations.	Although	both	
geographic distance and host plant use were correlated with genetic distance, geo‐
graphic distance accounted for up to 3× more variation in genetic distance than did 
host	plant	use.	As	a	rare	study	investigating	the	genetic	structure	of	a	widespread	
generalist herbivore over a broad geographic range (up to 3,000 km), our study sup‐
ports a strong role for geographic isolation in divergence in this system.
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& Whiteman, 2015), and the use of different plant species has also 
been found to play a major role in the divergence of contemporary 
insect	populations	(e.g.,	Funk,	1998;	Nosil	et	al.,	2012;	Powell	et	al.,	
2013). Diet breadth can also influence diversification of herbivores, 
as narrow diet breadth is associated with elevated speciation rates 
relative to generalist taxa (Hardy & Otto, 2014). However, wider diet 
breadth is expected to be associated with greater genetic diversity 
at the population level (Gloss, Nelson Dittrich, Goldman‐Huertas, & 
Whiteman, 2013); compared to specialists, generalists are likely to 
have greater population sizes due to high resource availability, have 
larger geographic range as they are not constrained by one host spe‐
cies, and be subject to greater variability in selective pressures.

Host plant use and diet breadth are not the sole factors influenc‐
ing divergence of herbivores. Geographic structure and isolation of 
populations are thought to play important roles in the diversification 
of herbivorous insects for both adaptive and nonadaptive macro‐
evolutionary	hypotheses	 (Hardy,	Peterson,	&	Normark,	2016;	Janz	
& Nylin, 2008). Indeed, geographic distance has been shown to in‐
fluence host plant‐related population differentiation of bogus yucca 
moths	(Darwell,	Fox,	&	Althoff,	2014).	Isolation	by	distance	has	long	
been advocated as an important factor fostering evolutionary change 
in many species (Wright, 1943), as gene flow is expected to be neg‐
atively correlated with geographic distance. Therefore, evidence for 
as well as patterns of genetic divergence can strongly depend on the 
geographic scale being studied. For instance, Mascarene grey white‐
eye birds exhibit strong population structure over small geographic 
range (Milá, Warren, Heeb, & Thébaud, 2010), whereas populations 
of the specialist herbivore Utetheisa ornatrix (Lepidoptera) exhibit 
stable genetic divergence at large geographic scales (>3,000 km; 
Cogni, Trigo, & Futuyma, 2011). In addition to geography, the envi‐
ronment and the ecological context that populations experience can 
strongly	influence	levels	of	gene	flow.	Populations	can	become	iso‐
lated from one another (i.e., experience reduced gene flow) because 
of adaptation to different environments or differences in species 
interactions (e.g., host use), despite geographic proximity (isolation 
by environment, IBE; Wang & Bradburd, 2014). Examining genetic 
population structure at multiple geographic scales can allow a more 
nuanced assessment of the ecological and geographic factors that 
influence population divergence (Hutchison & Templeton, 1999).

Diet breadth, host plant use and geographic distance can influ‐
ence divergence of insect herbivores, but it is unclear how much 
each of these factors contributes to the divergence of general‐
ist herbivores as most of the studies investigating the divergence 
of herbivores have focused on specialists (e.g., Funk, 1998; Nosil 
et	al.,	2012;	Powell	et	 al.,	2013;	but	 see	Dopman,	Sword,	&	Hillis,	
2002). Generalist herbivores are expected to have relatively low 
fitness variation on different host plants (Vidal & Murphy, 2018a); 
thus, the pattern and mechanism of genetic divergence on gen‐
eralist populations might be different than for specialists. For in‐
stance, we would expect population subdivision and speciation to 
be more often associated with geographic isolation than variation 
in host plant use for generalists. Indeed, a recent macroevolution‐
ary hypothesis to explain insect herbivore diversification (Hardy et 

al., 2016) has proposed that nonadaptive processes are important 
contributors to diet breadth evolution and potentially speciation of 
herbivores; generalist populations tend to be more widespread and 
should continuously produce specialized, small and geographically 
isolated populations. Surprisingly, we still lack studies of the genetic 
structure of widespread generalist herbivores that span populations 
in a broad geographic range to test these predictions (but see Craft 
et al., 2010).

To tease apart the influence of diet breadth, host plant use and 
geographic distance on the genetic divergence of generalist her‐
bivores, we used the widespread generalist herbivore, fall web‐
worm (Hyphantria cunea, Erebidae, Lepidoptera; hereafter FW). 
FW is an excellent model organism to address this goal for several 
reasons. First, FW is one of the most generalized plant‐feeding 
insect species known, feeding on more than 600 woody plant 
species	worldwide	 (Warren	&	Tadić,	 1967).	 Yet,	 its	 diet	 breadth	
varies considerably over its geographic range, with some popu‐
lations clearly being more specialized than others (e.g., western 
Colorado, Murphy & Loewy, 2015 vs. northeastern coast of the 
United States, Mason, Wilkes, Lill, & Singer, 2011; but even the 
“specialized” populations remain generalists). Second, FW has a 
broad	native	range	across	North	America.	Nevertheless,	the	use	
of some host species is conserved across sites (e.g., Prunus sp., 
Ulmus sp. and Malus sp. are used in the west and east of the United 
States; Murphy & Loewy, 2015; Mason et al., 2011). Third, FW has 
previously been documented to consist of two morphologically 
and genetically distinct forms (Yang, Kawabata, Tufail, Brown, & 
Takeda, 2017) that differ in their life history traits, behaviour, host 
plant use and geographic distribution (e.g., Ito & Warren, 1973; 
Oliver, 1964). The two types are named by the colour of their lar‐
val head capsule, black‐headed or red‐headed (hereafter referred 
as black and red, respectively). Blacks and reds can be found in 
sympatry in the east and southeast of the United States, but they 
differ in host plant use even where they co‐occur (e.g., Louisiana; 
Oliver, 1964). The recent genetic confirmation of the difference 
between the two types was done using mitochondrial CO1, which 
can	be	problematic	to	distinguish	species	(Hurst	&	Jiggins,	2005;	
Toews & Brelsford, 2012). Furthermore, the morphological differ‐
ences are based solely on the larval stage. Thus, it is not com‐
pletely clear whether the two types of FW can potentially be 
different species.

Using this extreme generalist species, we address the follow‐
ing goals: (a) to confirm genetic and morphological differentiation 
of red and black forms with morphometric data and population 
genomics using nuclear markers; (b) to assess the relative im‐
portance of geography and host plant use in explaining genetic 
variation among populations at broad geographic scales of both 
red and black FW; and (c) to assess the relative importance of ge‐
ography, diet breadth and host plant use in the genetic variation 
among red FW at a fine geographic scale (Figure 1). By addressing 
these issues in this model system, we hope to provide insight into 
the patterns and processes of population divergence in generalist 
herbivores.
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2  | METHODS

2.1 | Morphometry

Larvae of the two types of FW are relatively easy to distinguish 
from one another, but it remains unclear whether adults are mor‐
phologically	differentiated.	Previous	authors	who	have	examined	
this issue focused on wing length (e.g., Yang et al., 2017); how‐
ever, wing length can vary with environmental and dietary fac‐
tors; for example, individuals are usually smaller when feeding on 
low‐quality plants (e.g., Murphy & Loewy, 2015; Vidal & Murphy, 
2018b).	 A	 more	 reliable	 way	 to	 measure	 such	 differences	 is	 to	
use morphological “landmarks” and to then calculate the ratio of 
distances between these landmarks as a measure of overall body 
shape (Zelditch, Swiderski, Sheets, & Fink, 2004). Therefore, to 
address part of our first goal, we measured adult females and 
males of FW from Colorado (red, n = 28), Missouri (red, n = 5), 
New	Jersey	(black,	n = 12) and Maryland (red, n = 13; black, n = 12) 
following the criteria in Zelditch et al. (2004) to define our land‐
marks. We demarcated 13 landmarks as junctures between differ‐
ent wing veins and between wing veins and wing borders on the 
right forewing. Wing shape in Lepidoptera often varies strongly 
among species and can be used to distinguish taxa at the species 
and sometimes the family levels (Zhong et al., 2016). We used tp-
sutil and tpsdig (Rohlf, 2005) to extract the landmark coordinates 
from photographs and morphoj (Klingenberg, 2011) to analyse the 
resulting data using canonical variate analysis.

2.2 | Sample collection

We performed genetic analyses on two separate sets of samples to 
address our three goals. To address part of our first goal (the ex‐
tent of genetic divergence between the two types) and the second 
goal, we used black and red FW over a 250–3,000 km range; thus, 
we define this data set as “broad geographic scale.” To address 
our third goal, we used samples of red FW collected in Colorado 
over a range of 40–700 km; thus, we define this data set as “fine 
geographic scale.” We analysed the broad and fine geographic scale 
data sets separately because we only had reliable within‐popula‐
tion diet breadth data for Colorado, which has only red populations, 
and because patterns may vary depending on the geographic scale 
being analysed (e.g., Darwell et al., 2014). The broad‐scale data set 
included 61 samples (41 of red, 20 of black) from a 3,000‐km longi‐
tudinal transect, and the fine‐scale data set included 126 samples of 
red FW only from Colorado. We consider a sample as distinct mater‐
nal lines. FW female moths oviposit a clutch of eggs on one leaf, and 
the sibling larvae feed together in a communal web. We collected 
and genotyped at least two larvae from each web, which constitute 
our sample per maternal line. The larvae were put in 95% ethanol im‐
mediately	after	collection,	and	the	extracted	DNA	from	two	or	more	
sibling larvae was combined for genotyping.

For the broad geographic scale analysis, we included samples 
from Colorado (n	=	6	reds	from	Jefferson	county),	Connecticut	(n = 7 
blacks), Illinois (n = 4 reds), Kansas (n = 3 reds), Maryland (n = 5 reds), 
Missouri (n	=	6	reds),	New	Jersey	(n = 3 reds and three blacks), Ohio 

F I G U R E  1   Map showing sampling 
locations. Red circles represent red fall 
webworm samples, while black circles 
represent black fall webworm samples. 
The map at lower left shows sampling 
locations in superposition with the 
occurrence of the two forms following 
Yang et al. (2017), where light red to the 
left indicates the presence of only the red 
type, and mauve to the right indicates the 
presence of both types. The map at upper 
right shows sampling locations within 
Colorado counties: a—Mesa County, 
b—Garfield County, c + d + e—Front 
Range	(Jefferson,	Boulder	and	Larimer	
Counties,	respectively),	f—Arapahoe	and	
Ebert Counties, g—Chaffee and Fremont 
Counties,	h—El	Paso	County,	i—Las	
Animas	County,	j—Baca	County	[Colour	
figure can be viewed at wileyonlinelibrary.
com]
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(n	=	13	reds	and	eight	blacks)	and	Pennsylvania	(n = 1 red and two 
blacks) (Figure 1). Hence, our sampling included allopatric popula‐
tions of red FW (Colorado) and of black FW (Connecticut), as well as 
sympatric	populations	of	reds	and	blacks	 (all	 the	others).	Although	
our broad geographic scale analysis had unbalanced sampling across 
sites, previous research has shown that even small sample sizes 
(two individuals) can accurately account for genetic divergence 
when	there	is	a	large	number	of	SNPs	(>1,500)	(Nazareno,	Bemmels,	
Dick, & Lohmann, 2017). For the fine geographic scale analysis, we 
used 10 locations of red FW from Colorado with 10–20 samples 
per location and used larvae from similar hosts across locations as 
much as possible, totalling 126 samples of which 6 were also used 
in the broad‐scale analysis explained above (Figure 1). Larvae from 
Colorado were collected across the state in the following counties: 
Arapahoe,	 Baca,	 Boulder,	 Chaffee,	 El	 Paso,	 Garfield,	 Jefferson,	
Larimer,	Las	Animas,	Mesa	(letters	a–j	in	Figure	1).	Sample	and	host	
plant data were collected as explained in Murphy and Loewy (2015) 
and Vidal and Murphy (2018b), and we recorded host plant informa‐
tion	for	each	sample	(Tables	1	and	A1).

2.3 | Genotyping by ddRAD‐seq

We genotyped our 181 samples from both geographic scales using 
double‐digest	restriction	site‐associated	DNA	sequencing	(ddRAD‐
seq)	 as	 described	 in	 Peterson,	Weber,	 Kay,	 Fisher,	 and	Hoekstra	
(2012),	 with	 slight	 modifications.	We	 extracted	 DNA	 from	 head	
capsules of FW caterpillars (n = 178) and whole pupae (n = 3) using 
a	Qiagen	DNA	extraction	kit.	We	followed	the	manufacturer's	in‐
structions,	omitting	 the	RNA	step.	We	quantified	DNA	using	 the	
QuantiFluor®	dsDNA	System	(Promega	 Inc.)	and	digested	500	ng	
of	 DNA	 with	Msp1 and MluC1 enzymes (New England Biolabs, 
Inc.) at 37°C for 3 hr. We ligated adaptors and selected 300 bp 
(±25	 bp)	 fragments	 using	 a	 Pippin	 Prep	 PR00953	 (Sage	 Science,	
Inc.)	 following	 the	manufacturer's	 directions.	 Libraries	 were	 am‐
plified	for	nine	cycles	 in	4–8	20	µl	reactions	using	Phusion	High‐
Fidelity	PCR® (Thermo Fisher, Inc.). Libraries were sequenced on an 
Illumina HiSeq 2500 by the Genomics and Microarray Core at the 
University	of	Colorado	Anschutz.	Samples	from	the	two	analytical	
sets were intermixed in the two lanes that we used for sequencing.

We demultiplexed, filtered and trimmed the raw reads using 
stacks	1.46	(Catchen,	Hohenlohe,	Bassham,	Amores,	&	Cresko,	2013).	
We	 trimmed	adaptors	and	 removed	 low‐quality	bases	 (mean	Phred	
score < 10 along a sliding window of 20 bp) and reads with uncalled 
bases or ambivalent barcodes. Since a reference genome is unavailable 
from FW or a closely related taxon, we performed de novo assembly 
using stacks. We required a minimum of 3 identical reads to form a 
stack, distance allowed between stacks of 2, a maximum distance of 
4 for secondary alignments and a maximum of 3 stacks allowed per 
de novo locus. We used the program populations in stacks to obtain a 
vcf file after filtering out loci with more than two alleles, as multiallelic 
sites tend to be rare in natural populations. We used vcftools 0.1.15 
(Danecek et al., 2011) to remove sites with a minor allele frequency of 
fewer than 10% and more than 90% in the populations, and to remove 

sites that had 20% of missing data. We compared results for different 
values of the missing data threshold and found that 20%–60% yielded 
similar trends; therefore, we used the 20% value that retained more 
SNPs	(following	Huang	&	Knowles,	2014).

2.4 | Population analyses

We conducted population genomic analyses separately for the two 
sets of data (broad and fine geographic scales). Using the program 
populations from stacks, we obtained a Structure file from the cleaned 
vcf file. We used structure	2.3.4	(Pritchard,	Stephens,	Rosenberg,	&	
Donnelly, 2000) and structureharvester (Earl & VonHoldt, 2012) to 
define the most likely number of populations inferred from our data, 
and visualized the structure analysis with the most likely K value ± 1 
using clumpak	(Kopelman,	Mayzel,	Jakobsson,	Rosenberg,	&	Mayrose,	
2015). For the structure analysis, we used three replicates per K 
value, and our K values ranged from 1 to 11, with 10,000 step burn‐in 
followed by 50,000 Markov chain Monte Carlo repetitions. We eval‐
uated	 genetic	 clustering	with	 principal	 components	 analysis	 (PCA)	
and calculated pairwise Weir and Cockerham (1984) FST distances 
using the r package snprelate 1.10.2 (Zheng et al., 2012) performed in 
the r environment 3.4.1 (R Development Core Team, 2011). To help 
visualize relationship among populations of blacks and reds for our 
first and second goals, we also constructed a splitstree using the pro‐
gram splitstree4 version 4.14.5 with the neighbour‐net algorithm and 
UncorrectedP	method	(Huson,	1998;	Huson	&	Bryant,	2005).

2.5 | Genetic distance at a broad geographic scale

We analysed the influence of host plant use and geographic distance 
on population structure in FW using red and black types across a 
broad geographic range (~2,500 apart; Figure 1). Since previous stud‐
ies (Yang et al., 2017) and our own (results below) have indicated that 
black and red FW are genetically distinct, we performed the analy‐
ses using the two types separately. Colorado populations were also 
shown to be genetically distinct in the present study; thus, we re‐
moved Colorado samples when comparing eastern red and black FW.

We	used	Moran's	eigenvectors,	distance‐based	redundancy	anal‐
ysis	 (db‐RDA)	 and	 matrix	 regression	 to	 analyse	 the	 importance	 of	
geographic distance and host plant on genetic distance. For these 
analyses, we used pairwise genetic distance between individual sam‐
ples measured using identity by state (IBS), which we obtained using 
plink	 1.07	 (Purcell	 et	 al.,	 2007).	To	analyse	how	 the	geographic	dis‐
tance alone correlates with the genetic distance between individual 
samples, we used the r package memgene	 1.0	 (Galpern,	 Peres‐Neto,	
Polfus,	&	Manseau,	2014).	This	analysis	takes	into	consideration	the	
geographic	coordinates	and	genetic	distances	to	calculate	Moran's	ei‐
genvectors and show how similar (same size and colour of circles) sam‐
ples are to each other in a map view. Furthermore, it has the power to 
detect weak spatial genetic patterns and how landscape features can 
influence	genetic	patterns	(Galpern	et	al.,	2014).	After	analysing	the	
influence of geographic distance, we tested for effects of host plant 
use	 on	 genetic	 distance	 using	 db‐RDA.	 Assuming	 that	 geographic	
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distance influences host plant distribution and potentially genetic 
distance, we used the significant eigenvalues from principal coordi‐
nates of neighbourhood matrix (pcnm function from vegan) of the geo‐
graphic distance as a condition in the model (Legendre & Fortin, 2010). 
Therefore, geographic distance was parsed out before the constrained 
variables. We selected the variables that best explained the variance 
in genetic data using stepwise model selection with the function ordir-
2step.	Pcnm	analysis	and	db‐RDA	were	performed	using	the	r package 
vegan 2.4‐4 (Oksanen et al.., 2007). We further tested the influence 
of geographic distance and host plant use on genetic distance (IBS) by 
performing matrix regression using the function mrm from the package 
ecodist 2.0.1 (Goslee & Urban, 2007). Because reds were sampled over 
a broader geographic range than blacks, we also removed samples of 
reds from locations where we did not sample blacks to see whether 
this difference in sampling range may have influenced the results of 
our matrix regression. To obtain the host plant distance used in matrix 
regression	analysis	and	db‐RDA,	we	used	phylogenetic	distance	of	the	
host plant species used by each of the larvae sampled. To obtain the 
phylogenetic distance, we first constructed a phylogenetic tree of host 
plant species using phylomatic from the package brranching version 
0.4.0 (Chamberlain, 2018) based on the plant phylogeny of Zanne et al. 
(2014). Then, we used the function disttips from the package adephylo 
(Jombart	&	Dray,	2008)	to	produce	a	matrix	of	phylogenetic	distances.	
For phylogenetic distance, we used patristic distance that considers 
the length of branches separating taxa.

2.6 | Genetic distance at a fine geographic scale

To test how host plant use, diet breadth and geographic distance in‐
fluence genetic distance of FW at a finer geographic scale, we used 
red FW collected across the state of Colorado (from 40 to 700 km 
apart; Figure 1). To calculate fine‐scale geographic distances, we 
used the r package geosphere with function distcosine, which esti‐
mates the shortest distance from one point to another. We repeated 
the	 above	 analyses	 (matrix	 regression,	 db‐RDA	and	memgene)	 on	
this fine spatial scale. Memgene can be especially useful in this fine‐
scale analysis as it can detect spatial genetic patterns when gene 
flow is high and weaker genetic patterns are expected (Galpern et 
al., 2014). Since Colorado is divided by the Rocky Mountains, we 
included a topographic map of Colorado in our memgene graph to 
evaluate how the particular landscape of Colorado influences the 
possible geographic isolation of Colorado FW. We tested for the 
relative importance of host plant use on the genetic distance of 
Colorado	FW	using	db‐RDA	 (with	eigenvalues	 from	pcnm	as	geo‐
graphic distance condition) and matrix regression. We coded the 
distance of host plants that were used as phylogenetic distance as 
explained above.

We used ordination diet breadth (Fordyce, Nice, Hamm, & 
Forister, 2016, ODB) to calculate diet breadth based on population 
information from Vidal and Murphy (2018b); this measure takes 
into consideration the number of plant species used in a popula‐
tion and also the similarity of hosts in one population as compared 
to all other hosts used by the other populations tested. Here, we 

consider similar hosts as the same species (or genus) of plants used 
by different individuals or populations. If a population uses few 
and similar plants compared to the other populations, it has a low 
value of ODB (close to 0, considered more specialist), whereas if 
a population uses many and different plants, it has a high value of 
ODB (close to 1, considered more generalist). ODB usually yields 
similar patterns as phylogenetic corrected diet breadth but was 
shown to outperform this type of measure (Fordyce et al., 2016). 
We used the diet breadth at the “population” level, as FW indi‐
viduals typically feed on one host plant individual during their en‐
tire larval stage. The diet breadth of the populations of FW used 
in this analysis varied from 2 to 15 host plants being used: larvae 
from	Arapahoe	were	feeding	on	2	host	species,	Garfield	on	3,	Las	
Animas	 on	 5,	 El	 Paso	 on	 6,	 Chaffee	 on	 8,	 Jefferson	 on	 9,	 Baca,	
Larimer and Mesa on 10, Boulder on 15 (Vidal & Murphy, 2018b). 
To analyse the influence of diet breadth on the divergence of pop‐
ulations, we used partial Mantel test with the mean FST and diet 
breadth at the population level, while controlling for geographic 
distance between populations. We defined populations as the in‐
dividuals occurring in the same location following Vidal & Murphy, 
2018b (letters a–j in Figure 1), not necessarily correlated with 
gene flow. To obtain pairwise comparison between populations 
using ODB, we used the absolute difference between the two val‐
ues being compared. Therefore, a lower value of this difference 
would mean that the two populations being compared have sim‐
ilar diet breadths, whereas if the values are high, the populations 
have very different diet breadths. We used the r package vegan 
2.4‐4 (Oksanen et al., 2007) to calculate the partial Mantel test. 
We further tested for a possible correlation between genetic di‐
versity	 and	 diet	 breadth.	 As	 a	 measure	 of	 genetic	 diversity,	 we	
obtained the observed heterozygosity of each population from 
the program populations from stacks and used a linear regression 
between the observed heterozygosity and ordination diet breadth 
per population.

3  | RESULTS

3.1 | Morphometry

We found the adults of the red and black FW to be morphologi‐
cally distinct (discriminant function analysis: t2 = 244.46, n = 70, 
p < .0001); the two types form distinct groups, and the two first axes 
of the canonical variate analysis represent 81% of the variance in 
wing	shape	(Figure	2a).	Pairwise	discriminant	comparison	between	
all geographic locations revealed significant shape differences be‐
tween reds from Colorado and reds from Missouri (t2 = 151.41, 
p = .02) and Maryland (t2 = 93.46, p = .03), but no significant shape 
differences between other locations within each type (all p > .05), 
possibly	due	to	 low	sample	size.	A	permutation	test	of	Procrustes	
distances among groups resulted in p < .05 for all pairwise compari‐
sons; therefore, when comparing the interposition of shapes formed 
by the landmarks, reds and blacks from different locations were dif‐
ferent from each other, as well as reds from blacks overall.
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3.2 | Population genomics

After	demultiplexing,	we	obtained	340,184–9,024,092	reads	per	indi‐
vidual (median = 2,245,657, total = 480,351,136 reads) from our 181 
individuals. From the de novo assembly that included the 61 samples 
of	red	and	black	FW,	we	obtained	56,515	SNPs,	and	the	depth	of	cov‐
erage from processed samples of de novo assembly ranged from 8.05 
to 31.9× per sample. For the Colorado locations, we used 126 samples 
with	60,737	SNPs,	and	the	depth	of	coverage	ranged	from	5.5	to	37.5×.

With our 61 samples of red and black FW from a broad geo‐
graphic scale, we confirmed that the two types are genetically 
distinct and that the Colorado population is genetically divergent 
from black FW and other red FW (Figures 2b,c and 3). The two 
first axes of the principal components analysis explained more 
than 20% of the genetic variation, with clear separation between 
red	 and	 black	 samples	 along	 the	 first	 axis	 (Figure	 2b).	 Although	
larvae from the different morphotypes used different host plant 

species with few overlaps (Table 1), samples did not cluster by host 
plant species (not shown) nor by geography, except for Colorado 
samples that formed a distinct group along the second axis (circles 
in Figure 2b). We found that the most likely number of populations 
(K) was 3 (delta K = 5,613) and that each type clearly formed dis‐
tinct populations. Further, samples from Colorado were different 
from the two recognized types, even though in larval morphology, 
they resemble the eastern red FW (Figure 2c, K = 3). Based on 
pairwise FST values, the red samples from the sympatric popula‐
tions	(NJ	and	OH)	were	more	similar	to	reds	from	other	locations	
than to blacks from the same location (Figure 2d). The splitstree 
confirmed	the	same	pattern	as	found	with	PCA	and	structure	anal‐
ysis, blacks and reds were split from each other, and reds from 
Colorado were also split from the other reds (Figure 3).

According	to	the	genetic	data	of	the	fine	geographic	scale	analysis,	
there was no clear differentiation of Colorado FW. There was no clear 
separation	of	populations	in	our	PCA,	and	the	two	axes	explained	only	

F I G U R E  2   Morphometry and population genomics of the two colour types of fall webworm. (a) Morphometry of Colorado (CO), 
Maryland	(MD),	Missouri	(MO)	and	New	Jersey	(NJ)	fall	webworm	adults	(using	red	for	red	type	and	black	for	black	type);	the	image	at	top	
right	shows	the	13	landmarks	in	the	forewings	used.	(b)	Principal	components	analysis	of	the	61	genetic	samples	(using	red	for	red	type	and	
black for black type) with symbols representing the sample locations. (c) Structure analysis for K = 2–4 showing black‐heads, red‐heads from 
across	our	geographic	sampling	except	Colorado,	and	red‐heads	collected	from	Colorado	alone.	(d)	Unrooted	tree	of	Weir	&	Cockerham's	
FST	pairwise	comparisons	for	Colorado	(CO),	Connecticut	(CT),	New	Jersey	(NJ)	and	Ohio	(OH),	inferred	with	PRESTO	[Colour	figure	can	be	
viewed at wileyonlinelibrary.com]
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~7% of genetic variation (Figure 4a). There was also no clear host plant‐
related genetic structure. In the structure analysis, we found that the 
most likely K value to explain the genetic structure in Colorado was 2 
(delta K = 46.3); Mesa, Garfield and the northern Front Range (letters 
a–e in Figure 4) comprise a mix of the two genetic groupings, while 
the other five sampling locations, which are found in eastern side of 
the Rocky Mountains and southern Colorado, are mostly composed of 
one genetic cluster (Figure 4b, light blue). However, the delta K value 
is low, and it is possible that the samples along Colorado form a single 
panmictic population (delta K is not possible to be calculated for K = 1).

3.3 | Host plant use and geographic distance as 
predictors of divergence at a broad geographic scale

We found that geographic distance is a better predictor of ge‐
netic distance than host plant use in our broad geographic scale 

analysis, but the magnitude explained by these two variables var‐
ied for each morphotype. Using memgene, we found that most 
samples that are close together geographically are genetically 
similar (circles have similar size and colour in Figure 5) for both 
red and black FW; however, these models explain only 1.2% and 
0.4% of the genetic variation in the red and black populations, re‐
spectively. Furthermore, in both cases, landscape features could 
be	 acting	 as	 geographic	 barriers.	 For	 example,	 the	 Appalachian	
Mountain may be separating populations of the east coast (MD, 
NJ,	CT)	from	other	locations.

When	 we	 controlled	 for	 geographic	 distance	 in	 the	 db‐RDA,	
host plant phylogenetic distance was not kept in the model for black 
FW (r2	=	−0.005),	while	it	was	maintained	in	the	model	for	red	FW	
(r2 = 0.03, p = .03). When we tested for both geographic distance and 
host plant use together using matrix regression, geographic distance 
but not host plant distance influenced genetic distance for blacks 
and for reds (Table 2). Host plant and geographic distance explained 
7.6% of the genetic variance for reds, while these variables in the ma‐
trix models explained <3% of the genetic variance for blacks. Host 
plant distance was correlated with geographic distance for black FW 
(r2 = 0.066, p = .01) and for red FW (r2 = 0.03, p = .01). Even when 
we removed samples of red FW from Kansas, Missouri and Illinois 
to have similar sampling area as black FW, the pattern remained the 
same, with only geographic distance influencing genetic distance 
and the two variables explaining ~6% of genetic divergence of reds. 
Taking these two analyses together, the matrix regression analysis 
confirms that geographic distance has an important influence on 
genetic divergence for both types; however, when we “control” for 
geographic	distance	in	the	db‐RDA	model	selection,	host	plant	dis‐
tance was important only for red FW.

3.4 | Host plant use, diet breadth and geographic 
distance as predictors of divergence at a narrow 
geographic scale

For the Colorado samples, geographic distance was again a more 
important factor than host plant use in explaining genetic variation. 
We found that 11.3% of the genetic variation was explained by geo‐
graphic	distance	using	memgene	(Figure	6a).	 In	the	db‐RDA	model	

TA B L E  1   Summary of the host plants used by fall webworm 
that were included in our analyses, and the number of samples that 
were collected from each host plant species is in parentheses

Black type Eastern red type Colorado red type

Acer negundo (6) Ailanthus sp. (2) Fraxinus americana (2)

Cercis canadensis 
(4)

Betula sp. (3) Fraxinus pennsylvanica 
(1)

Prunus serotina (2) Carya sp. (2) Juglans nigra (2)

Quercus sp. (1) Diospyros sp. (4) Malus sp. (12)

Salix nigra (2) Juglans nigra (4) Populus deltoides (39)

Salix sp. (1) Nyssa sylvatica (1) Populus angustifolia 
(30)

Vitis sp. (1) Oxydendrum sp. (2) Populus tremuloides (1)

Ulmus sp. (3) Platanus occidenta-
lis (4)

Prunus virginiana (16)

 Prunus serotina (9) Prunus virginiana var. 
Schubert (1)

 Prunus sp. (1) Prunus sp. (1)

 Quercus sp. (3) Quercus sp. (1)

  Salix sp. (3)

  Ulmus sp. (17)

F I G U R E  3   Splitstree of the broad 
geographic range data set (Fit = 95.026). 
Letters represent US state of origin of 
samples (CO, Colorado; CT, Connecticut; 
IL, Illinois; KS, Kansas; MD, Maryland; 
MO,	Missouri;	NJ,	New	Jersey;	OH,	
Ohio), and colours represent the two 
fall webworm morphotypes (red = red‐
headed,	black	=	black‐headed)	[Colour	
figure can be viewed at wileyonlinelibrary.
com]
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selection, host plant use was maintained in the model to explain ge‐
netic distance (adjusted R2 = 0.036, F = 1.4, df = 9, p = .001); however, 
this variable explained only 3.6% of the genetic divergence. Thus, 
geographic distance was more than three times as important as host 
plant in explaining genetic structure in these subpopulations (11.3% 
vs. 3%). This result suggests that geography is important, a finding 
that is not altogether surprising as FW collected from western sites 
(Mesa and Garfield) is separated from the other subpopulations by 
the Continental Divide formed by the Rocky Mountains, which de‐
marcates	 the	 point	 at	which	 drainages	 from	North	America	move	
towards	 the	Atlantic	 or	 Pacific	 sides	 of	 the	 continent.	Our	matrix	
regression analysis confirms the importance of geographic distance 
as it showed that geographic distance was correlated with genetic 
distance, while phylogenetic distance of host plants marginally cor‐
related with genetic distance (Table 2; r2 = 0.1, p = .01).

For the diet breadth analysis using a partial Mantel test, we found 
no correlation between differences in diet breadth and FST among 
populations (Figure 6b, r = 0.08, p = .35). Furthermore, we found a 
marginal negative correlation between observed heterozygosity and 

diet breadth of populations (Figure 6c, r2 = 0.33, t	=	−1.97,	p = .08). 
We expected to find greater genetic diversity in more generalized 
populations, but our result suggests the opposite.

4  | DISCUSSION

Host plant use, diet breadth and geographic distance are some of 
the factors that can influence the genetic divergence of insect herbi‐
vores, but most studies that test these factors have focused on spe‐
cialist	herbivores.	As	generalist	herbivores	are	differently	affected	
by host plants than specialists (Vidal & Murphy, 2018a), it is not clear 
whether host plant use could influence the divergence of popula‐
tions of generalist herbivores, nor how much this factor accounts for 
their divergence. Using an extremely generalist herbivore, fall web‐
worm (FW), we found that the two types of FW are genetically and 
morphologically distinct. Furthermore, although both geographic 
distance and host plant use were correlated with genetic distance 
for the red type, geographic distance accounted for up to 3× more 

F I G U R E  4  Population	genomics	of	Colorado	fall	webworm	populations.	(a)	Principal	components	analysis	of	the	126	genetic	samples.	
Different colours represent geographic locations of fall webworm populations (same as Figure 1). Different symbols represent the host 
plant genus that the larvae were using when collected. The graph on the right is a zoom in of the region outlined by the dashed grey line in 
the graph on the left. (b) Structure analysis for K	=	2–4,	letters	represent	the	same	locations	as	in	Figure	1	[Colour	figure	can	be	viewed	at	
wileyonlinelibrary.com]
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variation in genetic distance than did host plant use. The greater in‐
fluence of geographic distance than host plant use on FW genetic 
structure supports the view that not all generalists are composed 
of cryptic host‐specialized populations or species, as was previously 
suggested (Bickford et al., 2006). However, other factors could also 
influence the genetic structure of FW that we did not include in this 
study. For example, a recent study found that top‐down effects can 
also	drive	divergence	in	insect	herbivores	(Heath,	Abbot,	&	Stireman,	
2018). In the case of generalist herbivores that are more affected by 
top‐down than bottom‐up forces (Vidal & Murphy, 2018a), selection 
from natural enemies could indeed account for a good portion of 
their genetic divergence and remains to be investigated.

Our finding of black and red FW being morphologically and ge‐
netically different suggests that there must be extremely low levels 
of gene flow (or none) between the two types. This isolation is the 
case even where these types occur in sympatry, as local red FW 
were more similar to reds from other locations than to sympatric 
black	FW.	Recently,	a	study	using	mitochondrial	DNA	showed	clear	
distinction between red and black types of FW (Yang et al., 2017); 
however,	the	use	of	mitochondrial	DNA	to	infer	species	delimitations	
can be problematic in cases where there is introgression, and for 
arthropods, the pattern can also be biased by inherited symbionts 

(Hurst	&	 Jiggins,	 2005;	 Toews	&	Brelsford,	 2012).	 Therefore,	 our	
nuclear data give additional and reliable evidence that the two 
forms likely represent distinct species. Besides morphological and 
genetic evidence, there are also natural history indications that the 
two types are reproductively isolated. In nature, reds and blacks can 
be reproductively isolated in time due to differences in generations 
per year and emergence time (Oliver, 1964; Takeda, 2005). The two 
types also use a different set of host plant species (Table 1, e.g., 
Oliver, 1964), and adult female moths have limited dispersal abilities 
(Yamanaka, Tatsuki, & Shimada, 2001). For example, in Ohio where 
the two types occur in sympatry, black‐heads feed frequently on 
red bud (Cercis canadensis), but not red‐heads (e.g., Table 1). Notably, 
there are also areas of host plant overlap as both types can be fre‐
quently found on Cherry plants (Prunus sp.). Finally, bioassays have 
shown that males are usually more attracted to pheromones of fe‐
males of the same type than to the other type, resulting in more in‐
tratype than intertype matings (McLellan, Nordin, & Haynes, 1991). 
With the body of evidence from natural history and genetic analyses 
accumulated during the past four decades, and our data on mor‐
phometry	and	nuclear	genomic	analysis	using	 thousands	of	SNPs,	
there is ample evidence that the two types of FW are divergent lin‐
eages and likely different species.

F I G U R E  5   Memgene analysis showing genetic groupings of samples of red (a) and black (b) FW along the landscape for broad geographic 
scale, where letters represent states. Circles represent each sample (unless for cases where samples were very close to one another, e.g., 
CT), circles of same size and colour show individuals with similar memgene scores, while different sizes and colours indicate dissimilarity. 
Colour of circles represents the scores in the principal components axis from positive (black) to negative (white), and the size of the circles 
represents the location along the axis, from ±0.0125 (larger circles) to 0 (smaller circles)
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Our data provide evidence of factors that influence the di‐
vergence between the two types and among populations, but we 
should interpret these factors with caution. We showed that genetic 
divergence of populations is correlated with the use of different host 
plants and with geographic distance; however, a portion of the ge‐
netic divergence remained unexplained, and other factors such as 
competition between the two types, selective pressure from natu‐
ral enemies or their colonization history could have also influenced 
their divergence. For the latter, for example, Yang et al. (2017) sug‐
gested that the separation of the two types started 1.2–1.6 million 
years ago; thus, it is possible that the two types began diverging 
genetically due to allopatric separation into different refugia during 
quaternary glaciation but then established overlapping ranges after 
the ice retreated. The different patterns of host plant use by the two 
FW types might have evolved due to the ancestral populations occu‐
pying different regions during a glaciation event, and thus, differing 
host plant use could be a consequence of geographic isolation and 
not the cause of divergence. In conclusion, although we found evi‐
dence that genetic distance was (weakly) correlated with host plant 
use, we cannot say that variation in host plant use was a cause of the 
divergence between black and red FW.

Besides the distinction between the two types, red FW from 
Colorado also formed a distinct genetic group from the other col‐
lection sites, which indicates that Colorado FW are distinct from 

eastern populations. Other species of Hyphantria are endemic from 
Central (H. orizaba, H. panoezys, H. penthetria) and South (H. pictip-
upa)	 America,	which	 suggests	 a	 possible	 origin	 of	H. cunea in the 
western or central part of its current range in the United States with 
subsequent expansions to the east. Colorado populations are iso‐
lated	from	eastern	populations	by	the	Central	Plains,	which	is	a	dry	
region of grassland and where FW are rare (M. C. Vidal personal ob‐
servation). FW usually feed on trees and shrubs and tend to fly along 
rivers and roads (e.g., Ito, Shibazaki, & Iwahasi, 1970). Therefore, the 
migration of FW between eastern populations and Colorado might 
be limited to the few riverine corridors of riparian vegetation across 
the	Central	Plains,	resulting	in	genetic	isolation	of	Colorado	popula‐
tions.	The	riparian	vegetation	in	the	Central	Plains	has	cottonwood	
along river banks, which could make the corridors habitable for red 
FW but not for black FW. While red FW can use cottonwoods as a 
host plant, black FW are not known to use them in the wild and do 
not perform well on them in the laboratory (M. C. Vidal personal ob‐
servation). In Colorado, the Rocky Mountains are clearly an import‐
ant genetic barrier between populations to the east or west of the 
mountains; it would be interesting to compare the genetic structure 
of other western FW populations to see whether the pattern holds 
at a larger geographic scale. Other organisms have been shown to 
consist of populations on the western side of the Continental Divide 
that are genetically different from eastern populations (e.g., racers, 

F I G U R E  6   Influence of geography and diet breadth on population divergence of fall webworm in Colorado: (a) memgene analysis showing 
genetic groupings of samples across the Colorado landscape (superposition of satellite topography of Colorado from Google Earth). Circles 
represent each sample, circles of same size and colour show individuals with similar memgene scores, while different sizes and colours 
indicate dissimilarity. Colour of circles represents the scores in the principal components axis from positive (black) to negative (white), and 
the size of the circles represents the location along the axis, from ±0.075 (larger circles) to 0 (smaller circles). (b) Correlation between Weir 
&	Cockerham's	FST and diet breadth distance pairwise comparisons. (c) Correlation between observed heterozygosity (mean ± variance) and 
diet	breadth	of	the	10	populations	sampled.	Letters	in	a	and	c	represent	the	same	subpopulations	as	in	Figure	1	[Colour	figure	can	be	viewed	
at wileyonlinelibrary.com]
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Burbrink,	Fontanella,	Pyron,	Guiher,	&	Jimenez,	2008;	rust	fungus,	
Hamelin et al., 2000), but there are also cases of high gene flow 
across the continent (e.g., barn owls; Huang et al., 2016).

Our results show that divergence of a generalist herbivore is 
mostly associated with geographic distance. Other systems have 
also found stronger influence of geographic isolation than species 
interaction on taxa diversification. For example, in the yucca–yucca 
moth interaction, geographic isolation rather than co‐evolution ex‐
plained the pattern of diversification of host plants and yucca moths 
(Althoff,	Segraves,	Smith,	Leebens‐Mack,	&	Pellmyr,	2012).	Similarly,	
ecological speciation was shown to be overestimated in sawflies 
(Nyman,	Vikberg,	Smith,	&	Boevé,	2010).	Although	geographic	dis‐
tance explained more genetic divergence than host plant use, this 
does not mean that divergence in FW is mostly nonadaptive. For ex‐
ample, geographic isolation explained more genetic variation when 
we considered a narrow geographic scale of samples from Colorado; 
this might be because host plants are not continuously distributed 
across the landscape in Colorado in comparison with the eastern 
United States, which could result is strong signal of isolation by dis‐
tance in Colorado. In fact, host plant species had a marginal influence 
on genetic divergence in Colorado. Besides host plant distribution 
being potentially confounded by location, other environmental fac‐
tors not included in our analysis could also vary geographically and 
influence the pattern of isolation by distance that we found (e.g., 
natural enemy communities).

In contrast to expectations, we found no correlation between 
broader diet breadth and higher genetic diversity nor between diet 
breadth and genetic divergence. Theoretical work predicts that gen‐
eralist populations of insect herbivores should exhibit high genetic di‐
versity, which may be matched by specialists only at the species level 
(Gloss et al., 2013). This was found to be the case for southern beech 
aphids, which have higher genetic diversity with broader diets (Gaete‐
Eastman,	Figueroa,	Olivares‐Donoso,	Niemeyer,	&	Ramírez,	2004).	In	
the case of FW in Colorado, there is considerable gene flow among the 
subpopulations we sampled, which could have masked any pattern of 
genetic structure by diet breadth or host plant use at the subpopula‐
tion level. Furthermore, even though we consider some populations 
of fall webworm to be more specialized than others, they can still be 
considered generalists as all of the populations sampled fed on at least 
two plant species from distinct families. That being said, one of our 
subpopulations with narrowest geographic range and diet breadth (b 
in Figure 6c) had indeed the lowest genetic diversity (measured as ob‐
served heterogeneity). The influence of diet breadth on genetic struc‐
ture deserves further analysis, preferably using closely related insect 
herbivores with distinctly differing diet breadths.

The relatively strong effects of geographic distance on diver‐
gence of a generalist herbivore support a recent macroevolutionary 
hypothesis of insect herbivore diversification. Hardy et al. (2016) pro‐
posed that generalist herbivores that are geographically widespread 
can form geographically isolated populations, and the diversification 
and specialization of herbivores may be a result of this isolation. For a 
widespread extreme generalist herbivore such as FW, geographic dis‐
tance was strongly correlated with genetic distance, regardless of the 

geographic scale being analysed. Furthermore, it is very likely that the 
divergence of FW types involved geographic isolation of some form. 
In a rare population genomic analysis of a generalist insect herbivore, 
we confirm the existence of three distinct populations or races of FW 
and find that within these populations, genetic structure is primarily a 
function of geographic isolation rather than host plant use.
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APPENDIX 

TA B L E  A 1   Host plant used by fall webworm larvae from our genetic analysis

Sample Host plant species Host plant family Location Morpho type Geographic region analysis

AR‐2016‐22 Populus deltoides Salicaceae Colorado – f Red Narrow

AR‐2016‐23 Populus deltoides Salicaceae Colorado – f Red Narrow

AR‐2016‐24 Populus deltoides Salicaceae Colorado – f Red Narrow

AR‐2016‐25 Populus deltoides Salicaceae Colorado – f Red Narrow

AR‐2016‐26 Populus deltoides Salicaceae Colorado – f Red Narrow

AR‐2016‐27B Populus deltoides Salicaceae Colorado – f Red Narrow

AR‐2016‐27C Populus deltoides Salicaceae Colorado – f Red Narrow

AR‐2016‐28 Populus deltoides Salicaceae Colorado – f Red Narrow

AR‐2016‐32A Populus deltoides Salicaceae Colorado – f Red Narrow

AR‐2016‐33 Ulmus Ulmaceae Colorado – f Red Narrow

CH‐2016‐63C Populus angustifolia Salicaceae Colorado – g Red Narrow

CH‐2016‐66B Populus angustifolia Salicaceae Colorado – g Red Narrow

CH‐2016‐67A Salix Salicaceae Colorado – g Red Narrow

CH‐2016‐67B Populus angustifolia Salicaceae Colorado – g Red Narrow

CH‐2016‐69 Malus Rosaceae Colorado – g Red Narrow

CH‐2016‐70A Malus Rosaceae Colorado – g Red Narrow

CH‐2016‐70B Malus Rosaceae Colorado – g Red Narrow

CH‐2016‐71 Malus Rosaceae Colorado – g Red Narrow

CH‐2016‐72 Malus Rosaceae Colorado – g Red Narrow

CH‐2016‐75 Populus angustifolia Salicaceae Colorado – g Red Narrow

CH‐93 Populus angustifolia Salicaceae Colorado – g Red Narrow

CH‐94W1 Populus angustifolia Salicaceae Colorado – g Red Narrow

CH‐95 Populus deltoides Salicaceae Colorado – g Red Narrow

CH‐96 Malus Rosaceae Colorado – g Red Narrow

CH‐97 Populus angustifolia Salicaceae Colorado – g Red Narrow

CH‐98 Populus deltoides Salicaceae Colorado – g Red Narrow

CH‐99 Ulmus Ulmaceae Colorado – g Red Narrow

EP‐2016‐13A Populus deltoides Salicaceae Colorado – h Red Narrow

EP‐2016‐13B Populus deltoides Salicaceae Colorado – h Red Narrow

EP‐2016‐13C Populus deltoides Salicaceae Colorado – h Red Narrow

EP‐2016‐14A Populus angustifolia Salicaceae Colorado – h Red Narrow

EP‐2016‐16 Populus tremula Salicaceae Colorado – h Red Narrow

EP‐2016‐18 Prunus Rosaceae Colorado – h Red Narrow

EP‐2016‐50A Populus deltoides Salicaceae Colorado – h Red Narrow

EP‐2016‐50B Populus angustifolia Salicaceae Colorado – h Red Narrow

EP‐2016‐50C Populus angustifolia Salicaceae Colorado – h Red Narrow

EP‐2016‐50D Populus angustifolia Salicaceae Colorado – h Red Narrow

EP‐2016‐83B Ulmus Ulmaceae Colorado – h Red Narrow

EP‐2016‐85 Ulmus Ulmaceae Colorado – h Red Narrow

EP‐2016‐87 Ulmus Ulmaceae Colorado – h Red Narrow

GA‐103 Prunus virginiana Rosaceae Colorado – b Red Narrow

GA‐2016‐34 Populus angustifolia Salicaceae Colorado – b Red Narrow

GA‐2016‐35 Populus angustifolia Salicaceae Colorado – b Red Narrow

(Continues)
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Sample Host plant species Host plant family Location Morpho type Geographic region analysis

GA‐2016‐37 Populus angustifolia Salicaceae Colorado – b Red Narrow

GA‐2016‐38 Populus angustifolia Salicaceae Colorado – b Red Narrow

GA‐2016‐39A Populus angustifolia Salicaceae Colorado – b Red Narrow

GA‐2016‐39B Populus angustifolia Salicaceae Colorado – b Red Narrow

GA‐2016‐40 Populus angustifolia Salicaceae Colorado – b Red Narrow

GA‐2016‐41 Populus angustifolia Salicaceae Colorado – b Red Narrow

GA‐2016‐44 Prunus virginiana var 
Shubert

Rosaceae Colorado – b Red Narrow

GA‐2016‐45 Populus angustifolia Salicaceae Colorado – b Red Narrow

LA‐2016‐51C Populus angustifolia Salicaceae Colorado – i Red Narrow

LA‐2016‐51D Populus angustifolia Salicaceae Colorado – i Red Narrow

LA‐2016‐52A Populus angustifolia Salicaceae Colorado – i Red Narrow

LA‐2016‐52B Populus angustifolia Salicaceae Colorado – i Red Narrow

LA‐2016‐53 Ulmus Ulmaceae Colorado – i Red Narrow

LA‐2016‐54A Populus deltoides Salicaceae Colorado – i Red Narrow

LA‐2016‐54B Populus deltoides Salicaceae Colorado – i Red Narrow

LA‐2016‐54C Populus deltoides Salicaceae Colorado – i Red Narrow

LA‐2016‐54D Populus deltoides Salicaceae Colorado – i Red Narrow

LA‐2016‐55A Populus deltoides Salicaceae Colorado – i Red Narrow

LA‐2016‐56 Populus deltoides Salicaceae Colorado – i Red Narrow

LA‐2016‐57 Populus deltoides Salicaceae Colorado – i Red Narrow

LA‐2016‐58B Populus angustifolia Salicaceae Colorado – i Red Narrow

LA‐2016‐59 Populus deltoides Salicaceae Colorado – i Red Narrow

LA‐2016‐60 Ulmus Ulmaceae Colorado – i Red Narrow

LA‐2016‐61 Ulmus Ulmaceae Colorado – i Red Narrow

MV‐53 Ulmus Ulmaceae Colorado – f Red Narrow

MV‐62 Ulmus Ulmaceae Colorado – f Red Narrow

BA‐2016‐100A Populus deltoides Salicaceae Colorado – j Red Narrow

BA‐2016‐100B Populus deltoides Salicaceae Colorado – j Red Narrow

BA‐2016‐100C Populus deltoides Salicaceae Colorado – j Red Narrow

BA‐2016‐100E Populus deltoides Salicaceae Colorado – j Red Narrow

BA‐2016‐100F Populus deltoides Salicaceae Colorado – j Red Narrow

BA‐2016‐89 Juglans nigra Juglandaceae Colorado – j Red Narrow

BA‐2016‐90 Populus deltoides Salicaceae Colorado – j Red Narrow

BA‐2016‐91 Populus deltoides Salicaceae Colorado – j Red Narrow

BA‐2016‐92A Populus deltoides Salicaceae Colorado – j Red Narrow

BA‐2016‐92B Populus deltoides Salicaceae Colorado – j Red Narrow

BA‐2016‐94 Ulmus Ulmaceae Colorado – j Red Narrow

BA‐2016‐98 Malus Rosaceae Colorado – j Red Narrow

BA‐58 Juglans nigra Juglandaceae Colorado – j Red Narrow

J‐1L68 Prunus virginiana Rosaceae Colorado – c Red Narrow

J‐2016‐2 Prunus virginiana Rosaceae Colorado – c Red Narrow

J‐71W2 Prunus virginiana Rosaceae Colorado – c Red Narrow

J‐82 Malus Rosaceae Colorado – c Red Both

J‐83 Populus deltoides Salicaceae Colorado – c Red Both

TA B L E  A 1   (Continued)
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Sample Host plant species Host plant family Location Morpho type Geographic region analysis

J‐84 Ulmus Ulmaceae Colorado – c Red Narrow

J‐87 Prunus virginiana Rosaceae Colorado – c Red Both

J‐88 Salix Salicaceae Colorado – c Red Both

J‐90 Populus angustifolia Salicaceae Colorado – c Red Narrow

J‐92 Prunus virginiana Rosaceae Colorado – c Red Both

J81 Populus angustifolia Salicaceae Colorado – c Red Both

KL‐2 Populus deltoides Salicaceae Colorado – d Red Narrow

KL‐21 Prunus virginiana Rosaceae Colorado – d Red Narrow

KL‐3 Prunus virginiana Rosaceae Colorado – d Red Narrow

KL‐30 Prunus virginiana Rosaceae Colorado – e Red Narrow

KL‐31 Malus Rosaceae Colorado – e Red Narrow

KL‐33 Populus deltoides Salicaceae Colorado – d Red Narrow

KL‐34 Prunus virginiana Rosaceae Colorado – d Red Narrow

KL‐41 Prunus virginiana Rosaceae Colorado – d Red Narrow

KL‐42 Populus deltoides Salicaceae Colorado – d Red Narrow

KL‐48 Populus deltoides Salicaceae Colorado – d Red Narrow

KL‐54A Populus angustifolia Salicaceae Colorado – d Red Narrow

KL‐61 Populus deltoides Salicaceae Colorado – e Red Narrow

KL‐71A Populus deltoides Salicaceae Colorado – d Red Narrow

KL‐8A Populus angustifolia Salicaceae Colorado – d Red Narrow

KL55 Malus Rosaceae Colorado – d Red Narrow

LR‐03 Prunus virginiana Rosaceae Colorado – e Red Narrow

LR‐2016‐10 Prunus virginiana Rosaceae Colorado – e Red Narrow

LR‐2016‐11 Prunus virginiana Rosaceae Colorado – e Red Narrow

LR‐2016‐12 Prunus virginiana Rosaceae Colorado – e Red Narrow

LR‐2016‐6W1 Malus Rosaceae Colorado – e Red Narrow

LR‐2016‐6W2 Malus Rosaceae Colorado – e Red Narrow

LR‐2016‐7 Prunus virginiana Rosaceae Colorado – e Red Narrow

LR‐2016‐8 Ulmus Ulmaceae Colorado – e Red Narrow

LR‐2016‐9 Ulmus Ulmaceae Colorado – e Red Narrow

ME‐106 Salix Salicaceae Colorado – a Red Narrow

ME‐108 Fraxinus 
pennsylvanica

Oleaceae Colorado – a Red Narrow

ME‐30 Fraxinus americana Oleaceae Colorado – a Red Narrow

ME‐32 Malus Rosaceae Colorado – a Red Narrow

ME‐34 Quercus Fagaceae Colorado – a Red Narrow

ME‐39 Ulmus Ulmaceae Colorado – a Red Narrow

ME19 Fraxinus americana Oleaceae Colorado – a Red Narrow

MV‐55 Ulmus Ulmaceae Colorado – j Red Narrow

MV‐59 Ulmus Ulmaceae Colorado – j Red Narrow

CT‐01B Acer negundo Sapindaceae Connecticut Black Broad

CT‐02 Acer negundo Sapindaceae Connecticut Black Broad

CT‐03 Acer negundo Sapindaceae Connecticut Black Broad

CT‐04 Salix nigra Salicaceae Connecticut Black Broad

CT‐06 Salix Salicaceae Connecticut Black Broad

TA B L E  A 1   (Continued)
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CT01C Acer negundo Sapindaceae Connecticut Black Broad

CT05 Salix nigra Salicaceae Connecticut Black Broad

F‐20NJ Prunus serotina Rosaceae New	Jersey Black Broad

F‐22NJ Prunus serotina Rosaceae New	Jersey Black Broad

F19‐NJ Quercus Fagaceae New	Jersey Black Broad

OH‐01 Cercis canadensis Fabaceae Ohio Black Broad

OH‐02 Vitis Vitaceae Ohio Black Broad

OH‐05 Cercis canadensis Fabaceae Ohio Black Broad

OH‐06 Ulmus Ulmaceae Ohio Black Broad

OH‐10 Cercis canadensis Fabaceae Ohio Black Broad

OH‐11 Cercis canadensis Fabaceae Ohio Black Broad

OH‐12 Acer negundo Sapindaceae Ohio Black Broad

OH‐7 Acer negundo Sapindaceae Ohio Black Broad

S45 Ulmus Ulmaceae Pennsylvania Black Broad

S47 Ulmus Ulmaceae Pennsylvania Black Broad

F‐6NJ Quercus Fagaceae New	Jersey Red Broad

F‐7NJ Prunus serotina Rosaceae New	Jersey Red Broad

F4‐NJ Prunus serotina Rosaceae New	Jersey Red Broad

IL‐01 Carya Juglandaceae Illinois Red Broad

IL‐02 Quercus Fagaceae Illinois Red Broad

MD‐01 Platanus occidentalis Platanaceae Maryland Red Broad

MD‐02 Prunus serotina Rosaceae Maryland Red Broad

MD‐03 Diospyros Ebenaceae Maryland Red Broad

MD‐04 Diospyros Ebenaceae Maryland Red Broad

MD‐05 Diospyros Ebenaceae Maryland Red Broad

MO‐03 Ailanthus Simaroubaceae Missouri Red Broad

MO‐04 Diospyros Ebenaceae Missouri Red Broad

MO‐07 Betula Betulaceae Missouri Red Broad

MO‐2 Betula Betulaceae Missouri Red Broad

MO‐X Betula Betulaceae Missouri Red Broad

MO‐Y Ailanthus Simaroubaceae Missouri Red Broad

OH‐03 Prunus serotina Rosaceae Ohio Red Broad

OH‐04 Platanus occidentalis Platanaceae Ohio Red Broad

OH‐08 Platanus occidentalis Platanaceae Ohio Red Broad

OH‐13 Prunus serotina Rosaceae Ohio Red Broad

OH‐14 Prunus serotina Rosaceae Ohio Red Broad

OH‐15 Juglans nigra Juglandaceae Ohio Red Broad

OH‐16 Prunus serotina Rosaceae Ohio Red Broad

OH‐18 Oxydendrum Ericaceae Ohio Red Broad

OH‐19 Oxydendrum Ericaceae Ohio Red Broad

OH‐20 Prunus serotina Rosaceae Ohio Red Broad

OH‐21 Platanus occidentalis Platanaceae Ohio Red Broad

OH‐22 Nyssa sylvatica Nyssaceae Ohio Red Broad

OH17 Prunus serotina Rosaceae Ohio Red Broad

S‐02 Juglans nigra Juglandaceae Kansas Red Broad

TA B L E  A 1   (Continued)
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TA B L E  A 1   (Continued)

Sample Host plant species Host plant family Location Morpho type Geographic region analysis

S‐03 Juglans nigra Juglandaceae Kansas Red Broad

S‐23 Carya Juglandaceae Illinois Red Broad

S‐25 Quercus Fagaceae Illinois Red Broad

S‐48 Prunus Rosaceae Pennsylvania Red Broad

S01 Juglans nigra Juglandaceae Kansas Red Broad


