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ABSTRACT Regions of southern Florida and southern Texas (extending into Mexico) provide the
overwintering source populations for virtually all fall armyworm infestations affecting the continental
United States. Understanding how these migratory populations annually disperse is important to
predict and control infestations by this speciÞc pest and to more generally investigate the environ-
mental factors that inßuence the long-distance movements of ßying insects. The two overwintering
locations are associated with differences in the distribution of certain mitochondrial haplotypes that
overlap in the region near the border separating the states of Alabama and Georgia. This provided an
opportunity to test the resolution of the haplotype method by comparisons between smaller geo-
graphical areas and shorter time frames than previously examined. Correspondences were found
between trap-capture numbers, fall armyworm strain proportions, and haplotype ratios calculated for
individual counties and within season time periods that were generally consistent with expectations,
providing conÞdence that those population movements could be accurately inferred. The comparison
of haplotype distributions identiÞed a migratory boundary separating the Texas and Florida popu-
lations coincident with the eastern edge of the ApalachicolaÐChattahoocheeÐFlint River basin.
Calculations of strain numbers based on genetic markers revealed similarities and differences in strain
population dynamics that can be applied to study the migratory behavior of fall armyworm subpopu-
lations. The use of this methodology for the detailed mapping of migratory pathways and the
identiÞcation of factors that inßuence the direction and extent of pest migration are discussed.
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The fall armyworm, Spodoptera frugiperda (J. E.
Smith) represents an advantageous system to study
the migration of lepidopteran pests in the United
States. Fall armyworm infests many Þeld, forage, and
vegetable crops in the western hemisphere with sig-
niÞcant economic consequences, particularly inwarm
winter areas such as Central and South America,
where it is the primary pest of corn. This moth species
is intolerant to prolonged freezing, yet its infestation
range extends as far north as Canada, an indication of
its migratory capacity. The primary overwintering re-
gionsare in the southernportionsofFloridaandTexas,
extending intoMexico, and these are thought tobe the
source of virtually all infestations in the United States
and Canada. Such behavior makes fall armyworm an
excellent model for studying the long-distance aerial
migrationof insects. EachyearÕsmigration canbe seen
as a separate trial with approximately the same initial
starting conditions, thereby allowing detection of re-
curring migratory patterns and the investigation of air
transport systemspresumed todirect these long-range

movements (Muller 1985, Wolf et al. 1990, Johnson
1995).

Fall armywormconsists of twobehaviorallydistinct,
but morphologically identical strains that were ini-
tially identiÞed by differences in plant host distribu-
tion, hence their designation as rice strain and corn
strain (Pashley et al. 1985, 1987; Pashley 1986, 1988).
Polymorphisms in the mitochondrial cytochrome oxi-
dase I (COI) gene provide a convenient and accurate
marker for strain identity (Pashley et al. 1985, Pashley
1986). The corn strain population can be further sub-
divided into four haplotype subgroups (CS-h1Ð4; Na-
goshi et al. 2007a). Surveys of populations from Brazil
and the United States showed that all four subgroups
were present in each area, but there were reproduc-
ible differences in their relative proportions. This was
most evident when observing the ratio of the CS-h4 to
CS-h2 haplotype proportions. Analysis of corn strain
populations inFlorida over a 5-yr period and at several
locations revealed a CS-h4/CS-h2 ratio that was con-
sistently �1.5 (Nagoshi et al. 2007a). In contrast, pop-
ulations from Brazil and Texas, again sampled over
multiple years and locations, consistently showed a
ratio �0.5 (Nagoshi et al. 2007a, 2008).

The ability to differentiate fall armyworm popula-
tions from Texas and Florida provided a method for
extrapolating migration pathways from these areas,
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based on the premise that the haplotype composition
of a migrant population will reßect that found at its
overwintering source. As a proof of concept, we
showed that fall armyworm from the adjacent state of
Georgia closely resembled Florida populations, while
those in the more western states of Alabama, Missis-
sippi, and Louisiana were similar to the Texas proÞle
(Nagoshi et al. 2008). Subsequentworkmadepractical
by the efÞciencies of pheromone trapping for collect-
ing specimens led to a description of fall armyworm
migration pathways in the United States (Nagoshi et
al. 2009, 2012). These studies demonstrated that the
CS-h4/CS-h2 ratio distribution was informative when
applied over relatively large geographical regions and
time frames, with comparisons mostly made between
annual state averages. It has yet to be shown whether
haplotype comparisons of trap collections made over
smaller spatial (e.g., between counties) and shorter
temporal (within season) scales are also informative.

Haplotype ratio surveys in the statesofAlabamaand
Georgia were unusual in that these often produced
haplotypes intermediate of those indicative of a Flor-
ida or Texas origin (Nagoshi et al. 2008 2010). Thiswas
interpreted as representing an area of overlap be-
tween the Texas and Florida migratory pathways such
that there was a mixture of the two populations. This
region is therefore of genetic relevance as it is an area
where genetic exchange between the two overwin-
tering populations can occur. Furthermore, the hap-
lotype ratioswithin this regionwill be variable if, aswe
anticipate, the migratory pathways transiently shift in
response to local environmental conditions and me-
teorological events. Such variability provides an op-
portunity to assess the resolving power of the haplo-
type ratio method, speciÞcally whether haplotype
differences between relatively small geographical ar-

eas (counties) andwithin-season time frames canpro-
vide insights intopopulationmovements.Thecapacity
to monitor fall armyworm dispersal at this level of
detail could allow risk assessments for local infesta-
tions and facilitate the use of preemptive mitigation
strategies.

We tested the feasibility of this approach by exten-
sive surveys of the AlabamaÐGeorgia region over mul-
tiple collection periods within an AugustÐSeptember
time frame, when fall armyworm populations, as in-
dicated by pheromone trap captures, were consis-
tently high. The haplotype ratio distribution was de-
termined and compared with expectations from
previous studies on fall armyworm movements in the
region. In addition, the collection sites spanned the
ApalachicolaÐChattahoocheeÐFlint (ACF) River ba-
sin, the major geological feature in the region, allow-
ing an assessment of its effects on insect migration.
The utility and limitations of the haplotype ratio
method for mapping fall armyworm migratory behav-
ior is critically discussed.

Materials and Methods

SpecimenCollectionsandSites.Seventeen trapping
sites were initially chosen for the agricultural regions
of Alabama and Georgia in 2007. Their locations
spanned the area identiÞed as being within the region
of overlap of the Florida and Texas migration path-
ways, as modiÞed by practical considerations such as
the location of appropriate plant hosts, cooperative
growers and extension agents, and accessibility (Fig.
1). Sites T08 and T09 were located within 50 km of
each other and trap captures for both were sporadic.
Because of their proximity and low productivity, the
data from these two sites were combined and desig-

Fig. 1. Map of region surveyed in this study including Alabama (AL) and Georgia (GA). Counties are outlined. Circles
indicate the 15 collection sites as described in Table 1. Arrows depict the anticipated direction of fall armyworm migrations
from Texas (dark shading) and Florida (light shading) overwintering sources. The Appalachicola (A), Chattahoochee (C),
and Flint (F) Rivers are indicated and together comprise the ACF River basin. T03 lies between the Chattahoochee and Flint
Rivers.
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nated as T09 (Table 1). Site T14 (in Russell Co., AL)
was consistently unproductive and so was not in-
cluded in this study. This left a total of 15 sites that
provided sufÞcient specimens for analysis (T01ÐT13,
T15ÐT17; Table 1). Within the sampling region is the
ACF River basin made up of the Apalachicola (A),
Chattahoochee (C), and Flint (F) rivers (Fig. 1). It
extends from the Gulf of Mexico to the southern edge
of the Appalachian Mountains. This is the major geo-
logical feature in the region and collection sites were
arranged to the east (T01Ð02, T06Ð07),west (T09Ð13,
T15Ð17), and within (T03Ð05) the basin.

Based on our previous work, we found that 20Ð30
specimens are required to obtain reliable strain and
haplotypedata (Nagoshi et al. 2007a,b).Capture num-
bers large enough for this analysis were not obtained
in amajorityof locationsuntilAugust in 2007 and2008.

Collections in 2007 are described for four collection
periodsusingdayof year (DOY)dating,DOY218Ð233
(6Ð21 August), 234Ð254 (22 AugustÐ11 September
11), 255Ð268 (12Ð25 September), and 269Ð288 (26
SeptemberÐ15 October), hereafter referred to as
07[1], 07[2], 07[3], and 07[4], respectively (Table 2).
Sites T04, T05, and T13 were not available in 2008.
Collections in 2008 were made during three periods,
DOY 211Ð231 (30 JulyÐ19 August), 232Ð251 (20 Au-
gustÐ8 September), and 252Ð259 (9Ð16 September).
However, heavy storm activity damaged traps during
the 232Ð251 period compromised the collections.
Therefore, data were only available for periods 211Ð
231 (08[1]) and 252Ð259 (08[2]).

Trap collections were performed using standard
(green top, yellow funnel, white bucket) or all-green
Universal moth traps (Unitraps; Great Lakes IPM,

Table 1. Locations of sites used for pheromone trap collections in 2007, 2008, or both

Site State County Nearby town Latitude Longitude

T01a GA Lowndes Valdosta 30� 48.566� N 83� 21.568� W
T02 GA Thomas Thomasville 30� 48.937� N 83� 52.010� W
T03 GA Decatur Brinson 30� 57.649� N 84� 43.091� W
T04 GA Muscogee Columbus 32� 23.273� N 84� 58.459� W
T05 GA Taylor Butler 32� 31.550� N 84� 14.938� W
T06a GA Peach Ft. Valley 32� 33.524� N 83� 48.376� W
T07 GA Newton Covington 33� 40.483� N 83� 52.219� W
T09b GA Haralson Buchanan 33� 47.930� N 85� 16.698� W

AL Cleburne Heßin 33� 36.367� N 85� 35.657� W
T10 AL Talladega Eastaboga 33� 33.356� N 86� 01.340� W
T11 AL Shelby Vincent 33� 22.795� N 86� 25.023� W
T12 AL Autauga Prattville 32� 26.622� N 86� 24.937� W
T13a AL Macon Shorter 32� 25.429� N 85� 56.285� W
T15 AL Henry Headland 31� 22.634� N 85� 18.648� W
T16a AL Coffee Elba 31� 24.455� N 86� 10.004� W
T17 AL Baldwin Elberta 30� 27.706� N 87� 36.422� W

a Data from these two locations were pooled.
b Haplotype analyses of a subset of the 2007 collections from these locations were summarized in Nagoshi et al (2012).

Table 2. Number of moths trapped at each collection site (captures per trap per night or Cpt) during the four collection periods in
2007 (07[1–4]) and two collection periods in 2008 (08[1–2])

Site
NÐS

group
EÐW
group

Collection periods (DOY)

07[1] (218Ð233) 07[2] (234Ð254) 07[3] (255Ð268) 07[4] (269Ð288) 08[1] (211Ð231) 08[2] (252Ð259)

T01a,b S E 2.0 38.7 40.9 22.6 5.5 1.6
T02a S E 2.1 6.5 2.7 2.1 0.6 0.0*
T03a,b S W 33.9 31.2 30.3 25.5 60c 150c

T04 N W 0.5* 0.3* 7.6 7.8 Ð Ð
T05 N W 0.0* 1.1 4.0 14.6 Ð Ð
T06a,b N E 1.1 9.0 19.8 31.8 0.8 3.0
T07a N E 3.6 0.6 0.6 4.3 1.3 0.4*
T09 N W 0.8 0.9 0.2* 1.8 1.8 0.2*
T10a N W 3.1 0.5 2.5 6.0 0.1* 0.8
T11 N W 0.2* 0.2* 0.4* 1.6 0.3* 0.0*
T12a N W 7.5 1.8 14.4 56.6 0.9 0.1*
T13a N W 14.4 2.9 7.6 5.7 Ð Ð
T15a,b S W 10.5 6.8 20.8 22.5 5.1 0.9
T16a,b S W 21.2 8.9 27.8 36.8 13.7 12.8
T17a S W 10.0 12.3 17.8 15.5 Ð 0.7

Collection sites were grouped according to their relative north (N) to south (S) or east (E) to west (W) locations as described in the text.
Asterisk (*) indicates collections where the number of useable specimens was too low to characterize % corn strain (%CS) or h4/h2 ratios.
In 2008, no collections (Ð) were made at several sites for technical or logistical reasons.

a Site provided %CS and h4/h2 data throughout 2007.
b Site provided %CS and h4/h2 data throughout 2008.
c Number is an estimate because captures surpassed capacity of one or more pheromone traps at the location.
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Vestaburg, MI) baited with a commercially available
fall armyworm pheromone (Scentry Biologicals Inc.,
Billings, MT; Trécé Inc., Adair, OK; and Suterra LLC,
Bend,OR).Each trapcontained insecticide strips con-
taining 10% 2,2-dichlorovinyl dimethyl phosphate
(HerconEnvironmental,Emigsville, PA) tokillmoths.
Collections were made using 3Ð4 traps per site. All
specimens were recorded and stored at �20�C. The
collected specimens were identiÞed as fall armyworm
based on morphological criteria before molecular
analysis, and the capture data were processed and
recorded as captures per trap per night (Cpt).

DNA Preparation and PCR amplification. Individ-
ual specimenswerehomogenized in 4ml of phosphate
buffered saline (20 mM sodium phosphate, 150 mM
NaCl, pH 8.0) in a 15-ml test tube using a tissue
homogenizer (PRO ScientiÞc Inc., Oxford, CT). Cells
and tissue were pelleted by centrifugation at 12,000 g
for 10 min at room temperature. The pellet was re-
suspended in 500 �l of cell lysis buffer (0.2 M sucrose,
0.1 M Tris-HCl at pH 8.0, 0.05 M EDTA, and 0.5%
sodium dodecyl sulfate), transferred to a 1.5- or 2.0-ml
microcentrifuge tube and incubated at 55�C for 10
min. Proteins were precipitated by the addition of 100
�l of 8 M potassium acetate. The supernatant was
transferred to a Zymo-Spin III column (Zymo Re-
search, Orange, CA) and processed according to man-
ufacturerÕs instructions. The DNA preparation was
increased toaÞnal volumeof40�lwithdistilledwater.
GenomicDNApreparations of fall armywormsamples
were stored at �20�C and analyzed as needed.

PCR ampliÞcation of the mitochondrial COI gene
was performed in a 30 �l reaction mix containing 3 �l
of 10� manufacturerÕs reaction buffer, 0.5 �l of 10mM
dNTP, 0.5 �l of 20 �M primer mix, 1Ð2 �l of DNA
template (between 0.05Ð0.5 �g), and 0.5 U TaqDNA
polymerase (New England Biolabs, Beverly, MA).
The thermocycling program was 94�C (1 min), fol-
lowed by 33 cycles of 92�C (30 s), 56�C (45 s), 72�C
(45 s), and a Þnal segment of 72�C for 3min. Typically,
96 PCR ampliÞcations were performed at the same
time using either 0.2-ml tube strips or 96-well micro-
titer plates. AmpliÞcation of the COI region used the
primer pair COI-893F (5�-CACGAGCATATTTTA
CATCWGCA-3�) and COI-1303R (5�-CAGGAT
AGTCAGAATATCGACG-3�) to produce a 410-bp
fragment. Primers were synthesized commercially
(Integrated DNA Technologies, Coralville, IA).

Strain Identification and DNA Sequence Analysis.
To each PCR reaction mix (30 �l), 5 U of the restric-
tion enzyme EcoRV (New England Biolabs, Beverly,
MA) and 4 �l of the manufacturer recommended 10�
restriction enzyme buffer (Þnal volume taken to 40 �l
with water) were added. Restriction digests were in-
cubated at 37�C for 1Ð3 h. For each reaction, 6 �l of 6�
gel loadingbufferwas addedand theentire sample run
ona1.8%agarosehorizontal gel containingGelRed(at
one-third the concentration recommended by manu-
facturerÕs instructions;Biotium,Hayward,CA) in0.5�
Tris-borate buffer (TBE, 45 mM Tris base, 45 mM
boric acid, 1 mM EDTA, pH 8.0). Fragments were
visualized on a long-wave UV light box. Only the rice

strain-associated COI allele has an EcoRV site in the
ampliÞed region (Nagoshi et al. 2008). Uncut frag-
ments were preliminarily identiÞed as representing
the corn strain and these were excised from the gel.
Fragment isolation was performed using Zymo-Spin I
columns (Zymo Research, Orange, CA) according to
manufacturerÕs instructions. The isolated fragments
were analyzed by DNA sequencing (University of
Florida ICBR, Gainesville, FL). Species identity was
conÞrmed by DNA sequence analysis (Nagoshi et al.
2011), and strain identiÞcationwas conÞrmedby iden-
tifying strain-diagnostic polymorphisms in the ampli-
Þed region (Nagoshi et al. 2006, 2007a).

Analyzing Capture Rate, Strains, and Haplotypes.
The Cpt was calculated as the number of specimens
collected at a location divided by the number of traps
used and divided again by the number of nights in the
collection period. The proportion of corn strain pres-
ent in each collection (%CS) was determined by di-
viding the number of corn strain identiÞed in a col-
lection using molecular markers by the total number
of specimens examined. A minimum of 20 specimens
were required for %CS determination and in a major-
ityof collections (66outof 70) the samplenumberwas
�30. The number of corn strain (#CS) was calculated
by the formula #CS � Cpt � %CS; and the number of
rice strain (#RS) by the formula #RS � Cpt � #CS.
The CS-h1Ð4 haplotypes were identiÞed by the nu-
cleotides present at sites 1164 and 1287 in the COI
region (Nagoshi et al. 2007a, 2008). In the corn strain
population, each site was empirically found to be
associated with two alternative bases, producing
four possible haplotypes: CS-h1 (A1164A1287), CS-h2
(A1164G1287), CS-h3 (G1164A1287), and CS-h4
(G1164G1287). The frequencies of the four haplotypes
were calculated for each collection, as was the value
of the CS-h4 frequency divided by the CS-h2 fre-
quency (designated the h4/h2 ratio). Empirically, we
have found that 15 corn strain specimens generated an
h4/h2 frequency proÞle that does not substantially
change with additional sampling. This threshold was
metby64collections, ofwhich60had samplenumbers
�20. There were two exceptions where collections
with sample numbers �15were included in Fig. 2B. In
both cases (T02 in 07[4] and T15 in 08[2]) the hap-
lotype ratio was so high that the inclusion of the
additional specimens to reach the threshold minimum
would not have changed the ratio category. Neither
data point was included in the statistical analyses.

DNA comparisons, alignments, and restriction site
mapping were performed using the Geneious Pro
5.4.6. program (Drummond et al. 2010). Statistical
analyses were performed using Prism 6 for Mac OS X
version 6.0D (GraphPad Software, San Diego, CA,
www.graphpad.com). Pairwise comparisons were
performedusing two-tailed t-tests. Parametric analysis
of variance (ANOVA) analysis with the TukeyÐ
Kramer multiple comparisons posttest was applied
when data sets met normality test criteria. Correlation
tests were performed using two-tailed PearsonÕs cor-
relation.
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Results

Analysis of Trap Capture Numbers. Capture data,
recorded as Cpt, varied both regionally and over time
(Fig. 2A). The most southern sites (S-group, Table 2)
were distributed near the Florida border and showed
a different population dynamic than the more north-
ern (N-group) sites (Fig. 3). In 2007, mean S-group

captures rose from 07[1] and peaked at 07[3], while
the N-group increased from a low in 07[2] to S-group
levels by 07[4]. A subset of sites used in 2007 was
functional during both 2008 collection periods, Þve
within the S-group and six from the N-group (Table
2).Cptwas consistently higher in theS-group than the
N-group for all time periods (Fig. 3), with the overall

Fig. 2. Map showing the distribution of fall armyworm metrics in the AL-GA survey area at different time periods. A)
Cpt (captures per trap per night). B) %CS (percent corn strain). C) h4/h2 ratios. In the period 08[1], the pheromone traps
at site T17 were not functional (denoted by an X). At sites indicated as “insufÞcient numbers,” the numbers of corn strain
moths captured were too small for analysis.
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mean S-group Cpt (mean 	 SD) of 21 	 28 signiÞ-
cantly different from the N-group mean value of 5 	
10 (Table 3[a]). Mean Cpt for periods 08[1Ð2] (12 	
35) and the equivalent 07[1Ð3] time frame (11 	 13)
were not signiÞcantly different (Table 3[b]).

Changes in Strain Populations. The proportion of a
given collection made up of the corn strain subpop-
ulation was measured as %CS. Of the 83 collections
from 2007 to 2008, 70 provided a sufÞcient number of
moths to estimate %CS, with 47 (67%) having at least
50% corn strain. Mapping the %CS data showed sub-
stantial regional variation with no obvious regional
biases (Fig. 2B). Temporal variation was assessed by
comparing the mean %CS of each time period based
on a common set of sites. Collections at 11 sites pro-
vided sufÞcient numbers for analysis for each of the
2007 periods (Table 2). The mean %CS declined from
07[1] to 07[4] (circles, Fig. 4), with a statistically
signiÞcant difference observed by ANOVA (F � 3.9;
P � 0.02; 95% CI � 0.06Ð0.48). In 2008, low capture
rates associated with several collections resulted in
more limited strain data, with Þve sites providing in-
formation for both 08[1] and 08[2]. No substantial
change in %CS was observed (Fig. 4)

The decline in %CS from 07[1] to 07[4] coincided
with a rise in overall capture rate during the same time
frame (squares, Fig. 4), suggesting that the change in

corn-strain frequencywasprimarilydue to an increase
in rice strain numbers. To examine this possibility, the
#CS and #RS were calculated for each collection and
totaled for each time period (bar graph, Fig. 4). The
#RS pattern was most similar to that of the total
capture rate, though both strains were sufÞciently
similar to exhibit a positive correlation (Table 4[a]).
The signiÞcant negative correlation of %CS with #RS,
but notwith#CS, demonstrates that%CS in this study
was primarily determined by changes in rice strain
numbers (Table 4[b and c]).

Spatial Distribution of h4/h2 Ratios. Mixing of the
migratory populations from Texas and Florida in
the Alabama-Georgia area was conÞrmed in 2007 by
the examination of the h4/h2 haplotype ratios (Fig.
2C). Over half of the sites (30 out of 53) had h4/h2
ratios between the Texas (�0.5) and Florida (�1.5)
thresholds, with a mean value of 1.3 	 1.1. In 2008,
h4/h2 ratios increased substantially to a mean of 2.8 	
2.3, with only 5 out of 16 collections showing inter-
mediate values. Five locations (T01,T03,T06,T15, and
T16) gave h4/h2 results for each of the 2007 and 2008
time periods. The mean h4/h2 ratio for these collec-
tions in 2007 was 1.6 	 1.4, which was lower than but
not quite signiÞcantlydifferent from themeanof 3.4	
2.6 in 2008 (Table 3[c]). There were no signiÞcant

Fig. 3. Comparisons of mean Cpt (captures per night per trap) numbers in the northern (N-group) and southern
(S-group) portions of the test region from 2007 and 2008. Results were limited to locations that were informative for all four
sampling periods in 2007 and both periods in 2008 (Table 2).

Table 3. Descriptions of two-tailed, unpaired parametric t-test (with Welch correction) comparisons made with Cpt, #CS, #RS,
percentage %CS, and h4/h2 ratio data for different time periods

Comparison 1 Comparison 2
P value

Data Traps Time n1 Data Traps Time n2

a Cpt Sa 2007Ð2008 34 Cpt Nb 2007Ð2008 48 0.003
b Cpt Groupb 07[1Ð3] 33 Cpt Groupb 08[1Ð2] 22 0.9
c h4/h2 Groupc 07[1Ð4] 20 h4/h2 Groupc 08[1Ð2] 10 0.06
d h4/h2 Ea 07[1Ð4] 16 h4/h2 Wa 07[1Ð4] 37 0.009
e h4/h2 Ea 08[1Ð2] 6 h4/h2 Wa 08[1Ð2] 10 0.3
f h4/h2 Sa 2007Ð2008 35 h4/h2 Na 2007Ð2008 38 0.003
g h4/h2 AL-NWd 2007Ð2008 19 h4/h2 Groupe 2007Ð2008 45 0.001

a Table 2.
b T01Ð3, T06Ð12, and T15Ð16.
c T01, T03, T06, and T15Ð16.
d T09Ð13.
e T01Ð7, T15Ð16.
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correlations between h4/h2 values in 2007Ð2008 with
either Cpt or %CS (Table 4[d and e]).

Mapping of the h4/h2 ratios geographically indi-
cated that sites to the east of the ACF river system
tended tohavehigherh4/h2values thanmorewestern
sites (Fig. 2C). In 2007Ð2008, 20 of the 22 collections
from the four most eastern locations (designate the
E-group) had h4/h2 values �1.0, of which 16 were
�1.5. In 2007, the mean h4/h2 for the E-group (2.1 	
1.5) was signiÞcantly higher than that of the W-group
(1.0	0.6,Table3[d]). In2008, themeanh4/h2values
forbothgroupswerehigher than theFlorida threshold
of 1.5 (E-group�2.1	0.9,W-group�3.2	2.8),with
the difference not statistically signiÞcant (Table
3[e]).

Discussion

Pheromone-baited traps provide an efÞcient
method to collect fall armyworm adult males from a
relatively large area with minimal supervision. How-
ever, a complication is that the adult population in a
given area will be a composite of individuals recently
arriving fromother locations and those that developed
locally. The inability to distinguish these two groups
limits what can be extrapolated about the timing of
migratory events from a given collection with the
uncertainties likely to become increasingly signiÞcant
at lower spatial and temporal scales. At question then

is the resolution of the haplotypemethodwith respect
to how small an area and short a time frame can
provide useable information about population move-
ments.

The pattern of pheromone trap captures and hap-
lotype ratios observed at the county level over a 2-m
period in the AlabamaÐGeorgia region were generally
consistent with expectations of fall armyworm migra-
tory behaviors. Migrant populations originating from
southern Florida are expected to enter Alabama and
Georgia from the south and southeast, while migra-
tions fromTexaswillmove intoAlabama fromthewest
and southwest (Fig. 1). This overall northward mi-
gration should result in a south-to-north gradient of
trap captures with the most southern collection sites
predominatedbyFloridapopulations.This is in accord
with the S-group displaying consistently higher cap-
ture numbers than the N-group (Fig. 3) and signiÞ-
cantly higher mean h4/h2 values, 2.2 	 1.9 compared
with 1.1 	 0.7 (Table 3[f]). Furthermore, the migra-
tion pattern predicts that the proportion of Texas
immigrants will be highest in the northwestern por-
tion of the test area with consequent lower h4/h2
values in central and northern Alabama (Fig. 1). This
was in fact the case as traps T09ÐT13 were associated
with a mean h4/h2 ratio of 0.9 	 0.7 that was signif-
icantly less than the 2.0 	 1.8 mean of the remaining
more southern and eastern sites (Table 3[g]).

Haplotype Ratios Can Delineate Migratory Bound-
aries. The Flint River lies at the eastern edge of the
ACF river basin (Fig. 1) and generally coincides with
the maximum eastern extent of the Texas migration in
the survey area for the six collection periods in 2007
and2008 (Fig. 2C). Sites immediately to the east of the
Flint River (T01Ð2 and T06) always had h4/h2 ratios
(range, 1.4Ð7.0) at or approaching the threshold
(�1.5) used to deÞne the Florida population (Fig.
2C). This was the case even when nearby sites to the
west of the Flint River had much lower h4/h2 values.
For example, T05 and T06 are �40 km distant on

Fig. 4. Comparisons between estimated numbers of each fall armyworm strain captured and%CS. The#CS#RS captured
per night was calculated for each collection and pooled for each time period (bar graph, left axis) together with total captures
(square, left axis). Circles mark the mean %CS of collections from each time period (right axis). To facilitate within-year
comparisons, analysis was limited to the 11 sites that provided data in each of 07[1]Ð07[4] and the Þve sites that were
productive in both 08[1] and 08[2].

Table 4. Comparative descriptions of two-tailed Pearson cor-
relations performed for 2007 (07[1–4]) and 2008 (08[1–2]) data
from 70 collections for Cpt, %CS, #CS, #RS, and 69 collections
for h4/h2

Comparison 1 Comparison 2 n PearsonÕs r P value

a #CS #RS 70 0.752 �0.0001
b %CS #RS 70 �0.286 0.02
c %CS #CS 70 0.149 0.2
d h4/h2 Cpt 69 0.036 0.8
e h4/h2 %CS 69 �0.101 0.4
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opposite sides of the Flint River (Fig. 1). During pe-
riods 07[3]and07[4], theh4/h2values atT05were0.9
and 0.7 compared with 1.6 and 1.8 at T06, respectively
(Fig. 2C). Similarly, T03 and T02 are separated by the
Flint River and 
100 km. The h4/h2 ratios between
the two sites differed substantially in 07[1] (T03 � 0.7
vs. T02 � 1.9), in 07[3] (1.0 vs. 1.8), and in 07[4] (0.7
vs. 3.3). Similar large discrepancies between nearby
sites were not observed elsewhere.

Site T07 is an interesting case that lies just past the
northern end of the Flint River, at the eastern edge of
where the ACF basin narrows and merges with the
Atlanta metropolitan area (Fig. 1). It shows a much
more variable h4/h2 ratio with a range from 0.4 to 1.5
(Fig. 2C). Evenwith this variation, the four sites of the
E-group (T01Ð2 and T06Ð7) lying east of the Flint
River had a signiÞcantly higher mean h4/h2 in 2007
than those within or west of the ACF basin (W-group,
Table 3[d]). In 2008, this east-west difference disap-
peared, as themajorityof all sitesdisplayedhighh4/h2
values.

These observations suggest that the Flint River ap-
proximates the eastward limit of the Texas migration
into the southeastern United States. The ACF River
system has previously been implicated in creating dis-
continuities in the distribution of genetically distinct
subspecies, thoughexampleshavebeen largely limited
to land animals (Soltis et al. 2006, Newman and Rissler
2011). Why this geographical feature would be asso-
ciatedwith a fall armywormmigratoryboundary is not
clearbecauseevena large riverwouldnotbeexpected
to signiÞcantly impede long-distance moth ßight,
which can extend for hundreds of kilometers when
inßuenced by favorable air transport systems (Rose et
al. 1975, Westbrook and Sparks 1986, Wolf et al. 1990,
Mitchell et al. 1991, Johnson 1995). It is possible that
in 2007, the interface of the air transport pathways
directing the long distance components of the respec-
tive Texas and Florida migrations approximated the
ACF basin to create a region of overlap and potential
mixing. We speculate that the Flint River could then
have acted as a water barrier to impede more local
dispersion behaviors, thereby maintaining partial seg-
regation of the two populations. In comparison, the
2008 h4/h2 data suggest a westward shift in the mi-
gration boundary such that most of the test area, in-
cluding the ACF basin, now appeared to be predom-
inantly occupied by fall armyworm from Florida (Fig.
2C).

The Two Strains Show Similar Patterns of Popula-
tion Changes. The preferences of the two fall army-
worm host strains for different plant hosts suggest that
strain-speciÞc migration in response to host availabil-
ity is possible, if not likely. The relative movements of
the two strains can be estimated by observing changes
in their numbers over time and calculating whether
these correlate with patterns of Cpt and %CS. The
positive correlation between the two strains indicates
similar population dynamics (Table 4[a]), providing
evidence against large differences in migration behav-
ior.

AnunexpectedÞndingwas that the%CSmetricwas
signiÞcantly correlated with changes in rice strain
numbers, but not with those of the corn strain (Table
4[b and c]). This indicates that even in areas pre-
dominated by corn strain-preferred host plants the
rice strain population can be sufÞciently high and
variable that it becomes the primary determinant of
%CS. Therefore, the measure of fall armyworm corn
strain proportion in a given area is an unreliable in-
dicator of infestation pressure on nearby corn acreage
if not combined with information on population den-
sity from which the relative size of the corn strain
population can be calculated.

Trap Captures in 2007 and 2008 Peaked Relatively
Late in the Migration Season. Fall armyworm infes-
tations in the AlabamaÐGeorgia test region can be
detected as early as late March (Pair et al. 1989), yet
wewere not able to get capture numbers sufÞcient for
genetic analysis from a majority of the collection sites
until August (data not shown). The reason for this
discrepancy is not known, but suggests that the pher-
omone trapping method is relatively insensitive to
either early season fall armyworm or low population
density. It may be that a large local population must
Þrst be established before consistent pheromone trap-
ping occurs. In any case, this inconsistency with
efÞcient trap captures earlier in the season limits the
usefulness of pheromone trapping for this type of
analysis and illustrates the need for the develop-
ment of improved collection methods. These could
include alternative pheromone blends or the use of
alternative attractants such as ßoral volatiles.

In conclusion, despite limitations associated with
the use of pheromone trapping, most notably the in-
ability to distinguish between migrant and local spec-
imens and apparent inefÞciencies in collecting moths
at certain times of the season, our results afÞrmed the
utility of using systematic Þeld collections combined
with the characterization of genetic haplotypes to
monitor fall armyworm population dynamics at the
county level. The patterns of trap capture numbers
and h4/h2 ratios were generally consistent with ex-
pectations of fall armyworm migration behavior based
on earlier studies, providing conÞdence that intrasea-
sonal population movements could be accurately in-
ferred in the relatively small survey area. The h4/h2
distribution map identiÞed a migratory boundary sep-
arating the Texas and Florida populations that impli-
cated the eastern edge of the ACF River basin as a
physical barrier. Calculations of strain numbers based
on genetic markers revealed similarities and differ-
ences in strain population dynamics that can be ap-
plied to study the migratory behavior of fall army-
worm subpopulations. Studies are ongoing to map
haplotype ratio distributions from additional years
(2011 to the present) and locations in the south-
eastern United States for comparisons with synoptic
and seasonal wind patterns to generate a more de-
tailed description of migratory pathways and the
meteorological factors that inßuence their direction
and extent.
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