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Abstract

The army cutworm, Euxoa auxiliaris (Grote), is a migratory noctuid that is both an agricultural pest and an im-
portant late-season food source for grizzly bears, Ursus arctos horribilis (Linnaeus, Carnivora: Ursidae), within
the Greater Yellowstone Ecosystem. Beyond the confirmation of the moths’ seasonal, elevational migration in
the mid-1900s, little else has been documented about their migratory patterns.To address this missing ecolog-
ical component, we examined (1) migratory routes during their spring and fall migratory periods throughout
their natal range, the Great Plains, and (2) natal origin at two of their summering ranges using stable hydrogen
(62H) analyses of wings from samples collected within the areas of interest. Stable carbon (8'°C) and stable
nitrogen (6'°N) analyses of wings were used to evaluate larval feeding habits of the migrants and agricultural
intensity of natal origin sites, respectively. Results suggest that, rather than migrating exclusively east to west,
army cutworm moths are also migrating north to south during their spring migration. Moths did not exhibit
natal origin site fidelity when returning to the Great Plains. Migrants collected from the Absaroka Range had
the highest probability of natal origin in Alberta, British Columbia, Saskatchewan, the most southern region of
the NorthwestTerritories, and second highest probability of origin in Montana, Wyoming, and Idaho. Migrants
collected in the Lewis Range had the highest probability of origin in the same provinces of Canada. Results
suggest that migrants of the Absaroka Range fed exclusively on C3 plants as larvae and rarely fed in heavily
fertilized agroecosystems.

Key words: insect migration, Great Plains, Rocky Mountains, Noctuidae, deuterium

Migrating insects link geographically disparate landscapes through
the exchange of energy, nutrients, pathogens, and biomass (Satterfield
et al. 2020). Recent work has begun to illustrate the extent to which
these movements may affect ecosystems on a global scale (Hu et
al. 2016), and many insect migrants are key in agriculture; whether
as pests or biological control agents (Showers et al. 1993, Wotton
et al. 2019, Wu et al. 2021), as well as conservation (Brower et al.
2012, Flockhart et al. 2013, Chapman et al. 2015), and ecosystem
function (Warrant et al. 2016). Despite the important ecological
implications of these migrating insects, most research has centered
on understanding vertebrate migration (Dingle 2014), and, for the

few species that have been studied, we often lack a comprehensive
understanding of a population’s flightpaths, such as where the popu-
lation may overwinter (Chapman et al. 2015).

One such migratory insect, the army cutworm moth, Euxoa
auxiliaris (Grote), straddles the intersection of agriculture and con-
servation. During their larval stage, army cutworms are serious, yet
sporadic generalist agricultural pests with a range that spans the
Great Plains (Burton et al. 1980). Larvae hatch in the fall to feed
on a wide variety of crops and weed species and develop to their
second or third instar before overwintering in the soil near their
plant hosts. After their overwintering period, larvae become active
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in the spring to continue feeding until reaching their sixth or seventh
instar (Strickland 1916, Seamans 1928, Walkden 1950, Burton et al.
1980). Pupation then occurs, and adults emerge in the late spring
and early summer and migrate via flight west to high elevations in
the Rocky Mountains, escaping the hot summer temperatures and
dwindling resource availability of their natal range (Jacobson and
Blakeley 1959, Pruess and Pruess 1967, Hardwick and Lefkovitch
1971).

This migration marks the export of potentially billions of cal-
ories from the Great Plains into the Rocky Mountains (Dittemore
2022). Upon reaching the Rocky Mountains, army cutworm moths
feed on alpine flower nectar during the night and metabolize these
calories into lipid reserves (Kendall 1981, Kevan and Kendall
1997). These lipid-dense organisms may constitute a significant
portion of grizzly bear, Ursus arctos horribilis diets, as well as
other vertebrates that occupy these talus-covered slopes (Mattson
et al. 1991, French et al. 1994, Lozano 2022). Grizzly bears forage
for these aggregations of moths by digging through the talus, a
phenomenon that was first documented in 1955 (Chapman et al.
1955). At 0.5 kcal per moth (7.0 kcal/g dry weight), the army cut-
worm moth is one of the most calorically dense foods in the Greater
Yellowstone Ecosystem (Mattson et al. 1991, French et al. 1994,
White et al. 1998a), and availability coincides with a period that
is critical for bears to gain fat (Nelson et al. 1983, White 1996).
Given the recent decline in other critical food sources of grizzly
bears, such as cutthroat trout, whitebark pine seeds, and ungulates
(for some areas) (Koel et al. 2005, Fortin et al. 2013, Schwartz et
al. 2014, Manen et al. 2016), the army cutworm moth has likely
become increasingly important. At the conclusion of the summer,
surviving moths return to the Great Plains to mate, oviposit, and
die (O’Brien and Lindzey 1994, Kevan and Kendall 1997, White
et al. 1998b).

Despite the significance of this moth in both agriculture and the
conservation of the grizzly bear, our understanding of the migratory
ecology of the army cutworm moth is extremely limited. To date,
only one study has attempted to provide a better understanding of its
migratory patterns. Using three microsatellites (groups of repetitive,
noncoding genes) in moths collected both at peaks of conservational
interest and at lower elevations, Robison (2009) demonstrated that
the moths were panmictic, i.e., moths mate randomly. This finding
was consistent with the limitations of genetic studies done on migra-
tory insects because interbreeding often prevents populations from
attaining distinctive genetic differences (Endler 1973).

Therefore, concerns remain regarding whether moth populations
at aggregation sites are supplied by a variety of locations or a small
source location [e.g., the Bighorn Basin for the moth aggregation
sites located in the Absaroka Mountain Range, as White (1996) pos-
ited]. If the latter is true, a moth aggregation site would be depleted
of moths if the site’s respective source population were drastically
reduced. In a more extreme instance, although unlikely, extirpation
of a local population would equate to a lack of moths at the natal
origin site’s corresponding moth aggregation site, forcing bears in
early hyperphagia to forage elsewhere for food.

Of the techniques used for establishing natal origin of migratory
insects, the analysis of naturally occurring endogenous markers—
stable isotopes—arguably provides the most feasible approach
(Wassenaar and Hobson 1998). This technique has experienced
increased use in entomological studies, although its application has
lagged behind other taxa (Quinby et al. 2020). Commonly used
isotopes include carbon, hydrogen, nitrogen, oxygen, and sulfur,
wherein each marker provides different insights about the organism’s
biome (Wassenaar 2009, Quinby et al. 2020).

Stable hydrogen, or §*H, has been used in studies to track in-
sect movement (Wassenaar and Hobson 1998; Brattstrom et al.
2010; Hobson et al. 2012, 2018, 2022; Flockhart et al. 2013, 2017;
Yang et al. 2016). This isotope varies systematically and predictably
throughout the globe due to patterns in precipitation and the mixing
of surface waters, and thus it is a powerful tool when assessing origin
(Hobson and Wassenaar 2019). This is especially true when applied
to systems within North America because these patterns are highly
pronounced along a north-south gradient (Bowen et al. 2005; West
et al. 2006, 2009).

For insects, stable hydrogen tissue compositions (which are ul-
timately derived from and representative of the hydrosphere) are
fixed into tissues as the insects develop and feed. Thus, metaboli-
cally inert, chitinous tissues (e.g., wings) are representative of larval
feeding habits, and wings collected from adults can be analyzed
and referenced against a map of predicted §°H values to determine
natal origin of the sample (Wassenaar and Hobson 1998, Hobson
et al. 2018). Stable hydrogen values of adult army cutworm moth
wings should primarily be representative of larval feeding at natal
origin sites, as the longest known larval migration to reach a new
food source was limited to 3 miles (Wilcox 1898). If, however, larval
feeding occurred on irrigated crops, adult 8*H wing values would
most likely be representative of surface water §°H values (Perdue
and Hamer 2019), as opposed to precipitation-derived 6*H values.
Although surface water §*H values are largely driven by variation
in precipitation 6°H values, resulting §*°H wing values would likely
to be enriched compared to precipitation 6°H values, ultimately
increasing the amount of variance associated with 6’°H values for a
specific area and reducing the amount of geographic specificity asso-
ciated with this stable isotope (Bowen et al. 2007).

Studies of natal origin also frequently employ the use of at least
one other isotope to better understand other components of the
organism’s biome. Carbon stable isotope compositions, or §'*C, have
been used to both determine feeding preferences when C3 and C4
plants were present and, for migrants, to distinguish whether insects
were primarily feeding on C3 or C4 plants as larvae—before possible
migration (McNabb et al. 2001; Ponsard et al. 2004; Prasifka and
Heinz 2004; Layman et al. 2012; Hyodo 2015; Hobson et al. 2018,
2022; Quinby et al. 2020). Nitrogen stable isotope compositions,
or 6N, also provide insight into the organism’s feeding habits.
Although 8N values can be complex to interpret due to a variety
of factors (Pardo and Nadelhoffer 2010, Hobson and Wassenaar
2019), these values have been used to illustrate how agriculturally
intensive the organism’s natal feeding area is (Hobson et al. 2018).

To better understand the army cutworm moth’s migratory routes
and larval feeding (and, in turn, how these inform grizzly bear man-
agement), our objectives were to:

(1) characterize the natal origin of army cutworm moths collected on
mountain peaks of conservational interest within the Absaroka
Range and the Lewis Range,

(2) determine whether army cutworm larvae fed predominantly on
C3 or C4 plants, or both in their natal origin sites,

(3) evaluate the agricultural intensity of these natal origin sites, and

(4) characterize the migratory pathways of army cutworm moths as
they migrate from and return to the Great Plains.

Consequently, our aim was to establish natal origin and migra-
tory pathways using a precipitation isoscape calibrated with the re-
lationship between true armyworm Mythimna unipuncta (Haworth,
Lepidoptera: Noctuidae) wing 6*H values (6°’H, ), and environmental
waters established by Hobson et al. (2018). We expected that moths
collected within the Absaroka Range would have originated from
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areas farther south when compared to the natal origin of moths col-
lected within the Lewis Range. We hypothesized that most migrants
collected in the Absaroka Range would have originated from a sim-
ilar latitude, such as the Bighorn Basin or areas farther east. Similarly,
we anticipated that moths migrating from and returning to the Great
Plains would travel along latitudinal bands.

For moths collected within the Absaroka Range, we assessed the
agricultural intensity of natal origin sites and determined whether
larvae fed in C3 or C4 biomes using 6'*’N measurements and §°C
values, respectively. Although agricultural practices vary widely
throughout the natal range of this moth, we expected to see most
"N wing values centering on 15%o (indicating that moths had fed
in agriculturally intensive areas). Finally, given the generalist feeding
habits of army cutworm larvae, we expected that moths would have
a mixture of carbon stable isotope composition similar to that of
both C3 and C4 plants.

Materials and Methods
Study Area

Our study encompassed both army cutworm moths’ natal source
region, the Great Plains, and a subset of their summering region
within the Absaroka Range and the Lewis Range. The Great Plains
extend from the Gulf of Mexico to Canada, bordered by the Rio
Grande in the south and the Mackenzie River at the Arctic Ocean in
the north. This region lies between the Rocky Mountains to the west
and the Interior Lowland of the Canadian Shield to the east, and,
within the United States, includes the states Montana, North Dakota,
South Dakota, Wyoming, Nebraska, Kansas, Colorado, Oklahoma,
Texas, and New Mexico (Basara et al. 2013, Robinson and Dietz
2020). Broadly, growing season precipitation varies extensively over
this expanse (more than 30 cm in the east and potentially fewer than
12 cm in the west), and temperature increases when moving north
to south (Basara et al. 2013, Robinson and Dietz 2020). Climate has
been previously described in more detail in Rosenberg (1987) and
Kunkel et al. (2013).

About 43.7% of the Great Plains is composed of natural
grasslands and shrublands and 40.6% is devoted to cropland
(Augustine et al. 2021). Natural vegetation in intact grasslands has
been described previously (Augustine et al. 2021), and cropland is
composed of a mix of C3 and C4 plants. Notably, the northern half
of the Great Plains is primarily dominated by C3 crops (excluding
C4 crop dominated the Corn Belt), including wheat, oat, soybean,
and sugar beet. Major corn-producing states include South Dakota,
Nebraska, Iowa, Kansas, and Missouri, and major sorghum (also
C4) producers include Kansas and Texas (USDA 2022).

Of the army cutworm moth summering regions, our study in-
cluded peaks within the Absaroka Range of northwestern Wyoming
and the Lewis Range of northwestern Montana. Within the
Absaroka Range, elevation ranges 1,830-4,006 m, wherein moth
site elevations range 2,700-3,500 m (Mattson et al. 1991, French et
al. 1994). The geology of moth sites is dominated by talus fields that
lack vegetation and lie beneath the uppermost steep cliffs (Mattson
et al. 1991, French et al. 1994, O’Brien and Lindzey 1994). Moth
populations are supported by neighboring patches of lush vegeta-
tion and even larger meadows, supported by seasonal snowmelt and
rain delivered from these cliffs. These plants flower, producing nectar
that is critical for moths that forage locally to gather carbohydrates
that are subsequently biosynthesized to lipids and accumulated for
their return flights (French et al. 1994). Vegetation, climate, and ge-
ology have been described previously for the Absaroka Range (Baker
1944, Waddington and Wright 1974, Dirks and Martner 1982,

Thilenius and Smith 1985, Marston and Anderson 1991, Sundell
1993). Within the Lewis Range, elevation ranges 948-3,190 m, and
its geology, vegetation, and climate have also been described previ-
ously (Willis 1902, Choate 1963, Finklin 1986, Damm 2001). Moth
site elevations within the Lewis Range are similar to those found
within the Absaroka Range, using grizzly bear presence as a proxy
for army cutworm moth presence (White et al. 1998a).

Sample Collection: Great Plains

From 2018 to 2021, army cutworm moths were collected during
their spring migratory period (May to early July) with the help of a
collection network that spanned the Great Plains. Our collection net-
work included entomologists, insect enthusiasts, and Forest Service
employees located in Montana, North Dakota, South Dakota,
Wyoming, Nebraska, Kansas, Colorado, Oklahoma, Texas, and
New Mexico. Collection sites were grouped into five contiguous
ecoregions, including the west-central semiarid prairies, western
cordillera, cold deserts, south-central semiarid prairies, and warm
deserts (Fig. 1; Omernik and Griffith 2014). Collectors used ei-
ther blacklight traps or collected army cutworm moths by hand
and euthanized them by placing them in the freezer or by placing
in sealed containers with insecticidal strips (e.g., Hot Shot No-Pest
Strip Insect Killer Strips).

From 2020 to 2021, a subset of our Great Plains collectors
deployed pheromone traps baited with Scentry Army Cutworm
Lures 12/CS (Great Lakes IPM) during the fall (late August to early
October). Moths collected with pheromone traps were euthanized
with insecticidal strips as described above. Samples collected from
2018 to 2020 were shipped and stored at ambient temperatures, and
samples collected in 2021 were shipped at ambient temperatures
and stored in the freezer at -20°C until processing. All samples were
stored in 6.35 x 8.89 cm (2.25” x 3.5”) paper coin cards; samples
stored in the freezer were placed in Ziplock bags. We assessed all
samples for signs of degradation (e.g., formation of new material)
before processing for laboratory analysis and discarded samples that
were potentially degraded. Thirty samples (or the total number of
samples if <30) were randomly selected from each county to prepare
for stable isotopic analysis. Data from collections in each named ec-
oregion are summarized in Tables 1 and 2.

Sample Collection: Moth Aggregation Sites

(Mountain Peaks)

From 2017 to 2021, we hand-collected army cutworm moths from
the talus at three moth aggregation sites in the Absaroka Range.
Moths were immobilized on site by gently squeezing their thorax.
All samples from 2017 to 2020 were stored in 6.35 x 8.89 cm (2.5”
x 3.5”) paper coin cards at ambient temperature until processing.
Samples from 2021 were stored in the freezer at ~20°C until proc-
essing. Samples from Glacier National Park were sent to us by a
research team that collected at various moth aggregation sites within
the park in 2019; these samples were shipped and stored as described
previously. We cannot identify the specific peaks due to concerns re-
garding ecological disturbance in these sensitive areas (Nunlist 2020).
Consequently, sites within the Absaroka Range will be referred to
as Peaks A-C, and sites within the Lewis Range will be referred to
as Peaks D-J. When possible (as dictated by time constraints), all
samples were prepared and analyzed for stable hydrogen. When we
were unable to prepare all samples for stable hydrogen analysis, we
randomly selected samples from each moth aggregation site. We ran-
domly selected 50 single moth samples from each peak and year to
prepare for stable carbon and stable nitrogen analysis (or the total
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Fig. 1. The ecoregions used to delineate the groupings of spring and fall army cutworm moth, Euxoa auxiliaris, samples, including the west-central semiarid
prairies, south central semiarid prairies, cold deserts, and western cordillera (EPA 2022). Only labeled ecoregions were used to group samples.

n for each peak and year if <50). Data from army cutworm moths
collected at moth aggregation sites are summarized in Tables 3-6.

Identification

All moths were identified to the Noctuidae family using character-
istic wing venation (Triplehorn et al. 2005) and wing patterns char-
acteristic of army cutworm moths per specimen slides prepared by
Lafontaine (1987). Due to time constraints, we were unable to per-
form species identification via standard dissection to scrutinize geni-
talia for every sample; instead, we randomly selected five moths from
each county/year or moth aggregation site/year combination.

Sample Preparation and Laboratory Analysis

All wing samples were placed into 20-ml glass scintillation vials and
washed and soaked with a 2:1 chloroform:methanol solution under
a fume hood. Samples were left in the fume hood overnight with caps
left slightly ajar to allow the solution to air-dry, and any remaining
fluid was pipetted out the following day. For stable-hydrogen
samples, the left hindwing (when viewed dorsally) was removed
from the thorax. Wing subsamples (0.25 = 0.03 mg) were weighed
and pressed into silver 5 x 3.5-mm capsules (EA Consumables).
For stable-carbon and stable-nitrogen samples, the right hindwing

was removed from the thorax. If the specimen was missing a right
hindwing, the right forewing was removed from the thorax instead.
Wing subsamples (0.55 = 0.04 mg) were weighed and pressed into
tin capsules (EA Consumables). All wing samples were sent to the
University of New Mexico Center for Stable Isotopes for laboratory
analysis (Albuquerque, New Mexico).

Stable hydrogen samples and reference materials were subjected
to bench-top equilibration to local water vapor for three weeks be-
fore analysis (Wassenaar and Hobson 2000). Stable hydrogen values
of the nonexchangeable portion of hydrogen were determined using
comparative equilibration (Wassenaar and Hobson 2003) using
three internal laboratory keratin reference materials. Values of 6°H
for the internal laboratory keratin reference materials were measured
by comparative equilibration experiments and externally verified
with other laboratories. Laboratory standards were calibrated with
keratin standards distributed by USGS Reston, Virginia, including
CBS (=157%), KHS (=35.3%), USGS 42 (~=72.2%0), and USGS 43
(~44.2%o), as revised by Soto et al. (2017).

Stable hydrogen values were determined using a Thermo-Finnigan
high-temperature conversion elemental analyzer (TCEA) coupled
to a Thermo-Finnigan Delta V Isotope Ratio Mass Spectrometer.
Isotopic results are expressed as dvalues, using the per mill notation,
and calculated as:
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Table 1. Summary of 3’H  data for army cutworm moths, Euxoa
auxiliaris, collected during the spring emergence period within the
Great Plains (2018-2021, n=1,031)

82H (%0 VSMOW*)

Year Ecoregion n Mean * SD 95% CI
2018 Cold deserts 6 -150.7+252 -177.2to-124.3
2019 Cold deserts 108 -127.9+21.3 -131.9t0-123.8
2020 Cold deserts 161 -132.1+22.3 -135.6to -128.7
2021 Cold deserts 33 -122.8+27.4 -132.6to-112.9
2018 Western cordillera 4 -166.3=2.0 -169.5t0-163.1
2019 Western cordillera 18 -142.6 +23.6 -154.3to0-130.9
2020 Western cordillera 62 -145.1+20.5 -150.3t0139.9
2021 Western cordillera 16 -159.2+14.8 -167.1t0 -151.3

2018 SC semiarid prairies” 45 -118.7+15.7 -123.5t0 -114.0
2019 SC semiarid prairies 67 -116.5+19.9 -121.4to0-111.7
2020 SC semiarid prairies 177 -119.1+12.3 -1209to-117.3
2021 SC semiarid prairies 103 -130.8 £13.0 -120.9to-117.3
2020 Warm deserts 22 -130.6 £ 10.5 -133.4t0-128.3
2020 WC semiarid prairies® 189 -130.8 +12.3 -132.6 to -129.0
2021 WC semiarid prairies 20 -159.5 = 19.8 -168.8 to -150.2

“Vienna Mean Standard Oceanic Water.
*South central semiarid prairies.
“Western central semiarid prairies.

Table 2. Summary of 8°H  for army cutworm moths collected
during the fall migratory period within the Great Plains (2020—
2021, n=293)

52H (%o VSMOW?)

Year Ecoregion n Mean = SD 95% CI

2020 Cold deserts 38 -122.4+139 -127.0to-117.8
2020 Western cordillera 49 -133.9+19.4 -139.5t0-128.3
2021 Western cordillera 14 -154.9 259 -169.8t0-139.9
2020 SC semiarid prairies 46 -124.6 £20.6 -130.7to -118.5
2020 WC semiarid prairies* 85 -132.3+19.6 -136.5to-128.0
2021 WC semiarid prairies 61 -145.3+19.7 -150.4 to -140.2

“Vienna Mean Standard Oceanic Water.

"Western central semiarid prairies.

Table 3. Summary of 6°H  data for army cutworm moths collected
each summer at mountain peaks within the Absaroka Range (2017-
2021, n=618)

8 2H (%o VSMOW™)

Year Location n Mean = SD 95% CI
2017 A 89 -153.8 £23.2 -158.7 t0 -149.0
2018 A 271 -135.6 + 30.6 -139.3 t0 -132.0
2020 A 34 -134.6 £ 21.7 -142.2 t0 -127.0
2021 A 50 -153.2+22.6 -159.6 to -146.8
2018 B 7 -109.8 £ 23.0 -131.0 to -88.6
2020 B 11 -139.8 = 14.7 -149.6 t0 -129.9
2021 B 50 -155.5+18.4 -160.8 to -150.3
2019 C 20 -171.9 + 30.3 -186.1to -157.8
2020 C 42 -132.2+19.6 -138.4t0 -126.1
2021 C 50 -160.3 £ 19.3 -165.8 to -154.8

“Vienna Mean Standard Oceanic Water.

Table 4. Summary of 6’H  data for army cutworm moths collected
during the summer of 2019 within the Lewis Range (2019, n=77)

52H (%o VSMOW)

Year Location n Mean = SD 95% CI
2019 D 30 -145.5 £ 25.6 -155.0 to -135.9
2019 E 13 -197.0 £ 43.1 -223.0 to -171.0
2019 F 13 -178.8 = 36.2 -200.7 to -156.9
2019 G 2 -158.9 + 18.2 NA

2019 H 3 -170.9 = 11.9 -200.5 to -141.4
2019 I 2 -179.3 £ 0.4 NA

2019 ] 14 -174.0 = 33.1 -193.1 to -154.9

“Vienna Mean Standard Oceanic Water.

Table 5. Summary of 6"*C data for army cutworm moths collected
each summer at mountain peaks within the Absaroka Range (2017-
2021, n=205)

8 13C (%0 VPDB*)

Year Location n Mean + SD 95% CI

2020 B 6 -27.0 £ 0.8 -27.9 to -26.1
2021 B 33 -26.7+2.3 -27.5to0 -25.9
2017 A 29 -27.6 + 1.4 -28.2to -27.1
2018 A 29 -26.7+1.2 -27.2 to -26.3
2020 A 25 -27.3+1.3 -27.8 to -26.8
2019 C 17 -27.0+3.7 -27.5to -23.7
2020 C 23 -27.0 = 1.0 -27.4 to -26.6
2021 C 43 -27.2+ 1.0 -27.5 to -26.9

“Vienna Peedee Belemnite.

Table 6. Summary of 8N data for army cutworm moths collected
each summer at mountain peaks within the Absaroka Range (2017-
2021, n=205)

8 5N (%o VPDB¥)

Year Location n Mean = SD 95% CI
2020 B 6 5414 3.9-6.8
2021 B 33 6.1+3.1 5.0-7.2
2017 A 29 6.4+3.5 5.1-7.7
2018 A 29 5.7+2.8 4.7-6.8
2020 A 25 6.2+34 4.8-7.6
2019 C 17 7.3+3.8 5.3-9.2
2020 C 23 53+25 4.2-6.3
2021 C 43 6.7+2.6 5.9-7.5

“Vienna Peedee Belemnite.

52H = 1000 x* [(Rsample—Rstandard/Rstandard)] >

ampe and R are the H/'H of the sample and
standard, respectively. Precision for °H was determined by the anal-
ysis of the three exchangeable (keratin) reference materials described
above. Standard deviation (1 SD or 10) calculated on repeat analysis

of these reference materials was <2%o.

where R

Nitrogen and carbon isotope ratios were measured by Elemental
Analyzer Continuous Flow Isotope Ratio Mass Spectrometry using
a Costech ECS4010 Elemental Analyzer coupled to a ThermoFisher
Scientific Delta V advantage mass spectrometer via a CONFLO
IV interface. Three internal laboratory standards were run at the



Environmental Entomology, 2023, Vol. 52, No. 2

235

beginning, at intervals between samples, and at the end of analyt-
ical sessions. Analytical precision calculated from the standards
was +0.1%0 (1 SD or 10) for both 8N and §°C. Analyses were
normalized to the laboratory standards. Laboratory standards were
calibrated against IAEA N1, IAEA N2, and USGS 43 for 6"*N and
NBS 21, NBS 22, and USGS 24 for 6*C. The three internal labora-
tory standards used were: UNM-CSI Protein std#1, casein purchased
from Sigma Aldrich with "N and 6°C values of 6.43 and -26.52%o;
UNM-CSI Protein std#2, soy protein purchased from Sigma Aldrich
with 8N and 8“C values of 0.98 and -25.78%0; and UNM-CSI
protein Std#4, house made tuna protein with "N and 6"°C values
of 13.32 and -16.17%.

Statistical Analysis

All statistical analyses were performed in R version 4.0.2 (Team
2020). We fit linear models using base R and assessed the models
for assumption violations using the plot function. The Anova and
anova functions from the ‘car’ package were used to perform
two-way and one-way ANOVA, respectively (Fox and Weisberg
2019), and we performed Tukey’s Honest Significant Difference
using the glht function from the ‘multcomp’ package (Hothorn et al.
2008). The two-sample t-test was performed using the z.test func-
tion from base R and assessed normality by generating a histogram
with the ggplot function from the ‘ggplot2’ package (Wickham
2016). The ggplot function was also used to create boxplots. To
generate a tissue-specific wing isoscape, re-calibrate our sample
values according to the stable isotope standards used by Hobson et
al. (2018), compute the posterior probability of sample origin, ag-
gregate probabilities from all samples, and create maps of natal or-
igin, we used functions from the ‘assignR’ package (Ma et al. 2020),
as will be discussed in further detail below. All plots used to assess
assumptions accompanying statistical tests are listed in Appendix
S1 (Supp Figs. 1-6 [online only]).

Spring and Fall Samples

We aggregated spring and fall samples into ecoregions per Ecoregion
II, a level intended for examining subcontinental ecological trends
produced by the U.S. Environmental Protection Agency (Omernik
and Griffith 2014). We fit a linear model between 6°’H_ and ecoregion
and year, and we assessed the need for the inclusion of an interac-
tion between ecoregion and year with a two-way ANOVA. We deter-
mined that the interaction should be kept, and we flattened the two
variables into an ecoregion*year variable. Using a one-way ANOVA,
we assessed whether there were differences found between ecoregions
and established that there was very strong evidence for a difference
in mean 6’H between ecoregions. We performed a post-hoc analysis
with Tukey’s Honest Significant Difference (HSD, a= 0.05).

Moth Aggregation Site Samples

We extracted the Bighorn Basin’s predicted 6*H , value with a 1-de-
gree buffer from the wing tissue-calibrated isoscape (Hobson et al.
2018). This value was used as the reference value in a two-sample
t-test, against which we compared the pooled stable hydrogen
mean from moths collected within the Absaroka Range. A linear
model was fit between 6’H  and moth aggregation site and year.
We assessed the need for the inclusion of an interaction between
moth aggregation site and year, determined the interaction should be
kept, and flattened the interaction into one variable. We examined
for differences in mean 6°H, between moth aggregation sites and
across years by performing a one-way ANOVA on the model and
performed a post hoc analysis with Tukey’s HSD.

A linear model was fit between 6"°C wing (6"°C) values and
moth aggregation site/year. Using a two-way ANOVA, we: (1)
examined for differences in mean 6°C_ values between moth ag-
gregation sites and across years, and (2) tested for an interaction
between year and moth aggregation site on 6'°C_ values. Strong
evidence for differences in 6C values were found between years.
We performed a post-hoc analysis with Tukey’s HSD. We repeated
these steps with stable nitrogen and found little to no evidence for
differences between years or mountain peaks. There was no evidence
for an interaction between year and peak, and we dropped the inter-
action from the model. Stable hydrogen, stable nitrogen, and stable
carbon data are summarized in Tables 3-6.

Natal Origin Assignment

To assign natal origin of moths collected at moth aggregation sites
during the spring migratory period and during the fall migratory
period, we used the ‘assignR’ package in R (Ma et al. 2020). This
approach employed a semi-parametric Bayesian inversion method.
First, we created a tissue-specific wing isoscape by calibrating an
interpolated mean annual precipitation map of the US (retrieved
from waterisotopes.org) with the relationship of true armyworm
6°H_ and environmental water:

Hy = 0.4 X 8" Hpreaip84.4

and the 13%o residual SD from the regression (Hobson et al.
2018) using ordinary least squares to fit a linear calibration (Ma
et al. 2020). Given that both E. auxiliaris and M. unipuncta belong
to the Noctuidae family, we assumed that these moths have the
same differentiation factor when integrating stable hydrogen into
their tissues. This created two raster objects—the predictive tissue
isoscape and a 10 uncertainty surface. Covariance was estimated by
randomly drawing values from the environmental isoscape distri-
bution at each known origin sample location and iteratively fitting
the rescaling function (100x), then calculating the covariance of the
simulated isoscape and rescaling model residuals. To constrain the
isoscape to the known distribution of E. auxiliaris, we georeferenced
a figure from Burton et al. (1980) depicting the potential range of
the moth, created a spatial polygon from the georeferenced figure,
and used the spatial polygon to “clip’ the isoscape. We opted to use
the potential range of the moth (rather than the known range) be-
cause the potential range better encompassed the values found in the
migrants’ stable hydrogen distribution.

To ensure comparability between our data and the isoscape
calibrated with the values of Hobson et al. (2018), we passed our
sample values through the refTrans function to re-calibrate our
sample values with values assigned to the EC-01 (6*H = -197.0%o)
and EC-02 (6°H = -54.1%0) standards that Hobson et al. (2018)
used to calibrate their samples to VSMOW during their laboratory
analysis. We grouped samples according to mountain range, and,
within the Absaroka Range, differences established by Tukey’s HSD
between mountain peaks/years. We then passed our sample values of
unknown origin through the pdRaster function, which computed the
posterior probability of sample origin for each grid cell within the
isoscape. This returned a raster object which contained one proba-
bility density surface for each sample. To provide an understanding
of moth natal origin for each mountain range, we used the unionP
function, which aggregated probabilities from all samples by calcu-
lating the probability that any one sample came from each grid cell
within the isoscape. This was done by summing the probabilities
of all samples and rescaling such that the results summed to unity
across the region.
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Results

Great Plains Samples: Spring and Fall Migratory
Period

Spring Samples

There was strong evidence that both year and ecoregion had an effect
on mean 6°H_ (ANOVA, F, 1014 =174, < 0.001 and F, 0= 542,p
<0.001, respectively). We found very strong evidence for an interac-
o1t = 96, p < 0.001),

and used the flattened year/ecoregion variable to perform post-hoc

tion between year and ecoregion (ANOVA, F

testing. Broadly, ecoregion 6°H  values followed anticipated patterns
(per precipitation) given their latitude: the western cordillera had the
most negative distributions, the cold deserts had the second-most
negative distributions, and the south-central semiarid prairies had
the most moderate stable hydrogen distributions (Fig. 2). Exceptions
to this finding (wherein there was strong evidence or differences in
stable hydrogen distributions as compared to other years of col-
lection within the ecoregion) included 2021/south-central semiarid
prairies and 2020/west-central semiarid prairies. There was very
strong evidence that most geographically distinct ecoregions—the
western cordillera and south-central semiarid prairies—were dif-
ferent for all year combinations excluding western cordillera/2019
and south-central semiarid prairies/2021 (Fig. 2).

Fall Samples

Although there was strong evidence that both year and ecoregion
had an effect on mean 6°H_ (ANOVA, F , = 27.1,p < 0.001 and
F, e = 4.5, p = 0.004, respectively), there was little to no evidence
that an interaction between year and ecoregion had an effect on 6*H
(ANOVA, F i, = 1.4, p = 0.24). Using the additive model (6°H, as
a function of year + ecoregion), we found very strong evidence for a
difference in mean 6°H_ values between cold deserts/the western cor-
dillera (Tukey’s HSD, p = 0.009) and south-central semiarid prairies/
the western cordillera (Tukey’s HSD, p = 0.03). Although patterns
found in fall ecoregion 6’H,, values were less distinctive than those
found in the spring, more northern ecoregions tended to have more
negative distributions (Fig. 3).

Migratory Patterns Within Ecoregions
We grouped and analyzed army cutworm moths according to ec-
oregion/season and, for established differences, year(s). Due to
constraints posed by using only a single stable isotope that varies
primarily along a north-south gradient, resolution of the union
probability maps produced for ecoregions was not fine enough to
elucidate the exact migratory corridors along which migrants trav-
eled on a longitudinal basis. Instead, we used union probability
maps generated for ecoregions to assess the migrants’ probability
of having originated from areas of similar latitude. Of the spring
collection, only the south-central semiarid prairies (2018-2020) and
west-central semiarid prairies (2020 only) had high probability of
origin that fell within their respective ecoregion (Appendix S2: Supp
Fig. 1 [online only]). The south-central semiarid prairies (2021 only),
cold deserts, western cordillera, west-central semiarid prairies (2021
only), conversely, were composed of migrants that had higher prob-
ability of northern origin as compared to the latitude of their respec-
tive ecoregion. Migrants collected in the western cordillera had the
highest probability of origin in the northern extent of the army cut-
worm moth potential range across all years, as did the cold deserts.
Returning migrants (fall collection) did not seem to exhibit
natal-origin site fidelity. Both the western cordillera and west-central
semiarid prairies were again primarily composed of migrants with
the highest probability of origin in the northern extent of the moth’s

potential range (Supp Figs. 4 and 6 [online only]). As was seen in the
spring migratory period, the cold deserts and south-central semiarid
prairies were composed of migrants with likely origins that fell
within the bounds of each ecoregion, although high probability was
also found north of these ecoregions (Appendix S2: Supp Figs. 3 and
5 [online only]).

Moth Aggregation Site Samples

We found very strong evidence for a difference in mean 6°H_ be-
tween the Absaroka Range and the Lewis Range (two-sample #-test,
to = —6.60, p < 0.001). As predicted, stable hydrogen values of
moths collected within the Lewis Range were more negative than
values of moths collected within the Absaroka Range. Because some
moth aggregation sites had such limited sample sizes within the
Lewis Range (7 = 5 or fewer), we did not test for differences in 6°H
values between mountain peaks of this area.

Within the Absaroka Range, we established that moths were not
primarily coming from the Bighorn Basin (as O’Brien and Lindzey
(1994) had posited) because there was no evidence that mean 6°H
from moths collected within this region was comparable to the
Bighorn Basin predicted value of —~127.8%. (two-sample z-test, 7,,, =
-0.57,p = 0.57). Instead, across all years and peaks, moth wings of
the Absaroka Range had a mean stable hydrogen value of -143.9%..
Stable hydrogen values at the peak/year level had a surprising
amount of variation, ranging from a mean of -109.8 to -171.9%o
(Table 3; Fig. 4), and there was very strong evidence that mean 6°H
varied, as compared to other years, for at least one year (ANOVA,
F, 44 =24.8,p < 0.001). This variation suggests that there was lim-
ited evidence for a sub-population, as would have been evidenced by
distributions that tended to center on one value.

Natal Origin

Depictions of natal origin are inherently reflective of the underlying
6’H_ isoscape from which the tissue-calibrated isoscape was derived.
Thus, in the figures depicting union probability, the narrower depic-
tion of origin that is consistently seen along the border of Alberta
and British Columbia and the broader ‘band’ of natal origin for re-
gions falling within the Great Plains are both artifacts of patterns in
precipitation and, secondarily, the mixing of bodies of water.

To establish the natal origin of moths collected from the Lewis
Range in 2019, we pooled 6’H_ values from all peaks. Moths of this
range had a high probability of origin exclusively within the north-
western extent of the army cutworm’s known range, wherein the vast
majority of migrants likely originated in the western half of Canada
(Appendix S2: Supp Fig. 2 [online only]). Some migrants may have also
flown from Montana, Idaho, and Wyoming, but the likelihood that any
one sample originated from those areas was substantially lower.

Moths collected from the Absaroka Range were grouped and
analyzed on a yearly basis (pooling all sample values from all peaks),
as prescribed by the differences found using Tukey’s HSD. Across all
years of collection, source populations were primarily composed of
migrants with the highest likelihood of origin in Canada, followed
by Montana, Idaho, and Wyoming (Fig. 4). Within Canada, the
highest probability of origin was found in the northernmost extent
of the moth’s range and/or along the border of British Columbia and
Alberta for any given year. Moths may have also originated from
within all areas of British Columbia, Alberta, and Saskatchewan, al-
though the strength of this probability varied more across years.

Within the United States, likely areas of origin included the
western half of Montana, the western half of Wyoming, and the
eastern portion of Idaho for all years. Some years, however, were
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characterized by very diverse origins in addition to patterns found
in all years. Moths collected in 2017 had a moderate probability of
origin in parts of Washington, Oregon, California, Nevada, Utah,
and Colorado (Fig. 4a). In 2020, migrants may have originated from
any state within their natal range (Fig. 4d). The probable origin of
migrants collected in both 2019 and 2021 were again constrained
primarily to the northwestern extent of their range (Figs. 4c and e).

Characterizing Natal Origin Biomes: Absaroka Range

Natal source populations of all moth aggregation sites fed almost
exclusively on C3 plants, as each moth aggregation site/year was
characterized by a mean 63 Cw value close to, if not exactly, —27%o
(Table 5). Although there was limited evidence that 6"*C values
varied between peaks (ANOVA, F, .. = 0.87, p = 0.42), there was
strong evidence for differences found between years (ANOVA, F, ..
= 3.81, p = 0.0053), including: 2017 and 2019, 2019, and 2020,
and 2019 and 2021 (Tukey’s HSD, p = 0.0013, 0.011, and 0.019,
respectively). In 2019, a much larger proportion of moths fed in a
C4 habitat as larvae, although this difference may have been inflated
due to the limited sample size for that year.

Nitrogen stable isotope composition, however, did not vary sub-
stantially between years (F, 1, =1.49,p=0.21) or peaks (F, 15, =292,
p = 0.4), and, for each moth aggregation site and year of collection,
mean 8N ranged from 5.4 to 7.3%o (Table 2). Few moths fed in a
heavily fertilized agroecosystem (as distinguished by a 6"’N_ value
of ~14%o or more). Of the three individuals that were likely feeding
in C4 biomes, one of their respective 6"°N_ values was undoubtedly
from an agricultural biome (>15%o), while the remaining two had
6N values closer to the average.

Discussion

With some exceptions, §°H distributions tended to become more
negative when moving from southern to northern ecoregions for
both spring and fall collection. We found very strong evidence for
differences in mean 6°H_ between geographically distinct ecoregions
for most spring year/ecoregion combinations, indicating that point
of origin influenced (to an extent) migratory pathway. Rather than
traveling along latitudinal bands, however, there was surprisingly
strong evidence for north-south migration in most ecoregions.
Northern ecoregions, including the western cordillera and west-
central semiarid prairies, were characterized by migrants that had
the highest probability of origin solely in Canada; moderate prob-
ability of origin was found throughout the northwestern region of
the Great Plains. Southern ecoregions, including one year of collec-
tion for the south-central semiarid prairies, all years of collection
for the cold deserts, and all years of collection for the warm deserts,
were also characterized by migrants with high probability of origin
north of each respective ecoregion; however, high probability of
origin was also found in the northwestern US. Although previous
studies observed flights of army cutworm moths orienting southwest
(Pepper 1932, Hendricks 1998), this study is the first to provide evi-
dence for north to south movement. Fall migrants did not show natal
origin fidelity, as migrants with likely Canadian origins in the spring
often constituted a large proportion of trap catches in northern
ecoregions of the Great Plains during the fall.

Similar patterns were found in moths collected from summer
ranges. There was very strong evidence that mean 6*H  of the
Lewis Range was different than the Absaroka Range—i.e., source
populations of the more northern range (Lewis) were constituted by
migrants of overall more northern origins than the southern range
(Absaroka). Migrants collected in the Lewis Range had the highest

probability of origin in the northernmost region of the moth poten-
tial range, just along the southern border of the Northwest Territories
and below, and along the border of British Columbia and Alberta. A
much lower probability of origin was found in Montana, Wyoming,
and Idaho, suggesting that most migrants originated from Canada.

Origins of migrants collected in the Absaroka Range were much
more varied than we anticipated. Across all years, probability of
origin was highest in Canada, Montana, Idaho, and Wyoming;
however, migrants collected in years characterized by more diverse
stable hydrogen values (including 2017, 2020, and 2021) could have
originated from throughout the entire northern third of the moth’s
potential range. Migrants in 2020 had potential origins that spanned
the entirety of the moth’s potential range, excluding the most south-
eastern region (i.e., Texas and Oklahoma). Our findings corroborate
Robison’s (2009) discovery that army cutworm moths are pan-
mictic and, conversely, provide little support for the hypothesis that
migrants were primarily supplied by the Bighorn Basin (O’Brien and
Lindzey 1994).

Carbon stable isotope composition of moths collected in the
Absaroka Range was overwhelmingly representative of C3 biomes.
Excluding three individuals, all randomly sampled army cutworm
moths from this range fed on C3 plants during their larval stage.
These findings are not surprising, as most migrants likely originated
from regions dominated by cool-season grasses and cropland.
Furthermore, corn and sorghum (cultivated C4 plants) are planted in
the late spring, and germination may occur after the window of adult
moth emergence for some areas (Carter et al. 1989, Kucharik 2006).
However, this may also indicate that moths do not feed as readily
on C4 prairie grasses that may be available during their larval stage.
Stable nitrogen measurements also indicated that few migrants fed
in heavily fertilized agroecosystems, suggesting that there is limited
evidence of risk to larval populations due to highly intensive agricul-
tural practices. Surprisingly, of the individuals that fed on C4 plants,
only one migrant clearly originated from an agroecosystem that was
heavily fertilized.

Across summer, spring, and fall collection, there was strong ev-
idence that year had an effect on both moth 6°H_ and 6"C . This
finding likely alludes to the variety of factors varying on an annual
basis that influence moth populations (e.g., regional weather and
crop distributions). As was illustrated with natal origin probability
that varied year-to-year for the Absaroka Range, summering ranges
in the Rocky Mountains will be ‘supplied’ by an array of natal or-
igin sites that vary yearly, rather than by a subpopulation specific
to particular mountain ranges. This finding is also supported by the
sporadic status of army cutworm moths as a pest; rather than con-
sistently reaching economic outbreak levels within certain locations,
outbreaks occur somewhat randomly throughout their natal range
(Burton et al. 1980).

The distance army cutworm moths potentially migrate in the
spring proposed here is substantial. Measuring from just north
of the southern border of the Northwest Territories (the highest
latitude per high natal origin probability) to the Absaroka Range,
army cutworm moths are potentially migrating as far as 1,800
km. Comparatively, both the Australian Bogong moth, Agrotis
infusa (Boisduval, Lepidoptera: Noctuidae), and black cutworm,
Agrotis ipsilon (Hufnagel, Lepidoptera: Noctuidae), undertake a
bi-annual migration of as far as 1000 km and weather-assisted
migration of as far as 1,266 km, respectively (Showers et al.
1989a, Warrant et al. 2016). Without the aid of wind, army cut-
worm moths have the potential to fly as far as 64 km per night
(Koerwitz and Pruess 1964). Thus, to complete such a migration
in the time frame between adult emergence in Canada and the
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onset of summer in the Rocky Mountains (slightly less than a
month), army cutworm moths would likely need to fly using the
aid of preferential winds that occur either within or above the

insect flight boundary layer, of which the latter is seen in the afore-
mentioned noctuid migrants (Showers et al. 1989a; Chapman et
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As we mentioned previously, the conclusions are limited using
an isoscape based on a stable isotope that varies primarily along a
north-south gradient. The resolution and accuracy of the assignments
we presented here would be greatly improved with the inclusion of
a second isotope, such as sulfur, and potentially a trace element
(Holder et al. 2014, Heinrich and Collins 2017). As such, union
probability maps, particularly pertaining to longitudinal accuracy,
should be treated with caution. For example, there was a high prob-
ability that moths flew from either side of the Rocky Mountains to
reach summering ranges. That is, rather than definitively illustrating
that moths migrate from either side of the Rocky Mountains, this
result could be an artifact of the limitations of stable hydrogen be-
cause 6*H values were almost identical on either side of the Rockies.

Furthermore, values found in moth populations collected during
the summer were not fully encompassed by the predictive map; some
values were lighter than even the lower range of ~150%o0 found in the
Northwest Territories and along the border of Alberta and British
Columbia. Union probability maps generated for collections in which
mean 6°H_ was less than -150%. may therefore not be accurate. It
is possible that stable hydrogen values were more negative than
predicted in some areas of Canada (Jasechko et al. 2017), or army
cutworm moths integrate stable hydrogen values into their tissues
in a way that discriminates against deuterium. Given that both E.
auxiliaris and M. unipuncta belong to the family Noctuidae, it is un-
likely that significant differences would be found between the meta-
bolic pathways of these two insects. As such, both E. auxiliaris and
M. unipuncta likely integrate stable isotopes into their tissues with a
similar fractionation factor. Verification with moth 6*H_ captured at
point of emergence to establish the accuracy of the predictive map, or
to create an army cutworm moth-specific isoscape via captive rearing,
would be of substantial use in rectifying this limitation.

Ultimately, given the varied moth wing 6*H values of migrants
we collected from the Absaroka and Lewis Ranges, there was very
strong evidence that army cutworm moth aggregation sites are not
supplied by a subpopulation. Thus, moth populations at mountain
peaks are likely insulated against regional moth population declines
in their natal range, and moth availability at moth aggregation
sites should not vary drastically year to year. Rather than traveling
along a latitudinal band, as we had hypothesized, moths collected
in these ranges had the highest probability of origin in Alberta and
British Columbia, followed by Montana, Wyoming, and Idaho.
Interestingly, there was also strong evidence that migrants collected
from throughout the Great Plains often originated from areas north
of the ecoregion in which they were collected. Altogether, our paper
establishes that moth aggregation sites are likely ‘supplied’ by a ge-
ographically diverse array of natal origin sites and provide the first
evidence that army cutworm moths may migrate northwest to south-
east, in addition to previously documented east to west movement.

Acknowledgments

We thank each of our army cutworm moth collectors in the Great
Plains as well as E. Peterson and his research team for contributing
invaluable samples to this effort. A special thanks to our field
technicians: D. Mee, D. Smith, H. Brown, K. Desler, K. Gerlach, O.
Dalling, and R. Dines. G. Bowen and the SPATIAL program at the
University of Utah provided guidance on the use of spatial statistics.
H. Robison provided valuable advice on moth ecology and moth
collection. The administrative support from P. McDonald, US Forest
Service, was critical. Indispensable logistical support was provided
by staff on the Shoshone National Forest, including C. McQuiston,
A. Pils, J. Brengle, J. Pindell, C. Davidson, and K. Murphy.

Funding

Funding was provided by USFS Agreement No. 20-CS-11021400-
015 (Army Cutworm Moth Ecology in the Eastern Greater
Yellowstone Ecosystem), Montana State University (#4W8307), the
Greater Yellowstone Coordinating Committee, the Glacier National
Park Conservancy, and the Montana Agricultural Experiment
Station. We also thank Dick and Mary Ohman and Gerry Bennett
for their contributions.

Supplementary Data

Supplementary data are available at Environmental Entomology
online.

References Cited

Augustine, D., A. Davidson, K. Dickinson, and B. Van Pelt. 2021. Thinking like
a grassland: challenges and opportunities for biodiversity conservation in
the Great Plains of North America. Rangel. Ecol. Manag. 78: 281-295.

Baker, F. S. 1944. Mountain climates of the western United States. Ecol.
Monogr. 14: 223-254. doi: 10.2307/1943534

Basara, J. B., ]. N. Maybourn, C. M. Peirano, J. E. Tate, P. J. Brown, J. D. Hoey,
and B. R. Smith. 2013. Drought and associated impacts in the Great Plains
of the United States—a review. Inter. ]. Geosci. 4(6): 72-81.

Bowen, G. ]., L. I. Wassenaar, and K. A. Hobson. 2005. Global application of
stable hydrogen and oxygen isotopes to wildlife forensics. Oecologia. 143:
337-348. doi: 10.1007/s00442-004-1813-y

Bowen, G. J.,]. R. Ehleringer, L. A. Chesson, E. Stange, and T. E. Cerling. 2007.
Stable isotope ratios of tap water in the contiguous United States. Water
Resour. Res. 43: 1-12.

Brattstrom, O., S. Bensch, L. I. Wassenaar, K. A. Hobson, and S. Akesson.
2010. Understanding the migration ecology of European red admirals
Vanessa atalanta using stable hydrogen isotopes. Ecography. 33: 720-729.
doi: 10.1111/5.1600-0587.2009.05748.x

Brower, L. P, O. R. Taylor, E. H. Williams, D. A. Slayback, R. R. Zubieta,
and M. L. Ramirez. 2012. Decline of monarch butterflies overwintering
in Mexico: is the migratory phenomenon at risk?. Insect Conserv. Divers.
5:95-100.

Burton, R. L., K. Starks, and D. Peters. 1980. The army cutworm. Oklahoma
Agricultural Experiment Station, Oklahoma State University, Stillwater,
OK.

Carter, P. R., D. R. Hicks, E. S. Oplinger, J. D. Doll, L. G. Bundy, R. T. Schuler,
and B. J. Holmes. 1989. Grain Sorghum (Milo). Alternative Field Crops
Manual. University of Wisconsin Extension, Madison, WI.

Chapman, J. A., J. I. Romer, and J. Stark. 1955. Ladybird beetles and army cut-
worm adults as food for grizzly bears in Montana. Ecology. 36: 156-158.
doi: 10.2307/1931444

Chapman, J. W., D. R. Reynolds, ]J. K. Hill, D. Sivell, A. D. Smith, and 1. P.
Woiwod. 2008a. A seasonal switch in compass orientation in a high-
flying migrant moth. Curr. Biol. 18: R908-R909. doi: 10.1016/j.
cub.2008.08.014

Chapman, J. W., D. R. Reynolds, H. Mouritsen, J. K. Hill, J. R. Riley, D. Sivell,
A. D. Smith, and I. P. Woiwod. 2008b. Wind selection and drift compen-
sation optimize migratory pathways in a high-flying moth. Curr. Biol. 18:
514-518. doi: 10.1016/j.cub.2008.02.080

Chapman, J. W., D. R. Reynolds, and K. Wilson. 2015. Long-range seasonal
migration in insects: mechanisms, evolutionary drivers and ecological
consequences. Ecol. Lett. 18: 287-302. doi: 10.1111/ele.12407

Choate, C. M. 1963. Ordination of the Alpine plant communities at Logan
Pass Glacier National Park Montana. Masters of Arts, Montana State
University.

Damm, C. 2001. A phytosociological study of Glacier National Park,
Montana, U.S.A., with notes on the syntaxonomy of Alpine vegetation in
Western North America. Georg-August-Universitit zu Gottingen.

Dingle, H. 2014. Migration: the biology of life on the move, Oxford University
Press, USA.


https://doi.org/10.2307/1943534
https://doi.org/10.1007/s00442-004-1813-y
https://doi.org/10.1111/j.1600-0587.2009.05748.x
https://doi.org/10.2307/1931444
https://doi.org/10.1016/j.cub.2008.08.014
https://doi.org/10.1016/j.cub.2008.08.014
https://doi.org/10.1016/j.cub.2008.02.080
https://doi.org/10.1111/ele.12407

Environmental Entomology, 2023, Vol. 52, No. 2

241

Dirks, R. A., and B. E. Martner. 1982. The climate of Yellowstone and Grand
Teton National Parks. US Department of the Interior, National Park
Service, Washington, D.C.

Dittemore, C. 2022. Natal origin, migratory patterns, and abundance of the
army cutworm moth, Euxoa auxiliaris. Master of Science, Montana State
University Bozeman, Montana.

Endler, J. A. 1973. Gene flow and population differentiation. Science. 179:
243-250. doi: 10.1126/science.179.4070.243

Finklin, A. 1. 1986. A climatic handbook for Glacier National Park: with
data for Waterton Lakes National Park, vol. 204. US Department of
Agriculture, Forest Service, Intermountain Research Station, Ogden, UT.

Flockhart, D. T., L. I. Wassenaar, T. G. Martin, K. A. Hobson, M. B. Wunder,
and D. R. Norris. 2013. Tracking multi-generational colonization of the
breeding grounds by monarch butterflies in eastern North America. Proc.
R. Soc. B Biol. Sci. 280: 20131087.

Flockhart, D. T., L. P. Brower, M. 1. Ramirez, K. A. Hobson, L. I. Wassenaar,
S. Altizer, and D. R. Norris. 2017. Regional climate on the breeding
grounds predicts variation in the natal origin of monarch butterflies
overwintering in Mexico over 38 vyears. Glob. Change Biol. 23:
2565-2576.

Fortin, J. K., C. C. Schwartz, K. A. Gunther, J. E. Teisberg, M. A. Haroldson,
M. A. Evans, and C. T. Robbins. 2013. Dietary adjustability of grizzly
bears and American black bears in Yellowstone National Park. J. Wildl.
Manag. 77: 270-281.

Fox, J., and S. Weisberg. 2019. An (R} companion to applied regression, 3rd
ed. Sage, Thousand Oaks, CA.

French, S. P, M. G. French, and R. R. Knight. 1994. Grizzly bear use of army
cutworm moths in the Yellowstone ecosystem. Bears Biol. Manag. 9: 389—
399. doi: 10.2307/3872725

Hardwick, D., and L. Lefkovitch. 1971. Physical and biotic factors affecting
Euxoa species abundance in western North America: a regression analysis.
Can. Entomol. 103: 1217-1235.

Heinrich, K., and L. Collins. 2017. Determining the geographical origin of
Asian longhorn beetle (Anoplophora glabripennis) specimens using stable
isotope and trace element analyses. Pest Manag. Sci. 73: 967-975.

Hendricks, P. 1998. A migration of adult army cutworms, Euxoa auxiliaris
(Grote) (Lepidoptera: Noctuidae) at high elevation. Can. Field-Nat. 112:
165-166.

Hobson, K. A., D. X. Soto, D. R. Paulson, L. I. Wassenaar, and J. H. Matthews.
2012. A dragonfly (82H) isoscape for North America: a new tool for deter-
mining natal origins of migratory aquatic emergent insects. Methods Ecol.
Evol. 3: 766-772. doi: 10.1111/5.2041-210x.2012.00202.x

Hobson, K. A., K. Doward, K. J. Kardynal, and J. N. McNeil. 2018. Inferring
origins of migrating insects using isoscapes: a case study using the true
armyworm, Mythimna unipuncta, in North America. Ecol. Entomol. 43:
332-341. doi: 10.1111/een.12505

Hobson, K. A., and L. I. Wassenaar. 2019. Tracking animal migration with
stable isotopes. Academic Press, London, UK.

Hobson, K. A., J. W. Kusack, J. Gootgarts, F. J. Longstaffe, and J. N. McNeil.
2022. Using stable isotopes (8§ 2H, & 13C) to identify natal origins and
larval host plant use by western bean cutworm, Striacosta albicosta
(Lepidoptera: Noctuidae) captured in Southern Ontario. Ecol. Entomol.
47: 347-356.

Holder, P. W., K. Armstrong, R. Van Hale, M. -A. Millet, R. Frew, T. J. Clough,
and J. A. Baker. 2014. Isotopes and trace elements as natal origin markers
of Helicoverpa armigera—an experimental model for biosecurity pests.
PLoS One. 9: €92384. doi: 10.1371/journal.pone.0092384

Hothorn, T., F. Bretz, and P. Westfall. 2008. Simultaneous inference in general
parametric models. Biom. J. 50: 346-363. doi: 10.1002/bimj.200810425

Hu, G., K. S. Lim, N. Horvitz, S. J. Clark, D. R. Reynolds, N. Sapir, and J. W.
Chapman. 2016. Mass seasonal bioflows of high-flying insect migrants.
Science. 354: 1584-1587. doi: 10.1126/science.aah4379

Hyodo, F. 2015. Use of stable carbon and nitrogen isotopes in insect trophic
ecology. Entomol. Sci. 18: 295-312. doi: 10.1111/ens.12128

Jacobson, L. A., and P. E. Blakeley. 1959. Development and behavior of the
army cutworm in the laboratory. Ann. Entomol. Soc. Am. 52: 100-105.

Jasechko, S., L. I. Wassenaar, and B. Mayer. 2017. Isotopic evidence for wide-

spread cold-season-biased groundwater recharge and young streamflow

across central Canada. Hydrol. Process. 31: 2196-2209. doi: 10.1002/
hyp.11175

Kendall, D. M. 1981. Bionomics of Euxoa auxiliaris Grote (Lepidoptera:
Noctuidae) in the Rocky Mountains and comparison with two resident
species of alpine moths, University of Colorado (at Colo. Spgs).

Kevan, P. G., and D. M. Kendall. 1997. Liquid assets for fat bankers: summer
Nectarivory by migratory moths in the Rocky Mountains, Colorado,
U.S.A. Arct. Alp. Res. 29: 478-482. doi: 10.2307/1551995

Koel, T. M., P. E. Bigelow, P. D. Doepke, B. D. Ertel, and D. L. Mahony.
2005. Nonnative lake trout result in Yellowstone cutthroat trout de-
cline and impacts to bears and anglers. Fisheries. 30: 10-19. doi:
10.1577/1548-8446(2005)30[10:nltriy]2.0.co52

Koerwitz, F., and K. Pruess. 1964. Migratory potential of the army cutworm.
J. Kansas Entomol. Soc. 37: 234-239.

Kucharik, C. J. 2006. A multidecadal trend of earlier corn planting in the cen-
tral USA. Agron. J. 98: 1544-1550. doi: 10.2134/agronj2006.0156

Kunkel, K. E., L. E. Stevens, S. E. Stevens, L. Sun, E. Janssen, D. Wuebbles, M.
C. Kruk, D. Thomas, M. Shulski, and N. A. Umphlett. 2013. Regional cli-
mate trends and scenarios for the US National Climate Assessment Part 4.
Climate of the US Great Plains.

Lafontaine, J. 1987. The moths of North America North of Mexico. Fascicle
27.2. Noctuoidea Noctuidae (Part). The Wedge Entomological Foundation
Washington, Lawrence, Kansas.

Layman, C. A., M. S. Araujo, R. Boucek, C. M. Hammerschlag-Peyer, E.
Harrison, Z. R. Jud, P. Matich, A. E. Rosenblatt, J. J. Vaudo, and L. A.
Yeager. 2012. Applying stable isotopes to examine food-web structure: an
overview of analytical tools. Biol. Rev. 87: 545-562.

Lozano, K. N. 2022. Food resources for grizzly bears at army cutworm moth
aggregation sites in the greater Yellowstone ecosystem. Master of Science,
Montana State University Bozeman, Montana.

Ma, C., H. B. Vander Zanden, M. B. Wunder, and G. J. Bowen. 2020. assignR:
an r package for isotope-based geographic assignment. Methods Ecol.
Evol. 11: 996-1001. doi: 10.1111/2041-210x.13426

Manen, F. T., M. A. Haroldson, D. D. Bjornlie, M. R. Erbinger, D. ]J.
Thompson, C. M. Costello, and G. C. White. 2016. Density depend-
ence, Whitebark pine, and vital rates of grizzly bears. J. Wildl. Manag.
80: 300-313.

Marston, R. A., and J. E. Anderson. 1991. Watersheds and vegetation of the
Greater Yellowstone Ecosystem. Conserv. Biol. 5: 338-346. doi: 10.1111/
j.1523-1739.1991.tb00147 .x

Mattson, D. J., C. M. Gillin, S. A. Benson, and R. R. Knight. 1991. Bear feeding
activity at alpine insect aggregation sites in the Yellowstone ecosystem.
Can. J. Zool. 69: 2430-2435. doi: 10.1139/291-341

McNabb, D. M., J. Halaj, and D. H. Wise. 2001. Inferring trophic positions
of generalist predators and their linkage to the detrital food web in
agroecosystems: a stable isotope analysis. Pedobiologia. 45: 289-297. doi:
10.1078/0031-4056-00087

Nelson, R. A,, G. E. Folk, Jr, E. W. Pfeiffer, J. J. Craighead, C. J. Jonkel, and D.
L. Steiger. 1983. Behavior, biochemistry, and hibernation in black, grizzly,
and polar bears. Bears Biol. Manag. 5: 284-290.

Nunlist, E. 2020. Grizzly bears and humans at two moth aggregation sites in
wyoming. Master of Science, Montana State University.

O’Brien, S. L., and F. Lindzey. 1994. Grizzly bear use of moth aggregation
sites and summer ecology of army cutworm moths in the Absaroka
Mountains. Wyoming, Wyoming Cooperative Fish and Wildlife Research
Unit, University of Wyoming, Laramie, WY.

Omernik, J. M., and G. E. Griffith. 2014. Ecoregions of the conterminous
United States: evolution of a hierarchical spatial framework. Environ.
Manage. 54: 1249-1266. doi: 10.1007/s00267-014-0364-1

Pardo, L. H., and K. J. Nadelhoffer. 2010. Using nitrogen isotope ratios to as-
sess terrestrial ecosystems at regional and global scales, pp. 221-249. In J.
B. West, G. J. Bowen, T. E. Dawson, and K. P. Tu (eds.) Isoscapes. Springer,
Dordrecht, Heidelberg, London, New York.

Pepper, J. 1932. Observations on a unidirectional flight of army cutworm
moths and their possible bearing on aestivation. Can. Entomol. 64:
241-242.

Perdue, S., and H. Hamer. 2019. 2018 irrigation and water management
survey. U.S. Department of Agriculture. 3: 1-269.


https://doi.org/10.1126/science.179.4070.243
https://doi.org/10.2307/3872725
https://doi.org/10.1111/j.2041-210x.2012.00202.x
https://doi.org/10.1111/een.12505
https://doi.org/10.1371/journal.pone.0092384
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1126/science.aah4379
https://doi.org/10.1111/ens.12128
https://doi.org/10.1002/hyp.11175
https://doi.org/10.1002/hyp.11175
https://doi.org/10.2307/1551995
https://doi.org/10.1577/1548-8446(2005)30[10:nltriy]2.0.co;2
https://doi.org/10.2134/agronj2006.0156
https://doi.org/10.1111/2041-210x.13426
https://doi.org/10.1111/j.1523-1739.1991.tb00147.x
https://doi.org/10.1111/j.1523-1739.1991.tb00147.x
https://doi.org/10.1139/z91-341
https://doi.org/10.1078/0031-4056-00087
https://doi.org/10.1007/s00267-014-0364-1

242

Environmental Entomology, 2023, Vol. 52, No. 2

Ponsard, S., M. -T. Bethenod, A. Bontemps, L. Pélozuelo, M. -C. Souqual,
and D. Bourguet. 2004. Carbon stable isotopes: a tool for studying the
mating, oviposition, and spatial distribution of races of European corn
borer, Ostrinia nubilalis, among host plants in the field. Can. J. Zool. 82:
1177-1185. doi: 10.1139/204-075

Prasifka, J., and K. Heinz. 2004. The use of C3 and C4 plants to study natural
enemy movement and ecology, and its application to pest management.
Int. J. Pest Manag. 50: 177-181. doi: 10.1080/09670870410001731907

Pruess, K. P., and N. C. Pruess. 1967. Migration of the army cutworm,
Chorizagrotis auxiliaries (Lepidoptera: Noctuidae). I. evidence for a mi-
gration. Ann. Entomol. Soc. Am. 60: 910-920.

Quinby, B. M., J. C. Creighton, and E. A. Flaherty. 2020. Stable isotope
ecology in insects: a review. Ecol. Entomol. 45: 1231-1246. doi: 10.1111/
een.12934

Robinson, E. B., and J. L. Dietz. 2020. Great Plains. https://www.britannica.
com/place/Great-Plains

Robison, H. L. 2009. Relationships between army cutworm moths and grizzly
bear conservation. PhD, University of Nevada, Reno.

Rosenberg, N. J. 1987. Climate of the Great Plains region of the United States.
Gt. Plains Q. 7: 22-32.

Satterfield, D. A., T. S. Sillett, ]. W. Chapman, S. Altizer, and P. P. Marra. 2020.
Seasonal insect migrations: massive, influential, and overlooked. Front.
Ecol. Environ. 18: 335-344. doi: 10.1002/fee.2217

Schwartz, C. C., J. K. Fortin, J. E. Teisberg, M. A. Haroldson, C. Servheen, C.
T. Robbins, and F. T. Van Manen. 2014. Body and diet composition of
sympatric black and grizzly bears in the Greater Yellowstone Ecosystem.
J. Wild. Manag. 78: 68-78.

Seamans, H. 1928. Forecasting outbreaks of the army cutworm (Chorizagrotis
auxiliaris, Grote). Annu. Rep. Entomol. Soc. Ont. 58: 76-85.

Showers, W. B., R. B. Smelser, A. J. Keaster, F. Whitford, J. F. Robinson, J.
D. Lopez, and S. E. Taylor. 1989a. Recapture of marked black cutworm
(Lepidoptera: Noctuidae) males after long-range transport. Environ.
Entomol. 18: 447-458. doi: 10.1093/ee/18.3.447

Showers, W. B., A. J. Keaster, J. R. Raulston, W. H. Hendrix, M. E. Derrick,
M. D. McCorcle, J. F. Robinson, M. O. Way, M. J. Wallendorf, and J. L.
Goodenough. 1993. Mechanism of southward migration of a noctuid
moth [Agrotis ipsilon (Hufnagel)]: a complete migrant. Ecology. 74:
2303-2314. doi: 10.2307/1939583

Soto, D., G. Koehler, L. I. Wassenaar, and K. A. Hobson. 2017. Re-evaluation
of the hydrogen stable isotopic composition of keratin standards for
wildlife and forensic science applications. Rapid Communications Mass
Spectrometry 31: 1193-1203.

Strickland, E. H. 1916. The army cutworm: Euxoa (Chorizagrotis) Auxiliaris
Grote, vol. Bulletin 13. Canadian Department of Agricultural Entomology,
Lethbridge, Alberta, Canada.

Sundell, K. A. 1993. A geological overview of the Absaroka volcanic
province. In A.W. Snoke, J. R. Steidtmann, S. M. Roberts (eds.), Geology
of Wyoming: Geological Survey of Wyoming Memoir No. 5. Geological
Survey of Wyoming, Laramie, WY.

Team, R. C. 2020. R: a language and environment for statistical computing.
Computer Program, Version by Team, R. C., Vienna, Austria.

Thilenius, J. F.,, and D. R. Smith. 1985. Vegetation and soils of an alpine range
in the Absaroka Mountains, Wyoming. US Dept of Agriculture, Forest
Service, Rocky Mountain Forest and Range Experiment Station, Ft.
Collins, CO, pp. 1-23.

Triplehorn, C. A., N. F. Johnson, and D. J. Borror. 2005. Borror and DeLong’s
introduction to the study of insects. Cengage Learning, Belmont CA.

USDA. 2022. United States — Crop Production Maps. https://ipad.fas.usda.
gov/rssiws/al/us_cropprod.aspx

Waddington, J. C., and H. Wright. 1974. Late quaternary vegetational changes
on the east side of Yellowstone park, Wyomingl. Quat. Res. 4: 175-184.
doi: 10.1016/0033-5894(74)90006-4

Walkden, H. H. 1950. Cutworms, armyworms, and related species attacking
cereal and forage crops in the central Great Plains. US Department of
Agriculture, Washington, D.C.

Warrant, E., B. Frost, K. Green, H. Mouritsen, D. Dreyer, A. Adden, K.
Brauburger, and S. Heinze. 2016. The Australian Bogong moth Agrotis
infusa: a long-distance nocturnal navigator. Front. Behav. Neurosci. 39:
211-217.

Wassenaar, L. 2009. Manual for the use of stable isotopes in entomology.
International Atomic Energy Agency, Vienna, pp. 79.

Wassenaar, L. L., and K. A. Hobson. 1998. Natal origins of migratory monarch
butterflies at wintering colonies in Mexico: new isotopic evidence. Proc.
Natl. Acad. Sci. U. S. A. 95: 15436-15439. doi: 10.1073/pnas.95.26.15436

Wassenaar, L. L., and K. A. Hobson. 2000. Improved method for determining
the stable-hydrogen isotopic composition (dD) of complex organic
materials of environmental interest. Environ. Sci. Technol. 34: 2354-2360.
doi: 10.1021/es9908041

Wassenaar, L. L., and K. A. Hobson. 2003. Comparative equilibration and
online technique for determination of non-exchangeable hydrogen of
keratins for use in animal migration studies. Isot. Environ. Health Stud.
39:211-217.

West, J. B., G. J. Bowen, T. E. Cerling, and J. R. Ehleringer. 2006. Stable
isotopes as one of nature’s ecological recorders. Trends Ecol. Evol. 21:
408-414.

West, J. B., G. J. Bowen, T. E. Dawson, and K. P. Tu. 2009. Isoscapes: under-
standing movement, pattern, and process on Earth through isotope map-
ping. Springer, Dordrecht: Heidelberg: London: New York.

White, D. D. 1996. Two grizzly bear studies: moth feeding ecology and male
reproductive biology. PhD, Montana State University-Bozeman, College
of Letters & Science.

White, J. Don, K. C. Kendall, H. D. Picton. 1998a. Grizzly bear feeding activity
at alpine army cutworm moth aggregation sites in northwest Montana.
Can. J. Zool. 76: 221-227.

White, J. Don, K. C. Kendall, H. D. Picton. 1998b. Seasonal occurrence,
body composition, and migration potential of army cutworm moths in
northwest Montana. Can. J. Zool. 76: 835-842.

Wickham, H. 2016. Elegant grahics for data analysis. Spring-Verlag, New York.

Wilcox, E. V. 1898. The grain aphis; an army cut-worm. Montana Agricultural
Experiment Station, Bozeman, MT.

Willis, B. 1902. Stratigraphy and structure, Lewis and Livingston ranges,
Montana. Bull. Geol. Soc. Am. 13: 305-352.

Wotton, K. R., B. Gao, M. H. M. Menz, R. K. A. Morris, S. G. Ball, K. S.
Lim, D. R. Reynolds, G. Hu, and J. W. Chapman. 2019. Mass seasonal
migrations of hoverflies provide extensive pollination and crop protection
services. Curr. Biol. 29: 2167-2173.e2165.

Wu, Q. L., Y. Y. Jiang, J. Liu, G. Hu, and K. M. Wu. 2021. Trajectory modeling
revealed a southwest-northeast migration corridor for fall armyworm
Spodoptera frugiperda (Lepidoptera: Noctuidae) emerging from the
North China Plain. Insect Sci. 28: 649-661.

Yang, L. H., D. Ostrovsky, M. C. Rogers, and J. M. Welker. 2016. Intra-
population variation in the natal origins and wing morphology of
overwintering western monarch butterflies Danaus plexippus. Ecography.
39: 998-1007.


https://doi.org/10.1139/z04-075
https://doi.org/10.1080/09670870410001731907
https://doi.org/10.1111/een.12934
https://doi.org/10.1111/een.12934
https://www.britannica.com/place/Great-Plains
https://www.britannica.com/place/Great-Plains
https://doi.org/10.1002/fee.2217
https://doi.org/10.1093/ee/18.3.447
https://doi.org/10.2307/1939583
https://ipad.fas.usda.gov/rssiws/al/us_cropprod.aspx
https://ipad.fas.usda.gov/rssiws/al/us_cropprod.aspx
https://doi.org/10.1016/0033-5894(74)90006-4
https://doi.org/10.1073/pnas.95.26.15436
https://doi.org/10.1021/es990804i

