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ABSTRACT

The army cutworm moth, Euxoa auxiliaris, is a migratory noctuid that migrates from and
returns to the Great Plains. At their Rocky Mountain summering range, it is an important food
for the Greater Yellowstone Ecosystem (GYE) grizzly bears, Ursus arctos horribilis. However, a
limited understanding of moth migratory patterns, abundance at summering ranges, and the
associated vulnerability and variability of these populations, is a shortfall in agency grizzly bear
conservation strategies. Therefore, the objectives of our study were to assess the natal origin of
moths collected from two mountain ranges and within the Great Plains, characterize larval
feeding habits of migrants collected from the Absaroka Range, and assess a monitoring protocol
to determine moth abundance at a GYE aggregation site. Using stable isotopes, we estimated the
natal origin of migrants collected from the Absaroka and Lewis Ranges, examined migratory
patterns within the Great Plains, and assessed the larval feeding habits of migrants collected in
the Absaroka Range during 2017-2021. To estimate abundance, we sampled the airspace with a
radar stationed within 1 km of an aggregation site in the GYE during 2020 and 2021. There was
strong evidence that moths collected in the Great Plains and both mountain ranges were
migrating north-south, in addition to previously established east-west movement. Although their
origins were varied, moths of the Absaroka Range had the highest probability of origin in
Alberta and British Columbia, and moderate probability in Montana, Idaho, and Wyoming across
all collection years. Lewis Range moths had the highest probability of origin almost exclusively
within the lower third of Canada. As larvae, the moths collected from the Absaroka Range fed
almost exclusively on C3 plants. We estimate that 5 million moths passed through our radar’s
sampling plane (160-750 m above ground level and 2600 m across) over the course of 20 hours
(5 nights of movement). Overall, our findings suggest that army cutworm moths at aggregation
sites are “supplied” by various source locations, and thus insulated against regional declines
within their natal origins. Radar should be used at moth aggregation sites to continue monitoring
army cutworm moths.
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CHAPTER ONE

LITERATURE REVIEW

Introduction

The army cutworm moth, Fuxoa auxiliaris (Grote; Lepidoptera: Noctuidae), is a
migratory noctuid with the unusual status of being of both agricultural and conservational
significance (Pruess & Pruess, 1967; Robison et al., 2006; Strickland, 1916). Its common name
reflects its role as an agricultural pest—a generalist cutworm that feeds on a wide range of
cultivated plant and weed species, marching en masse to the adjacent field after running out of
food in the area where it started feeding (Burton et al., 1980). After emerging as an adult, these
moths migrate to the Rocky Mountains where they feed on alpine flowers primarily during the
night and roost in interstitial talus during the day (Burton et al., 1980; French et al., 1994;
Walkden, 1950; White et al., 1998b). Here, these annual aggregations of the moth are an
important food source for the grizzly bear (Ursus arctos horribilis) because the moth is one of
the most calorically dense food items in the Greater Yellowstone Ecosystem (GYE) (French et
al., 1994).

Although this moth is an important food source for the grizzly bear, many components of
the moth’s ecology remain unknown, including the natal origin of the moth as it pertains to its
destination in the Rocky Mountains, how they migrate to and from the Rocky Mountains, and the
abundance of the moth after reaching the Rocky Mountains (and subsequently the amount of
food that is available for the bear). It is therefore important to understand the ecology of this

moth to better inform the long-term potential of this insect as a food source for bears, and thus to
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inform conservational practices for the bear. This review serves to illustrate the work that was

done on the army cutworm moth and explore the areas in which our understanding is lacking.

Army cutworm moths

Life cycle

During late summer, adult females will begin to sexually mature and some will mate in
the alpine environments (Kevan & Kendall, 1997; Robison et al., 2006). Adults then migrate and
return to the Great Plains, where they continue to mate, and females lay as many as 3,000 eggs
per individual in the soil near host plants (Figure 1; Figure 2) (Burton et al., 1980; Cooley,
1916a; Johnson, 1905; Kendall, 1981; Strickland, 1916). After oviposition, the adults die (Burton
et al., 1980). Larvae emerge in mid-autumn and mature to the first or second instar,
overwintering in the soil. In the spring, hibernating larvae emerge to feed on alfalfa or small
grains. The larval stage of this insect produces the economic damage when populations are
sufficiently large (Burton et al., 1980; Morrill, 1991).

After reaching the sixth or seventh instar, larvae burrow into the soil and form a cell
horizontal with the soil surface to pupate (Burton et al., 1980; Seamans, 1928a). Sufficient
moisture during the late summer and early autumn is crucial for eggs to hatch (Burton et al.,
1980; Seamans, 1928a). After egg hatch, moisture is also critical in fall and spring (Burton et al.,
1980). With too much moisture, the larvae may drown or be forced to the surface where they will
not have protection from predators. With too little moisture, the larvae may desiccate (Beirne,
1970; Blodgett, 1997). The timing of precipitation and temperature is also critical (Hardwick &

Lefkovitch, 1971). As with other insects, predators, parasites, and diseases may also play
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important roles in the population dynamics of this insect (Johnson, 1905; Snow, 1925;
Strickland, 1916; Walkden, 1942).

Shortly after emerging in the spring and early summer, adults migrate to the Rocky
Mountains where they increase their lipid stores by feeding on alpine blooms (Kevan & Kendall,
1997; Pruess & Pruess, 1967). During the day, moths hide under the talus, taking advantage of
the thermal gradient present to thermoregulate as daily temperatures fluctuate (French et al.,
1994; White et al., 1998a). Toward the end of the summer, nocturnal moth activity begins to
decline as alpine flowers desiccate and go to seed, and moths migrate back to the plains (French

etal., 1994).

Low elevation ecology

The army cutworm moth is an infrequent pest throughout the Great Plains and the interior
prairies of Canada (Jacobson & Blakeley, 1959), and outbreaks usually do not occur in
successive years (Strickland, 1916; Walkden, 1950). Larvae are known for their generalist
feeding habits, and both feeding and observational studies illustrated that the cutworm would
feed upon most any plant that was offered, including (but not limited to) wheat, alfalfa, barley,
oat, and corn (Cooley, 1910; Strickland, 1916). A complete list of host plants can be found in
Burton et al. (1980). In outbreak years, larval density in the field can reach as many as 1,500
larvae/m? (Strickland, 1916). Outbreaks are generally preceded by one to two years of average
abundance (Burton et al., 1980), while the severity and frequency of outbreaks have oscillated
throughout the decades. In the 1950s, outbreaks occurred frequently in Montana, Wyoming,

Colorado, Alberta, and Saskatchewan (Jacobson & Blakeley, 1959). In the 1970s, outbreaks also
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occurred frequently throughout the Great Plains, with an estimated 2,500,000 acres of
agricultural land being treated for army cutworm in Oklahoma for one year (USDA, 1951-1975).

In the early 2000s, army cutworm moths were sufficiently numerous to warrant a
monitoring program in the Intermountain West of the USA (using pheromone traps) (Blodgett et
al., 2003). Efforts were renewed in 2013, in which army cutworm moths were again captured
with pheromone traps throughout a monitoring network in Montana. Similarly, in Nevada,
outbreaks occur infrequently, and army cutworm larvae can be found regularly in agricultural
fields (Jeffrey Knight, personal communication, February 19, 2020). Blacklight trap programs in
Nebraska indicate that army cutworm moths are almost never the most species-rich moth
collected, but they have been collected in low numbers almost every year since 2009 (University
of Nebraska, 2020).

Given that outbreaks of army cutworm moths are sometimes treated with pesticides,
bioaccumulation in the moths and subsequent transport of these chemicals to the alpine (where
bear feeding occurs) was of potential concern. Robison et al. (2006) sampled moths in the alpine
to analyze for pesticide residues and illustrated that moths only contained pesticides in trace
amounts. Furthermore, calculations based on the bears’ estimated consumption of the moths

indicated that bears did not consume enough moths to reach physiological toxicity.

High elevation ecology

Army cutworm moths were initially thought to be bivoltine in an effort to explain their
sudden disappearance during the summer months and later reappearance in the fall; however, this
explanation failed to establish why there were never fully formed ova in the spring brood and the

reduced population size in the fall (Gillette, 1903; Johnson, 1905). Cooley (1916a) demonstrated
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in Montana that army cutworm moths reared at ambient summer temperatures were mostly
unable to survive through the end of summer and thus it was theorized that the moths aestivated
during the summer months (Cook, 1927; Pepper, 1932).

Observation of a unidirectional flight in southwest Montana during the spring indicated
that the moths may migrate in response to deteriorating conditions (increased temperatures) in
the Great Plains, instead of aestivating during the summer (Pepper, 1932). Discovery of the
moths in large numbers at high elevation in talus fields corroborated this hypothesis (Chapman et
al., 1955), and an illustration of the moths’ ability to sustain flight after feeding on nectar
resources indicated migration of such distances was possible (Koerwitz & Pruess, 1964). Pruess
and Pruess (1971) used another method to document unidirectional migration with simultaneous
telescope observations in North Platte, Nebraska and Laramie, Wyoming. With an observer
stationed at each location, the authors tracked moths outlined against the moon and estimated the
flight direction, height, and vertical distribution of the moths. Blacklight traps were used to
confirm the identity of the migrants. Pruess and Pruess (1971) noted that moths were flying
westward, often independent of the prevailing ground-level wind direction.

En route to the mountains, army cutworm moths are thought to migrate in a “leap-frog”
pattern, using conducive weather fronts to assist their flight and stopping periodically to feed on
nectar sources (O'Brien & Lindzey, 1994). During this period of spring migration, moths have
been spotted flying low to the ground, feeding on flowers (Kevan & Kendall, 1997). Pruess
asserted that the return flight coincides with fall Pacific cold fronts, which likely result in a faster
return trip to the plains (personal communication between Pruess and O’Brien, 1994). Energy

stores remaining after the re-migration suggest that flight is assisted; White et al. (1996) found
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that after the return flight, moths captured in north-central Montana had lipid stores that were
only 30% depleted.

This method of weather-assisted migration occurs in several different migratory noctuids.
The black cutworm (Agrotis ipsilon, Hufnagel) has been shown to use weather-assisted
migration (migrating in a north-south orientation instead of east-west), after it was demonstrated
that synoptic weather patterns could be used to predict the relative displacement and arrival of
these migrants (Showers et al., 1989). These flights are thought to occur below 1500 m (between
300-900 m), which occurs in the range of the atmospheric low-level jet (Showers et al., 1989a).
The low-level jet occurs in the boundary layer wind profile that is common to the Great Plains; it
is strongest during the night and primarily moves in a northerly and southerly orientation (Arritt
et al., 1997; Shapiro & Fedorovich, 2008; Shapiro et al., 2016; Song et al., 2005; Walters et al.,
2008). It is likely that the army cutworm moth migrates at a similar altitude, using synoptic
weather patterns that instead occur in an east-west orientation.

The army cutworm moth exhibits oogenesis flight syndrome (French et al., 1994; Kevan
& Kendall, 1997; Pruess & Pruess, 1967). Before and during migration to the Rocky Mountains,
females lack developed ova (Kevan & Kendall, 1997). Similarly, males are not attracted to
pheromone traps at this time, indicating their sexual immaturity. When in the mountains, moths
forage on alpine flowers primarily during the night, although feeding has also been observed to
occur during the day in the wetter summer months (French et al., 1994; Kevan & Kendall, 1997;
White et al., 1998b; personal observation). This food source is then metabolized into lipids that
are stored in the abdomen, aiding in remigration and future oogenesis (French et al., 1994; Kevan

& Kendall, 1997; White et al., 1998b). Lipid content, as a percentage of body weight, can reach
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as much as 85% toward the end of the summer (before remigration) whereas newly emerged
adult moths generally have 20-34% abdominal lipid content (Kevan & Kendall, 1997; Pruess &
Pruess, 1967). These large increases in lipid content suggest that moths are likely not flying far
to feed (personal observation).

Toward the end of the summer, few moths mate before re-migration in the Glacier
National Park (GNP) area and in the mountains of Colorado (Kevan & Kendall, 1997; White et
al., 1998b). Few females are found with maturing eggs in late summer in these areas, and
reproductive maturity begins in the late summer. Conversely, in the GYE moths begin to mate

around mid-July to mid-September in large numbers (French et al., 1994; Robison, 2009).

Methods for tracking migration

Previous methods

Prior to our work, the relationship between natal origin of the army cutworm and its
respective summer destination (in the Rocky Mountains) was unknown. Only one method has
been used to determine the origin of the moth. Using an analysis of three DNA microsatellites in
moths collected from both the peaks and low elevations, Robison (2009) found that the moths are
panmictic and capable of dispersing throughout the entirety of the Rocky Mountains. This
finding is unsurprising because, for insects, it is difficult to establish migratory patterns using
genetic studies given that interbreeding prevents populations from attaining distinctive genetic
differences (Endler, 1973).

O’Brien and Lindzey (1994) suggested the use of pollen to track where the moths
originated, as was done with Helicoverpa zea (Boddie), commonly known as bollworms, by

Hendrix III et al. (1987). An understanding of the regional chronology of green-up facilitated the
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analysis of the pollen on which the moths were feeding. This technique could provide an
estimate of the general region where the larvae were feeding, but it is limited to this
generalization only (unless the biome in which the larvae were feeding was restricted to a

specific area).

Radar

Radar is a means to measure and characterize features of insect migration that indirect
observations of migration (e.g. blacklights paired with ground observations) cannot provide, such
as the height at which the insects are flying, the mass of the insects, and the displacement of the
insects (Chapman et al., 2003). Preliminary studies during the 1970s and 1980s were primarily
conducted with the use of X-band scanning radar (Chapman et al., 2011), in which the focus was
often agricultural pests (Reynolds & Riley, 1997). These initial studies illustrated the spatial and
temporal distribution of migrants, in addition to insect displacement, speed, and orientation
behavior (Reynolds & Riley, 1997). Long-distance migration of noctuid moth species were often
considered, and long-term studies were undertaken to provide a better understanding of
Helicoverpa zea (Westbrook, 2008). The use of meteorological technology concurrently with
radar also made for advances in understanding insects’ use of synoptic weather patterns—
focusing on noctuid-sized insects, Beerwinkle et al. (1994) illustrated that the majority of these
insects flew in the nocturnal low-level wind jet.

The U.S. national network of WSR-88D Doppler radars (primarily installed for tracking
weather) has also been used to assess noctuid migration, although they lack the resolution to
distinguish individual noctuid moths (Westbrook & Wolf, 1998). This equipment operates

similarly to X-band radars and is capable of detecting ground speed as well as displacement
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direction of migrating noctuids (in conjunction with measures of precipitation and weather)
(Crum & Alberty, 1993; Westbrook, 2008). If the correct target information was acquired (used
to distinguish the target of interest from other migrant bioflows and noise), documented data
from these radars could be used to discern migratory patterns of an insect for the past decade
(Robb Diehl, personal communication, 28 March 2020).

In the 1990s, technological advancements such as the inception of Vertical Looking
Radar (VLR) and harmonic radar facilitated more detailed study of insect migrants (Chapman et
al., 2011). Harmonic radar is likely too large for most noctuids, and thus the focus in this review
remains on other radar methods, such as VLR and X-band radar. With VLR came the ability to
distinguish individual insects according to wingbeat frequency, maximum reflectance to
minimum reflectance ratio, and shape. Using this information to discern which of the signals is
likely the target, the target’s horizontal speed, displacement direction, body alignment, and
estimate of body mass and shape could be discerned (Chapman et al., 2003).

In the context of migratory noctuids, major developments included the discovery that
these moths can orient their flight and generally fly downwind, although the mechanism of this
orientation remains unknown (Wood et al., 2006). Studies of Autographa gamma (Linnaeus), a
noctuid that migrates between Africa and northern Europe, indicate the potential for an internal
compass that aids in the selection of conducive winds (Chapman et al., 2008a). Such findings
may suggest similar mechanisms in the migration of E. auxiliaris, and characterization of the
height of flight may provide more insight about what synoptic weather patterns this moth may be

using.
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Stable isotope analysis

Stable isotopic analysis is a method of analysis that continues to experience increased use
in entomological studies (Hobson et al., 2018). Although advances have been made in
understanding the ecology of long-distance migrants using exogenous markers such as radio or
satellite transmitters and metal or color tags (Webster et al., 2002), these markers are typically
too large for insects or re-encounter rates are too infrequent (Hobson & Norris, 2008). Mark-
recapture offers an alternative to geolocators and transmitters, but this method is often time- and
resource-intensive, yielding few results (Hobson et al., 2003). Instead, the analysis of naturally
occurring endogenous markers—stable isotopes—is a means to determine the origins of migrants
through an understanding of how these markers are processed and assimilated in the organism
and referenced against the spatial patterns predicted (and observed) to occur in an “isoscape”
(Wunder, 2010).

For holometabolous species such as moths, chitinous structures that are not metabolically
active (e.g. wings) retain the isotopic signature of their larval stage, which in turn reflects the
isotopic signature of larval food sources (Wassenaar & Hobson, 1998). Commonly used isotopic
signatures in entomological studies include hydrogen, carbon, nitrogen, oxygen, and sulfur
(Wassenaar, 2009). Each isotope offers insight on different aspects of the organism’s biome—an
enriched nitrogen value indicates that the organism originated from an agriculturally intensive
region, whereas stable carbon values can be used to differentiate between whether a larvae was
feeding on plants with a C3 or C4 profile (Hobson et al., 2018; Marshall et al., 2007). Examining
the hydrological profile (stable hydrogen and stable oxygen) of an insect is a means to determine

origin when comparing those values to a hydrological isoscape (Hobson et al., 2018). Isoscapes
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for hydrological profiles continue to improve and have been established for both precipitation
and tapwater (Bowen et al., 2007; Brattstrom et al., 2010; Terzer et al., 2013).

One of the preliminary insect migration studies using isotopic analysis followed the
migratory patterns of the monarch butterfly (Danaus plexippus, Linnaeus): by rearing monarch
butterflies on local milkweed (exclusively on local precipitation) throughout the butterflies’ natal
region in North America, a wing isotopic signature for stable hydrogen (§2H) and carbon (5 !3C)
was created for this region (Wassenaar & Hobson, 1998). This wing isoscape was then used to
identify the origin of monarchs captured in their wintering location in Mexico (Hobson et al.,
1999) and in a number of other studies to establish critical components of monarch butterfly
ecology.

This method has been used in determining the ecology of several other migrants; to
reduce the logistical constraints of the study, closely related insects were used to model the
predicted isoscape for the insect of interest. The red admiral (Vanessa atalanta L.) undertakes a
complex and highly variable migration. To establish where this species reproduces (in addition to
a number of other critical ecological pieces), expected values of stable hydrogen (& 2H) for this
butterfly were established by combining data from butterfly species endemic to Capri and
butterflies developed in Sweden (Brattstrom et al., 2010).

The §2H isoscape generated for the study of the red admiral was also used to determine
the origin of the painted lady (Vanessa cardui L.) by re-calibrating the isoscape using known-
origin butterflies from throughout the Palearctic (Stefanescu et al., 2016). Similarly, a North
American dragonfly wing isoscape (for (52H and & '®0) was derived from the collection of three

known-origin species of dragonfly throughout North America. To illustrate proof of concept, the
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isoscape was used to map the predicted natal origin of common green darners (Anax junius
Drury) (Hobson et al., 2012).

Although ideal, rearing the insect of interest or collecting the insect throughout its entire
natal region to generate an isoscape is often unrealistic for many researchers. Probabilistic
assignment (or Bayesian assignment) is an alternative to these methods, and this method was
used to establish the origin of true armyworms (Mythimna unipuncta, Haworth). The stable
hydrogen (62H) values of lab-reared armyworms (raised on several different values of 6°H diets)
were calibrated with amount-weighted precipitation to generate a & *Hwing isoscape, which was
“capped” using the known geographic range of the armyworm (Hobson et al., 2018). These
studies are thus limited by the accuracy of the predicted isoscape as well as the understanding of
how an isotopic value may change when it is assimilated from food sources (and similarly, from

the environment by producers) (Brattstrom et al., 2010).

Alpine moth aggregation sites

Characteristics of moth aggregation sites

After reaching their alpine summer location, moths hide in the talus during the day
(French et al., 1994; Kevan & Kendall, 1997; O'Brien & Lindzey, 1994; White et al., 1998a,
1998b). When examining the characteristics of moth aggregation sites throughout the Rockies,
the following features have been observed as common: water, geomorphological features, slope,
aspect, and elevation. Although other variables tend to shift according to regionally specific
factors (such as climate), common to all moth aggregation sites is moisture. Throughout the

summer, the location of moth aggregations throughout the talus changes to reflect water
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availability (French et al., 1994; O'Brien & Lindzey, 1994; Robison, 2009; White, 1996). In
addition to preventing desiccation in an otherwise arid climate, the presence of water in talus
likely creates the correct temperature gradient the moths require (White et al., 1998b).

Similarly, the geology of moth sites throughout most regions is commonly characterized
by bare talus fields located beneath parent rock, such as glacier cirques, cols, and aretes (French
et al., 1994; Mattson et al., 1991; O'Brien & Lindzey, 1998). In the GYE, talus also must be of a
certain depth and size for moth accumulations to occur. Robison (2009) noted that although
surficial geology might indicate the presence of moths, these potential sites would not contain
moths if the talus was too shallow; she estimated this was due to the lack of a thermal gradient
that facilitated thermoregulation. This temperature gradient is described by White et al. (1998a).
Similarly, O'Brien and Lindzey (1994) found that higher moth abundance generally occurred in
areas of deeper talus (as much as 40 cm), and noted that few moths were found in talus of depths
0-15 cm. Rock size of the talus fields in which the moths inhabit ranges from 6-12 cm in the
GYE to 2-100 cm in GNP (French et al., 1994; White, 1996).

Throughout the Rockies, elevation of alpine moth sites primarily ranges from 2700-3500
m (French et al., 1994; Mattson et al., 1991; White et al., 1998a), while the primary aspect on
which moths can be found shifts when moving from the northern Rocky Mountains to the
southern Rocky Mountains. Although moths are not limited to one aspect, moths are most
commonly found on south and southwestern (warmer) aspects in the northern Rockies (Mattson
et al., 1991; White et al., 1998a). This is particularly true of the GYE: O'Brien and Lindzey
(1994) noted that moths occurred on all aspects except for northerly sites and were most

commonly found on southern facing sites (136-221°), although French et al. (1994) found moth
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aggregation sites on northeast, northwest, southeast, and southwest aspects. These studies,
however, did not assess the significance of the influence of aspect on where moths tended to
aggregate. Conversely, in the southern Rockies, moths were found on western to northwestern
aspects (Coop et al., 2005).

Another critical component that likely influences the location of moth aggregation sites is
the presence of alpine flowers nearby. Although the relationship between the distance of
flowering vegetation and where moths accumulate has not been explored (Robison, 2009),
flowering vegetation is present in all alpine moth sites that have been recorded except for the St.
Jemez mountains of New Mexico, where moths may have to fly farther to forage for nectar
(Coop et al., 2005). In the Colorado mountains, moths were captured while feeding on Salix spp.,
Phlox condensata, Haplopappus lyallii, Smelowskia calycina, Thlaspe alpestre, Mertensia spp.,
Valeriana capitata, and Polygonum bistorta; pollen contained in the proboscis was used to
confirm these species (Kendall, 1981; Kevan & Kendall, 1997). Although there is no
documentation of what species the moths feed on in GNP, this alpine plant community also
contains an abundance of forbs, such as Erythronium grandiflorum, Polygonum bistortoides, and
Dryas hookeriana (White, 1996).

Thilenius and Smith (1985) extensively documented the flora of the GYE and noted a
strong presence of forbs. Mattson et al. (1991) noted that these alpine tundra-covered benches
and plateaus often occurred above and below many of the moth sites, and again a number of
nectareous plants were observed. Previous efforts of blacklight capture in the valley below
Francs Peak indicate that moths were not flying to lower elevations to forage on nectar despite an

abundance of flowering vegetation. Furthermore, it was noted that flowers were abundantly
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dispersed throughout or near talus sites, and it is likely that moths are not flying far to feed
(personal observation).

Moth feeding habits were then tentatively established by French et al. (1994), in which
moths were recorded to feed on green bluebell (Mertensia lanceolata), thick-leaved groundsel
(Senecio crassulus), mules-ears (Wyethia amplexicaulis) and elephant’s head (Pedicularis
groenlandica). Similarly, Robison (unpublished data, 2009) noted that feeding habits indicated
that the moths were generalists. Thus, although rising temperatures may threaten some alpine
flower species, the generalist feeding habits of the moth likely protect it against changing plant

community composition at alpine sites.

Temporal abundance and measuring moth abundance at alpine sites

Moths begin to arrive in the alpine locations during summer at the time when enough
snow has melted into interstitial talus and the flowering of alpine species has made nectar
resources available (French et al., 1994; Mani, 1962). In the northern Rocky Mountains, arrival
in the alpine has been observed to occur primarily in late June and July (French et al., 1994;
Kendall, 1981; White, 1996). Within the GYE, moth arrival occurs in late June and early July,
and abundance peaks with the availability of alpine nectar resources (typically in late July and
early August) (Mattson et al., 1991; O'Brien & Lindzey, 1994). Departure for the Great Plains
occurs after nectar resources have dwindled (Kendall, 1981) and, in the GYE, most moths depart
from the alpine locations in early September (again, contingent on weather and nectar resources)
(O'Brien & Lindzey, 1994). These temporal estimates were primarily established with blacklight
trapping (Kendall et al., 1981; Kevan & Kendall, 1997; O'Brien & Lindzey, 1994; White, 1996;

White et al., 1998b).
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Although the moths’ temporal dynamics at alpine sites are understood, representative
measures of density at alpine moth sites have been more difficult to obtain, and long-term
population dynamics of the moth are entirely lacking. In GNP, measures of density were
established through sampling per square meter in moth aggregation sites—averages ranged from
6-15 moths/m?, but these numbers could reach as high as 178 moths/m? in areas of higher moth
density. A similar method was attempted in the GYE, but no numbers were reported (French et
al. 1994). O’Brien and Lindzey (1994) conducted hand-searches in the talus, but these efforts
were limited and yielded few results.

These authors noted that hand-excavated estimates were complicated by variable moth
mobility that reflected the conditions of the microsite; if sampled at colder temperatures, moths
were easier to capture (and thus the sample was more accurate), but if sampled at warmer
temperatures, moths could easily climb under the talus or fly away. To circumvent this issue,
Erik Peterson used handheld vacuums when sampling (Erik Peterson, personal communication,
27 February 2020). Furthermore, the depth of the talus is variable, and it is not always possible to
dig until ice or soil is reached.

This paucity of moth population data is not without reason: sampling moths in the alpine
is complicated by time and effort required to reach these remote sites, potential displacement of
foraging bears, and threats to personal safety. Moth sites are scattered heterogeneously
throughout the landscape and are often difficult and time-consuming to reach, and this process is
only further complicated when paired with transporting blacklight supplies to a site. To increase
efficiency of searching for moth sites, Robison (2009) created a Resource Selection Function

(RSF) model for moths in the GYE but determined that her model was biased toward the
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interaction of moths and bears. Thus, to provide a representative estimate of density for a
particular region, sampling efforts must be conducted both extensively and intensively
throughout the area of interest, and to establish a long-term assessment of moth populations in

the alpine using these methods would be resource- and time-intensive.

Objectives

My study had four objectives: (1) identify the probable natal origins of army cutworm
moths collected at moth aggregation sites of interest using a & >Huing isoscape and characterize
the agricultural intensity of the source region and larval feeding habits of collected migrants
using § °N wing measurements and & 13C, respectively; (2) identify the migratory routes of army
cutworm moths collected throughout the Great Plains during their spring and fall migratory
period using a & *Hying isoscape; (3) verify the assumption that the isotopic signature of moth
wings remains unchanged after feeding as an adult; and (4) establish an estimate of army

cutworm moth abundance using radar at a moth aggregation site of interest.
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Figure 1: Army cutworm moth range, adapted from Burton et al. (1980) by Nunlist (2020a).



19

Januaa'

A
S Hibemation as partly sAlarval
2 o grown larva " Deeding
(o] Oviposition £ §' begins
g~ Larval diapause: b‘rolkeln

Pupation

]

opulation Emergence
inpme)uu?\tt:ins . . of adults
Migration
of adults
to mountains
au“?

Figure 2: The life cycle of the army cutworm moth, from White (1996) and modified from
Kendall (1981).
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CHAPTER TWO

ESTIMATING THE NATAL ORIGINS AND FEEDING HABITS OF THE ARMY

CUTWORM MOTH (EUXOA AUXILIARIS) WITH STABLE ISOTOPES
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CHAPTER TWO

ESTIMATING THE NATAL ORIGINS AND FEEDING HABITS OF THE ARMY

CUTWORM MOTH (EUXOA AUXILIARIS) WITH STABLE ISOTOPES

Abstract

The army cutworm, Euxoa auxiliaris, is a migratory noctuid with the unusual dual status
of agricultural pest and an important food source for grizzly bears, Ursus arctos horribilis,
within the Greater Yellowstone Ecosystem. Beyond the confirmation of the moths’ seasonal,
altitudinal migration in the mid-1900s, little else has been documented about their migratory
patterns. Therefore, management of this grizzly bear food source has been difficult. To address
this missing ecological component, we attempted to characterize: (1) migratory pathways during
their spring and fall migratory periods throughout their natal range, the Great Plains, and (2)
natal origin at two of their summering ranges, the Absaroka and Lewis Range, using stable
hydrogen (J2H) analyses of wings from samples collected within the areas of interest. Stable
carbon (& °C) and stable nitrogen (& '°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, in addition to previously documented east-west movement, army cutworm moths are also
migrating north-south during their spring migratory period. Moths did not exhibit natal-origin
site fidelity when migrating back to the Great Plains. Natal origin of moths collected at their
summering ranges indicated that most migrants of the Absaroka Range had the highest
probability of origin within Alberta, British Columbia, and Saskatchewan, and the most southern

region of the Northwest Territories. Within the United States, Montana, Wyoming, and Idaho,
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whereas migrants collected in the Lewis Range had probable origins of almost exclusively
Canada, extending into the southern border of the Northwest Territories. Results suggest that
migrants of the Absaroka Range fed as larvae exclusively on C3 plants and few individuals fed
in heavily fertilized agroecosystems. Because army cutworm moths had varied origins within the
Absaroka Range, this important grizzly bear summer food source is likely protected against a

potential population declines.

Introduction

As a migratory noctuid, the army cutworm moth, Fuxoa auxiliaris (Lepidoptera:
Noctuidae) plays two roles during its one-year life cycle. 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 in the spring to continue feeding
until reaching their sixth or seventh instar (Burton et al., 1980; Seamans, 1928b; Strickland,
1916; Walkden, 1950). Pupation then occurs and adults emerge in the late spring and early
summer and migrate at night west to high elevations in the Rocky Mountains, escaping the hot
summer temperatures and dwindling resource availability of their natal range (Hardwick &
Letkovitch, 1971; Jacobson & Blakeley, 1959; Pruess & Pruess, 1967). This migration coincides
with the flowering of plants along the east-west gradient, and moths are thought to use a “leap-
frog” pattern to reach the mountain peaks, periodically stopping to feed on nectar in flowers

(Kendall et al., 1981; Kevan & Kendall, 1997; O'Brien & Lindzey, 1994).
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Upon reaching the Rocky Mountains, army cutworm moths constitute a significant
portion of grizzly bear (Ursus arctos horribilis) diets each summer for grizzly bears with home
ranges that both encompass moth aggregation sites within the Greater Yellowstone Ecosystem
(GYE) and choose to feed at these sites (French et al., 1994; Mattson et al., 1991). Rather than
estivate as other migratory noctuids that also exhibit an altitudinal migration do (Common, 1954;
Oku et al., 1983; Oku et al., 1982), army cutworm moths roost in the interstitial spaces of the
talus during the day and feed on alpine flower nectar during the night (Kendall et al., 1981;
Kevan & Kendall, 1997). Moths metabolize ingested nectar into lipid reserves that aid future
oogenesis and their return to the Great Plains at the conclusion of the summer (Kevan & Kendall,
1997; O'Brien & Lindzey, 1994; White et al., 1998b).

Grizzly bears forage for these dense 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 cutworm moth is one of the most calorically dense foods in the
GYE (French et al., 1994; Mattson et al., 1991; White et al., 1998a), and its availability coincides
with a period that is critical for bears to gain fat (Nelson et al., 1983). Provided that moth density
is high enough, grizzly bears can consume as many as 40,000 moths per day (White, 1999)—
equating to almost half of a bear’s annual energy budget after feeding on moths for 30 days
(White, 1996).

Moth aggregation sites have seen an increase in use by foraging grizzly bears since 1986
(IGBST, 2020; Mattson et al., 1991), and given the recent decline in grizzlies’ other critical food
sources, such as cutthroat trout, whitebark pine seeds, and ungulates (for some areas) (Fortin et

al., 2013; Koel et al., 2005; Manen et al., 2016; Schwartz et al., 2014), the army cutworm moth
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has likely become increasingly important. However, several components of the ecology of the
army cutworm moth remain poorly understood despite their importance in grizzly bear diets.

Although there are several theories on how natal origin of army cutworm moths affects
which peaks the moths select for over-summering, to date, only a single study has attempted to
provide a better understanding of its migratory patterns. Using three microsatellites (groups of
repetitive, non-coding genes) in moths collected both at peaks of conservational interest and at
lower elevations, Robison (2009) demonstrated that the moths were panmictic. This finding was
consistent with the limitations of genetic studies done on migratory 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 et al., (1996) posited). 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 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 (Wunder, 2010). This technique has seen 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 insight about the organism’s biome (Quinby et al., 2020; Wassenaar, 2009).
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Stable hydrogen, or 62H, has been used in studies to track insect movement (Brattstrom
et al., 2010; Flockhart et al., 2017; Flockhart et al., 2013; Hobson et al., 2018; Hobson et al.,
2022; Hobson et al., 2012; Wassenaar & Hobson, 1998; Yang et al., 2016). The discrimination
factor for stable hydrogen is very low, i.e., stable hydrogen in environmental water is
incorporated into plant tissues and subsequent plant consumers without significant changes.
Thus, because metabolically inert, chitinous tissue (e.g., wings) are representative of larval
feeding habits, wings collected from adults can be analyzed and referenced against a map of
predicted o 2H values to determine natal origin of the sample (Hobson et al., 2018; Wassenaar &
Hobson, 1998). Stable hydrogen 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 the question of origin (Hobson & Wassenaar, 2019). This is especially true when
applied to systems within North America because these patterns are very pronounced on a north-
south gradient (Bowen et al., 2005; West et al., 2006; West et al., 2009).

Natal origin studies also frequently employ the use of at least one other isotope to better
understand other components of the organism’s biome. Stable carbon values, or §'*C have been
used to both determine feeding preferences when C3 and C4 plants were present and, for
migrants, distinguish whether insects were primarily feeding on C3 or C4 plants (Hobson et al.,
2018; Hobson et al., 2022; Hyodo, 2015; Layman et al., 2012; McNabb et al., 2001; Ponsard et
al., 2004; Prasifka & Heinz, 2004; Quinby et al., 2020). Stable nitrogen, or § '°N, also provide
insight about the organism’s feeding habits. Although & >N values can be complex to interpret
due to a variety of factors (Hobson & Wassenaar, 2019; Pardo & Nadelhoffer, 2010), these

values have been used to illustrate how agriculturally intensive the organism’s natal area is
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(Hobson et al., 2018). Given the generalist feeding habits of the army cutworm moth,
characterizing major contributing sites (agricultural vs. wildland) would better inform our
understanding of the larval ecology of moths that constitute “source populations” in the Great
Plains.

The Shoshone Forest Management Plan (USFS, 2015) directs the preparation of a “moth
site” management plan with the intent of protecting the ecological integrity of these sites, grizzly
bear conservation, and addressing human safety in areas with high bear density. In response,
executive managers in the GYE highlighted the need for additional information, including a
better understanding of army cutworm moth ecology (TES-GOAL-04; USFS, 2015). Thus, this
project was created to address this specific information need and the following research
objectives were jointly developed by the USFS (SNF & GYE Grizzly Bear Habitat Coordinator)
and Montana State University:

(1) characterize the natal origin of army cutworm moths collected on three different

peaks of conservational interest within the Absaroka Range,

(2) determine whether army cutworm moths 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 migratory pathways using a
precipitation isoscape calibrated with the relationship between true armyworm Mythimna

unipuncta (Haworth) wing §2H values (6 *Hy), and environmental waters established by Hobson
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et al. (2018). This isoscape was also used to assess the natal origin of army cutworm moths
collected in Glacier National Park. We assessed the agricultural intensity of natal origin sites and
determined whether larvae fed in C3 or C4 biomes using & !N measurements and & 1*C values,

respectively.

Materials and Methods

Study area

Our study encompassed both the 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
& Dietz, 2020). Broadly, 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 & Dietz, 2020). Climate has been described in more
detail previously (Kunkel et al., 2013; Rosenberg, 1987).

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 the Corn Belt), including wheat, oat, soybean, and sugar beet. Major corn-producing
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states include South Dakota, Nebraska, lowa, Kansas, and Missouri, and major sorghum
producers include Kansas and Texas (USDA, 2022).

Of the army cutworm moth’s summering region, our study included peaks within the
Absaroka Range of northwestern Wyoming and the Lewis Range of northwestern Montana.
Within the Absaroka Range, elevation ranges 1830-4006 m, wherein moth site elevations range
2700-3500 m (French et al., 1994; Mattson et al., 1991; White et al., 1998a). The geology of
moth sites is dominated by talus fields that lack vegetation and lie beneath cliffs (French et al.,
1994; Mattson et al., 1991; O’Brien & Lindzey, 1994). Moth populations are supported by
neighboring patches of vegetation and meadows (French et al., 1994). Vegetation, climate, and
geology have been described previously for this range (Baker, 1944; Dirks & Martner, 1982;
Marston & Anderson, 1991; Sundell, 1993; Thilenius & Smith, 1985; Waddington & Wright,
1974). Within the Lewis Range, elevation ranges 948-3190 m, and its geology, vegetation, and
climate have also been described previously (Choate, 1963; Damm, 2001; Finklin, 1986; Willis,

1902).

Sample collection: Great Plains

From 2018-2021, 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 network 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 ecoregions,
including the west-central semiarid prairies, western cordillera, cold deserts, south-central

semiarid prairies, and warm deserts (Figure 3). Collectors used either blacklight traps or
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collected army cutworm moths by hand and euthanized them by either: (1) placing in the freezer
or (2) euthanizing with insecticidal strips (e.g., Hot Shot No-Pest Strip Insect Killer Strips®).

From 2020-2021, 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.
Samples collected from 2018-2020 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 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 ecoregion are summarized in Tables 1 and 2.

Sample collection: Moth aggregation sites (mountain peaks)

From 2017-2021, we hand-collected army cutworm moths from the talus at three moth
aggregation sites in the Absaroka Range (Figure 4). Moths were euthanized on site by gently
squeezing their thorax. All samples from 2017-2020 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 processing. 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 (Figure 5);
these samples were shipped and stored as described previously. Peaks cannot be identified here

due to disturbance concerns (Nunlist, 2020b). Consequently, sites within the Absaroka Range
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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 randomly selected 50 samples
from each peak and year to prepare for stable carbon and stable nitrogen analysis (or the total n
for each peak and year if < 50). Data from army cutworm moths collected at moth aggregation
sites are summarized in Tables 3-6.

To validate the assumption that stable hydrogen values do not change with wing-tissue
turnover in adulthood, we reared another noctuid—tfall armyworm, Spodoptera frugiperda
(Smith)—on sugar-water treatments with differing & °H values (844.65 + 0.43%o or -138.86 +
0.09%o) and evaluated their § H,, measurements for potential changes. Although wing tissue is
more metabolically inert than other insect tissues, veins that run through the wings may supply
the tissue with material created from what was ingested during adulthood, and thus stable
hydrogen wing values may also be representative of adult feeding. We raised two groups (n=60
per group) of fall armyworm at 25 £ 3°C, 65 £ 10% RH, under LD 14:10 on sugar water with
differing 6 2H values. Pupae were purchased from Benzon Research, where all pupae were reared
in the same cohort and on the same diet using one source of water (municipal city tap-water). We
received pupae several days before they emerged as adults. Pupae were randomly assigned to a
group and placed into a 610 x 610 x 610 cm (24” x 24 x 24”) screen cage for their respective
treatment group. All moths fed voluntarily and ad libitum. After two weeks, all moths were
euthanized by freezing and stored in the freezer at -20°C until processing for analysis. We

randomly selected 10 moths from each treatment to prepare for analysis.
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Identification

All moths were identified to the Noctuidae family using characteristic wing venation
(Triplehorn et al., 2005) and wing patterns characteristic of army cutworm moths per specimen
slides prepared by Lafontaine (1987). Due to time constraints, we were unable to perform species
identification via standard genitalia dissection for each sample. We instead verified species
identification using mitochondrial gene cytochrome oxidase I (COI) for five randomly selected
moths per county or moth aggregation site per year. We removed the legs of each specimen,
placed the legs inside of a 1.5-mL centrifuge tube, and shipped the samples on reusable ice packs
to R. Simmons at the University of North Dakota (UND). For each specimen, the UND team
extracted DNA and amplified COI per Pogue and Simmons (2008). In previous work, all
samples collected at moth aggregation sites were Euxoa auxiliaris, as identified to species per

standard genitalia dissection (French et al., 1994; O’Brien & Lindzey, 1994).

Sample preparation and laboratory analysis

Water treatment 6 2H values were measured by off-axis integrated cavity output
spectroscopy (OA-ICOS) using a Los Gatos Research Liquid Water Isotope Analyzer at the
Environmental Analytical Lab, Montana State University (Bozeman, Montana).

All wing samples were placed into 20-ml 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 5x3.5-mm capsules (EA Consumables). For stable-carbon and stable-nitrogen
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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 before analysis (Wassenaar & Hobson, 2000).
Stable hydrogen values of the non-exchangeable portion of hydrogen were determined using
comparative equilibration (Wassenaar & Hobson, 2003) using three internal laboratory keratin
reference materials. Values of 62H 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%o), KHS (-35.3%0), 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 o values, using the per mill notation, and
calculated as:

O H = 1000* [(Rsample— Rstandard/Rstandard)],
where Rsample and Randard are the 2H/'H of the sample and standard, respectively.

Precision for § ?’H was determined by the analysis of the three exchangeable (keratin) reference
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materials described above. Standard deviation (1 SD or 15) calculated on repeat analysis of these
reference materials was <2%eo.

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 beginning, at intervals between samples, and
at the end of analytical sessions. Analytical precision calculated from the standards was + 0.1%o
(1 SD or 1o) for both 6 ’'N and 6 '*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 ¢ 1*C. The three internal laboratory standards used were:
UNM-CSI Protein std#1, casein purchased from Sigma Aldrich with §'°N and 6'3C values of
6.43%o0 and -26.52%o0; UNM-CSI Protein std#2, soy protein purchased from Sigma Aldrich with 0
5N and 6 13C values of 0.98%o and -25.78%o; and UNM-CSI protein Std#4, house made tuna

protein with 6 ’N and J *C values of 13.32%o and -16.17%o.

Statistical analysis

All statistical analyses were performed in R (Team, 2020).

Spring and fall samples. Due to the arbitrary nature of political boundaries as prescribed

by counties, 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 & Griffith, 2014). We fit a linear model between J?H,, and

ecoregion and year, and we assessed the need for the inclusion of an interaction between
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ecoregion and year with a two-way ANOVA. We determined 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 between ecoregions in mean 6 2Hy and established
that there were significant differences 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 *Hy value

with a 1-degree buffer from the wing tissue-calibrated isoscape. 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 *Hy
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 &2H,, 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 '3C wing (& '3Cy) values and moth aggregation
site/year. Using a two-way ANOVA, we: (1) examined for differences in mean §'*Cy, values
between moth aggregation sites and across years, and (2) tested for an interaction between year
and moth aggregation site on & '*Cy, values. Significant differences in & '*Cy, values were found
between years. We performed a post-hoc analysis with Tukey’s HSD. We repeated these steps
with stable nitrogen and found no significant differences between years or mountain peaks.

There was no evidence for an interaction between year and peak, and we dropped the interaction
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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 &§°Hy, and environmental water:
0 Hy = 0.4 X 6 *Hprecip— 84.4

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). This created two raster objects—the
predictive tissue isoscape and a 16 uncertainty surface. Covariance was estimated by randomly
drawing values from the environmental isoscape distribution 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) because 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
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our sample values with values assigned to the EC-01 (52H = -197.0%0) and EC-02 (6%H = -
54.1%o) 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 probability 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 calculating 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.

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 *Hy (ANOVA, F3,1014= 17.4, p < 0.001 and F4 1014 = 54.2, p <0.001, respectively). We
found very strong evidence for an interaction between year and ecoregion (ANOVA, F71014 =
9.6, p <0.001), and used the flattened year/ecoregion variable to perform post-hoc testing.
Broadly, ecoregion §*Hy 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 (Figure 6). Exceptions to this finding (wherein stable
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hydrogen distributions were significantly different as compared to other years of collection
within the ecoregion) included 2021/south-central semiarid prairies and 2020/west-central
semiarid prairies. The most geographically distinct ecoregions—the western cordillera and
south-central semiarid prairies—were significantly different for all year combinations excluding

western cordillera/2019 and south-central semiarid prairies/2021 (Figure 6).

Fall samples. Although there was strong evidence that both year and ecoregion had an
effect on mean 5°Hy (ANOVA, Fi286=27.1, p <0.001 and F3 36 = 4.5, p = 0.004, respectively),
there was little to no evidence that an interaction between year and ecoregion had an effect on ¢
2Hy (ANOVA, Fi 286 = 1.4, p = 0.24). Using the additive model (5 *Hy as a function of year +
ecoregion), we found significant differences between cold deserts/the western cordillera
(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 & ?Hy values were less distinctive than
those found in the spring, more northern ecoregions tended to have more negative distributions

(Figure 7).

Migratory patterns within ecoregions. We grouped and analyzed army cutworm moths

according to ecoregion/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 traveled 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



45
prairies (2018-2020) and west-central semiarid prairies (2020 only) had high probability of
origin that fell within their respective ecoregion. 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 probability of northern origin as compared to the latitude
of their respective ecoregion. Migrants collected in the western cordillera had the highest
probability of origin in the northern extent of the army cutworm moth’s potential range across all
years (Figure 8), 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. 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. For all spring and

fall year/ecoregion union probability maps, refer to Figures 1-12 in Appendix B.

Moth aggregation site samples

We found a significant difference in mean &2H, between the Absaroka Range and the
Lewis Range (two-sample t-test, teoo = -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 (Figure 9). Because some moth aggregation sites had such limited
sample sizes within the Lewis Range (n = 5 or fewer), we did not test for differences in 52Hy

values between mountain peaks of this area.
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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 &?H,, from moths collected within this region was comparable to the Bighorn Basin’s
predicted value of -127.8%o (two-sample t-test, te23 = -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%eo.
Stable hydrogen values at the peak/year level had a surprising amount of variation, ranging from
a mean of -109.8%o to -171.9%o (Table 3; Figure 10), and there was very strong evidence that
mean & 2H,, varied, as compared to other years, for at least one year (ANOVA, Fa614 =24.8,p <
0.001). This variation suggests that there was limited 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 &2H,
isoscape from which the tissue-calibrated isoscape was derived. Thus, in the figures depicting
union probability, the narrower depiction of origin that is consistently seen along the border of
Alberta and British Columbia and the broader “band” of natal origin for regions 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
0 ?H,, values from all peaks. Moths of this range had high probability of origin exclusively
within the northwestern extent of the army cutworm’s known range, wherein the vast majority of
migrants likely originated in the western half of Canada (Figure 11). 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.
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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
(Figs. 10-14). 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, although 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 characterized by very diverse origins in addition to patterns found in all years. Moths
collected in 2017 had moderate probability of origin in parts of Washington, Oregon, California,
Nevada, Utah, and Colorado (Figure 12). In 2020, migrants likely originated from each state
within their natal range (Figure 15). The probable origin of migrants collected in both 2019 and
2021 were again constrained primarily to the northwestern extent of their range (Figures 13, 14,
and 16).

Our fall armyworm feeding experiment confirmed that wing stable hydrogen values do
not change over the course of two weeks of adult feeding. Even when fed heavily deuterated
sugar water (844.65 £ 0.43%o), there was no evidence that mean 6 *Hy, differed from mean & 2Hy
of moths fed a sugar solution made with tap-water (-138.86 £ 0.09%o) (Wilcoxson rank sum test,
W =50, p = 0.72). Thus, this finding suggests that §>Hy, values of moths collected from

throughout the Great Plains and on mountain peaks were representative of larval feeding habits.
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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 & 3Cw value close to, if not exactly, -27%o (Table 5). Although &
BCy values did not vary significantly between peaks (ANOVA, F2,197 = 0.87, p = 0.42), there
were significant differences found between years (ANOVA, F4,197 = 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.

Stable nitrogen values, however, did not vary significantly between years (F4,197=1.49, p
=0.21) or peaks (F2,197 = .92, p = 0.4), and, for each moth aggregation site and year of collection,
mean & '°N ranged from 5.4%o to 7.3%o (Table 2). Few moths fed in a heavily fertilized
agroecosystem (as distinguished by a § °Ny, value of ~14%o or more). Of the three individuals
that were likely feeding in a C4 biomes, one of their respective & "Ny, values was undoubtedly
from an agricultural biome (> 15%o), while the remaining two had & '°Ny, values closer to the

average.

Discussion

With some exceptions, 6 2H distributions tended to become more negative when moving
from southern to northern ecoregions for both spring and fall collection. Significant differences
in mean §2Hy, were found between geographically distinct ecoregions for most spring

year/ecoregion combinations, indicating that point of origin influenced (to an extent) migratory
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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 probability of origin was found
throughout the northwestern region of the Great Plains. Southern ecoregions, including one year
of collection 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. 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. Mean & ?Hy, of the
Lewis Range was significantly different (more negative) 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’s potential 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
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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 southeastern region (i.e., Texas and
Oklahoma). Altogether, there was very limited evidence for a subpopulation, and the hypothesis
of O’Brien and Lindzey (1994) that migrants were primarily supplied by the Bighorn Basin has
little support.

Stable carbon values of moths collected in the Absaroka Range were 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
altogether unsurprising, even in light of the army cutworm moth’s varied larval feeding habits
(Burton et al., 1980)—corn and sorghum (cultivated C4 plants) are planted in the late spring, and
germination may occur beyond the window of adult moth emergence for some areas (Carter et
al., 1989; Kucharik, 2006). This, however, may 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 agricultural practices. Of
the individuals that fed on corn or sorghum, only one migrant clearly originated from an
agroecosystem that was heavily fertilized.

Across summer, spring, and fall collection, year was found to have a significant effect on
both moth 62Hy and & *Cy. The significance of year 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
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Absaroka Range, summering ranges in the Rocky Mountains will be “supplied” by an array of
natal origin sites that vary yearly, rather than by a subpopulation specific to particular mountain
ranges. This finding is also supported by the army cutworm moth’s sporadic nature as a pest;
rather than consistently 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 above 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 1800 km. Comparatively, both the Australian Bogong moth
(Agrotis infusa) and black cutworm (Agrotis ipsilon) undertake a bi-annual migration of as far as
1000 km and weather-assisted migration of as far as 1266 km, respectively (Showers et al.,
1989a; Warrant et al., 2016). Without the aid of wind, army cutworm moths have the potential to
fly as far as 64 km per night (Koerwitz & Pruess, 1964). Thus, to complete such a migration in
the time frame between adult emergence in Canada and the onset of summer in the Rocky
Mountains (slightly less than a month), army cutworm moths would likely need to fly above the
flight boundary layer and with the aid of preferential winds, as is seen in the aforementioned
noctuid migrants (Chapman et al., 2008a; Chapman et al., 2008b; Showers et al., 1989a).

As we mentioned previously, the conclusions that can be drawn using an isoscape based
on a stable isotope that varies primarily along a north-south gradient are limited. The resolution
and accuracy of the assignments we presented here would be greatly improved with the inclusion
of a second isotope, such as carbon, and potentially a trace element (Heinrich & Collins, 2017;

Holder et al., 2014). As such, union probability maps, particularly pertaining to longitudinal
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accuracy, should be treated with caution. For example, there was a high probability that moths
flew from either side of the Rocky Mountains to reach summering ranges. 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 because 6 2H 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%o found in the Northwest Territories and along the border of Alberta and British Columbia.
Union probability maps generated for collections in which mean & 2Hy, was less than -150%o may
therefore not be accurate. Ground-truthing with moth &2H,, captured at point of emergence to
establish the accuracy of the predictive map, or to create an army cutworm moth-specific
isoscape, would be of substantial use in rectifying this limitation.

A potential explanation for some of the extremely negative values we saw may have
resulted from moth wing §?H changing with adult feeding. Although wings are more
metabolically inert than other insect tissues, these chitinous structures contain veins through
which hemolymph is pumped, and therefore hydrogen ratios from wings may be representative
of a mixture of larval and adult food sources. However, this is unlikely because our two-week
feeding study with fall armyworm indicated that moth &2Hy values did not drift, even when
moths were fed heavily deuterated sugar water. Because the army cutworm moth is such a long-
lived migrant, future studies should document whether this conclusion holds true over a longer

period.
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Ultimately, given the varied moth wing &2H 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 geographical array of natal origin sites and provides the first evidence that army
cutworm moths may migrate northwest to southeast, in addition to previously documented east-

west movement.
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Table 1: Summary of §2Hy, data for army cutworm moths, Euxoa auxiliaris, collected during the
spring emergence period within the Great Plains (2018-2021, n = 1031).

52H (%0 VSMOW™)

Year Ecoregion n Mean + SD 95% CI
2018  Cold deserts 6 -150.7+252 -177.2 —-124.3
2019  Cold deserts 108 -127.9+21.3 -131.9--123.8
2020  Cold deserts 161 -132.1+22.3 -135.6 —-128.7
2021 Cold deserts 33 -122.8+27.4 -132.6 —-112.9
2018  Western cordillera 4 -1663+2.0 -169.5 —-163.1
2019  Western cordillera 18 -142.6 £23.6 -154.3 - -130.9
2020  Western cordillera 62 -145.1+£20.5 -150.3-139.9
2021 Western cordillera 16 -159.2+14.8 -167.1--151.3
2018  SC semiarid prairies” 45 -118.7+15.7 -123.5--114.0
2019  SC semiarid prairies 67 -116.5+19.9 -121.4--111.7
2020 SC semiarid prairies 177 -119.1+12.3 -120.9--117.3
2021  SC semiarid prairies 103 -130.8 £13.0 -120.9 —-117.3
2020  Warm deserts 22 -130.6 £10.5 -133.4 --128.3
2020  WC semiarid prairies” 189 -130.8+12.3 -132.6 —-129.0
2021 WC semiarid prairies 20 -159.5+19.8 -168.8 —-150.2

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

Table 2: Summary of §2Hy, for army cutworm moths collected during the fall migratory period
within the Great Plains (2020-2021, n = 293).

S7H (%o

VSMOW™)

Year  Ecoregion n Mean = SD 95% CI

2020  Cold deserts 38 -122.4+139 -127.0--117.8
2020  Western cordillera 49 -133.9+194 -139.5 --128.3
2021 Western cordillera 14 -154.9+25.9 -169.8 --139.9
2020  SC semiarid prairies 46 -124.6 £20.6 -130.7 - -118.5
2020  WC semiarid prairies” 85 -132.3+19.6 -136.5 --128.0
2021 WC semiarid prairies 61 -1453+19.7 -150.4 —-140.2

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



Table 3: Summary of §2H,, data for army cutworm moths collected each summer at mountain
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peaks within the Absaroka Range (2017-2021, n = 618).

02H (%o

VSMOW™)

Year Location n Mean + SD 95% CI

2017 A 89 -153.8+23.2 -158.7—--149.0
2018 A 271 -135.6 £30.6 -139.3 --132.0
2020 A 34 -134.6+21.7 -142.2 --127.0
2021 A 50 -153.2+22.6 -159.6—-146.8
2018 B 7 -109.8 £23.0 -131.0 —-88.6

2020 B 11 -139.8 £14.7 -149.6 —-129.9
2021 B 50 -155.5+184 -160.8 —-150.3
2019 C 20 -171.9+£30.3 -186.1 —-157.8
2020 C 42 -1322+19.6 -138.4 —-126.1
2021 C 50 -160.3+19.3 -165.8 —-154.8

**Vienna Mean Standard Oceanic Water

Table 4: Summary of &2Hy data for army cutworm moths collected during the summer of 2019
within the Lewis Range (2019, n = 77).

0 2H (%o

VSMOW™)

Year Location n Mean + SD 95% CI

2019 D 30 -145.5+25.6 -155.0--135.9
2019 E 13 -197.0 £43.1 -223.0--171.0
2019 F 13 -178.8 £36.2 -200.7 —-156.9
2019 G 2 -1589+18.2 NA

2019 H 3 -1709+11.9 -200.5--141.4
2019 I 2 -1793+04 NA

2019 J 14 -174.0 £33.1 -193.1 —-154.9

**Vienna Mean Standard Oceanic Water

Table 5: Summary of § '*Cy, data for army cutworm moths collected each summer at mountain

peaks within the Absaroka Range (2017-2021, n = 205).

O 13C (%o

VPDB')

Year Location n Mean + SD 95% CI
2020 B 6 -27.0+0.8 -27.9 --26.1
2021 B 33 -26.7+23 -27.5--259
2017 A 20 276+14 -28.2--27.1
2018 A 29 26.7+1.2 272 --26.3
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Table 5 Continued

Year Location n Mean + SD 95% CI

2020 A 25 273413 -27.8--26.8
2019 C 17 -27.0+3.7 -27.5--23.7
2020 C 23 27.0%1.0 -27.4—--26.6
2021 C 43 272+1.0 -27.5--26.9

Vienna Peedee Belemnite

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

O N (%o

VPDB')

Year Location n Mean + SD 95% CI
2020 B 6 54+14 39-6.8
2021 B 33 6.1 +3.1 5.0-72
2017 A 29 64+35 5.1-7.7
2018 A 29 57+28 4.7-6.8
2020 A 25 62+34 48-17.6
2019 C 17 73+3.8 53-92
2020 C 23 53+25 42-63
2021 C 43 6.7+£2.6 59-175

Vienna Peedee Belemnite
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Figure 3: 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.
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Figure 4: Army cutworm moth summer collection sites A-C located in the Absaroka Mountain
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Figure 6: Stable hydrogen distribution of army cutworm moths (Euxoa auxiliaris) grouped per
ecoregion in which they were collected and the year of collection during the spring. A boxplot
with no letter in common indicates that the mean of its respective flattened peak/year variable is
significantly different (Tukey’s LSD, a = 0.05). See Table 1 for sample sizes.
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Figure 8: Union probability, the probability that any army cutworm moth (Euxoa auxiliaris) from
the group originated from any cell within the army cutworm moth’s known range, calculated for
the western cordillera in the spring of 2018, 2019, and 2021 (n = 100). Probability of origin is
illustrated on the right, moving from lower probability of origin (pink) to highest probability of
origin (green). The x-axis illustrates longitude, and the y-axis illustrates latitude (decimal
degrees).
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Figure 11: Union probability calculated for army cutworm moths, Euxoa auxiliaris, collected in

the Lewis Range (2019; n =77).
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Figure 12: Union probability calculated for army cutworm moths, Euxoa auxiliaris, collected
from Peak A in the Absaroka Range, 2017 (n = 79; Peak A).
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Figure 13: Union probability calculated for army cutworm moths, Euxoa auxiliaris, collected
from Peaks A and B of the Absaroka Range, 2018 (n = 278).
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Figure 15: Union probability calculated for army cutworm moths, Euxoa auxiliaris, collected

from Peaks A, B, and C in the Absaroka Range, 2020 (n = 87).
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Figure 16: Union probability calculated for army cutworm moths, Euxoa auxiliaris, collected

from Peaks A, B, and C in the Absaroka Range, 2021 (n = 150).
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CHAPTER THREE

USING RADAR TO MONITOR MIGRATING ARMY CUTWORM MOTHS, EUXOA

AUXILIARIS, IN THE ABSAROKA MOUNTAIN RANGE

Abstract

As the availability of grizzly bear (Ursus arctos horribilis) food sources continue to shift
within the Greater Yellowstone Ecosystem (GYE), understanding of their ecology must improve
to address, and, where possible, mitigate the potential consequences of these changes. Among
these food sources is the calorically dense army cutworm moth (Euxoa auxiliaris), a migratory
noctuid that undergoes a remarkable journey from the Great Plains to the Rocky Mountains in
the early summer and returns to the plains in the fall. These ephemeral visitors, which migrate to
high-elevation aggregation sites, constitute a significant portion of grizzly bears’ diets within the
GYE. Although long-term monitoring programs have been established for other grizzly bear
food sources (e.g., whitebark pine), a monitoring program for the army cutworm moth at moth
aggregation sites has not been established, and our understanding of moth abundance at these
sites is extremely limited. As such, management of these sites has thus been difficult. To
determine whether it would be viable to estimate army cutworm moth abundance with radar, we
sampled the airspace ~1 km from a known moth aggregation site with a transportable radar unit
during the timeframe preceding peak moth abundance in 2020 and 2021. To verify the
identification of the migrants detected, we gathered circumstantial evidence of moth presence in
the airspace and examined differences between the diurnal and nocturnal sampling period. From

the radar’s observations, we determined that approximately 5 million moths had passed through
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our 3-km wide sampling plane over a sampling period of 20 hours, estimated the mean direction,
and estimated mean speed of the detected targets. Based on the abundance estimate we
established, it is likely that moths migrating through the eastern front range of the GYE number
in the billions. We conclude that the implementation of a moth monitoring program via radar

should be considered, and we provide suggestions for future work.

Introduction

Migrating animals are important in the transport of energy, nutrients, and biomass
between geographically distinct landscapes (Stepanian et al., 2020). Especially important among
these are the insects, an often overlooked group (despite being the most species-rich animal on
earth), perhaps owing partly to the difficulty in tracking their migration on account of their small
size (Chapman et al., 2015). Migrating insects are of general interest because they are commonly
agricultural pests (Chapman et al., 2015), or, conversely, charismatic species of conservation
concern (Brower et al., 2012; May, 2013). Of the tools used in studying insect migration, radar
has proved to be exceptionally insightful; resulting studies have upended some of our
assumptions regarding insect migration and expanded our ability to monitor insect populations.

After its first successful use in tracking both orthopteran and lepidopteran migrants
(Schaefer, 1969), radar has seen dramatic improvements. With the development of insect-
specific radars such as the scanning insect radar and Vertical Looking Radar (VLR) came the
ability to distinguish between individual organisms, and, consequently, determine the horizontal
speed, displacement direction, body alignment, and approximate mass of insect targets
(Chapman et al., 2003). Studies following this development were better able to characterize

insect flight—rather than flying at the mercy of the wind (as was previously believed), it was
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illustrated that many insect migrants are sophisticated fliers. High-flying noctuids, such as
Autographa gamma (L.), can assess wind direction and align their flight heading to both
maximize their displacement speed and compensate for crosswind drift (Chapman et al., 2008a;
Chapman et al., 2008b; Chapman et al., 2015). This was even found to be true of many large
day- and night-flying insects (Chapman et al., 2010).

Radar has also facilitated the quantification of mass seasonal “bioflows” of insects,
providing ecosystem-wide context for the exchange of nutrients between two disparate habitats
(Hu et al., 2016). Furthermore, insect-specific monitoring is not limited exclusively to radars
designed explicitly for insects. Given a detailed understanding of the life-history of an insect, a
biomass estimate of an individual genus or species using radar intended for weather surveillance
is also possible; an application of this approach was used to establish the first Hexagenia
(burrowing mayflies) biomass estimates during their emergence period and monitor their flight
between the Western Lake Erie Basin and Upper Mississippi River (Stepanian et al., 2020).
Recent developments have even facilitated the discernment between birds and insects when
using radars intended for weather surveillance (Nussbaumer et al., 2021), opening up decades of
data gathered by the U.S. national network of WSR-88D Doppler radars for exploration of
insect-specific questions.

Of the insect migrants for which there remain a multitude of questions regarding
abundance and flight characteristics is the army cutworm moth, Euxoa auxiliaris (Lepidoptera:
Noctuidae). This otherwise unassuming noctuid accomplishes the transport of billions of calories
between two distinct biomes: the Great Plains of the United States and prairies of Canada, and

the Rocky Mountains of the west (Pruess & Pruess, 1967). During their period spent in the



78
plains, army cutworms are agricultural pests. In late September and early October, females return
to the Great Plains of the United States and prairies of Canada to oviposit, and larvae emerge to
begin feeding on a variety of both cultivated crops, weeds, and uncultivated plants (Burton et al.,
1980; Cooley, 1916b; Pruess & Pruess, 1967; Strickland, 1916). After reaching their second
instar, larvae overwinter by burrowing into the soil near host plants and emerge in the spring to
continue feeding (Seamans, 1928b). Larvae pupate after reaching their seventh instar, and, after
emerging as adults, begin their migration to the Rocky Mountains (Burton et al., 1980). This
migration is thought to be triggered by the waning food sources and warming temperatures of
their natal range (Pruess & Pruess, 1967).

Upon reaching the Rocky Mountains, army cutworm moths continue to feed on alpine
blooms during the night, metabolizing the nectar into lipid stores reserved for the return flight to
the plains and future oogenesis (Kevan & Kendall, 1997). Although some moths have been
observed to feed during the day in the early summer (personal observation), most aggregate
within the interstitial spaces of talus during the day to thermoregulate (French et al., 1994; White
et al., 1998b). Aggregations of these ephemeral visitors constitute a significant portion of grizzly
bear (Ursus arctos horribilis) diets, as this moth is one of the most calorically dense food
resources within the Greater Yellowstone Ecosystem (GYE) (0.5 kcal/moth) (French et al., 1994;
Gunther et al., 2014; White, 1999). Provided that moth density is sufficiently high, grizzly bears
can consume as many as 40,000 moths per day (White, 1999), equating to roughly half of a
bear’s annual energy budget over the course of a 30 days (White, 1996).

Despite the importance of this moth in grizzly bear diets, moth abundance data collected

in the moth’s summering ranges are scarce. This paucity of abundance data is for good reason;



79
several researchers have attempted to characterize regional abundance at certain mountain peaks
in the summering ranges of the moth using blacklight traps and/or hand excavation, but these
efforts were so time- and effort-intensive that they were not continued beyond the scope of the
study (French et al., 1994; O'Brien & Lindzey, 1994; Robison, 2009; White et al., 1998b).
Researchers noted the difficulty of blacklight-trap maintenance in the high alpine, as the remote
sites required hours of hiking each way. In some instances, access to moth aggregation sites was
only feasible when backpacking.

Hand collection was complicated by the varied mobility of moths depending on ambient
temperature of the talus, and it was often impossible to reach the bare soil that lay beneath the
talus due to talus depth. Density counts also varied extensively due the heterogeneous nature of
habitable moth sites (O’Brien & Lindzey, 1994; White et al., 1998b). This was only further
complicated by the fluctuation of where moths aggregated in the talus; Robison (2009) noted that
moths tracked changes in moisture throughout the summer season. Finally, because sampling
efforts are typically conducted in areas of high moth density, grizzly bears were typically present
at these sites. In addition to the risk posed to the research team by working in an area with a high
density of bears, bears that encounter humans at these sites will typically cease foraging
activities to run from the unknown threat—unnecessarily expending calories during a time that is
critical for gaining fat (Nelson et al., 1983).

Thus, our understanding of abundance of army cutworm moths at aggregation sites is
limited to general temporal abundance patterns (e.g., “high” vs. “low” abundance), several
density counts conducted in different ranges during the 1990s, and abundance estimates from

blacklight-trap collection. This lack of monitoring was first acknowledged in the Final
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Conservation Strategy for the Grizzly Bear in the Greater Yellowstone Area (USFS, 2007), and
executive mangers of the GYE have recognized that the current body of literature pertaining to
army cutworm moth ecology is inadequate to manage grizzly bear foraging sites. In 2015, the
USFS Land Management Plan for the Shoshone National Forest mandated that the ecology of the
army cutworm moth be better explored through the collaboration of US Forest Service managers
and other agencies. Subsequently, a project was developed to better address army cutworm moth
ecology through the collaboration of staff from the USFS (SNF & the GYE Grizzly Bear Habitat
Coordinator), staff from the USGS-Northern Rockies Science Center, and Montana State
University (MSU).

Chief among the objectives of this project was the development of an army cutworm
moth monitoring program at moth aggregation sites of interest. Consequently, our objectives for
the development of this monitoring program included:

(1) Establish the viability of radar as a means to monitor army cutworm moth populations at
moth aggregation sites.

(2) Estimate biomass of army cutworm moths using radar.

(3) Use radar to characterize flight patterns of army cutworm moths, including the general
direction in which most moths were flying, the speed at which moths flew, and the nocturnal
timeframe in which the highest amount of moth movement occurred.

(4) Gather circumstantial evidence that the nocturnal mass movements measured during 2020
and 2021 were army cutworm moths.

To complete these objectives, we monitored the airspace near a moth aggregation site of

conservation interest with a modified marine radar in 2020 and 2021. Sampling was conducted
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during the time window preceding peak abundance of army cutworm moths at moth aggregation
sites within the GYE. We established circumstantial evidence for army cutworm moth presence
in the airspace during our sampling period by recording the frequency of army cutworm moth

wingbeats in a laboratory setting and conducting a review of the existing literature.

Methods

Study area

Our study was conducted in the valley adjacent to a moth aggregation site that lies within
the Absaroka Range of northwestern Wyoming (Figure 17). Because of disturbance concerns, we
cannot identify this location (Nunlist, 2020b) and will instead refer to the mountain peak as
“Peak A.” Within the Absaroka Range, elevation ranges 1830-4006 m, wherein moth site
elevations range 2700-3500 m (French et al., 1994; Mattson et al., 1991; White et al., 1998a).
The geology of moth sites is dominated by talus fields that lack vegetation and lie beneath cliffs
(French et al., 1994; Mattson et al., 1991; O’Brien & Lindzey, 1994). Moth populations are
supported by neighboring patches of vegetation and meadows (French et al., 1994). Vegetation,
climate, and geology have been described previously for this range (Baker, 1944; Dirks &
Martner, 1982; Marston & Anderson, 1991; Sundell, 1993; Thilenius & Smith, 1985;

Waddington & Wright, 1974).

Radar data collection

In 2020 and 2021, we sampled the airspace within 1 km of Peak A using a modified
Furuno FAR2127BB marine radar (an X-band radar operating at 9.4 GHz with a wavelength of
around 3 cm) that had been mounted into a pickup-truck bed (Figure 19). Upon arriving at our

sampling location, we oriented the radar according to magnetic north (we adjusted for
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declination in post-processing). For a range of 3 km and 1500 m above the ground, images of the
alpine airspace were taken by the radar every 2.5 seconds and logged by a computer (located
within the truck cabin) for data analysis (Figure 17 & Figure 18).

The radar was run both day and night to contrast diurnal and nocturnal movements. Our
2020 sampling period began on 29 June 2020 and concluded the morning of 6 July 2020, and the
2021 sampling period began on 20 June 2021 and concluded on 5 July 2021. This timeframe was
selected because it precedes peak moth abundance at moth aggregation sites within the GYE.

In 2020, the radar sampled with an antenna elevation of 40°. After 1 July 2020, we
switched the elevation of the radar antenna to 30° to better capture movement in the airspace.
Sampling for the remainder of the 2020 period, excluding vertical sampling efforts conducted at
night, was conducted at 30°. In 2021, we set the antenna to an elevation of 30° during the entirety
of the day and part of the night. For both 2020 and 2021, from 2200-0200 hours, we conducted
“vertical sampling” by adjusting the elevation of the radar antenna to 90° (in which the radar was
pointed directly upward and did not rotate). Vertical sampling was conducted during the
nocturnal time frame in which we detected the largest amount of moth movement in 2020. This
approach was used in an attempt to establish moth wingbeat rates.

In both 2020 and 2021, continuous sampling for the entirety of the sampling period was
not possible due to intermittent lightning storms. The radar was turned off during these periods
and restarted after the storms had cleared. In 2021, the radar only sampled during several hours
or less of the day because data collected in 2020 illustrated that nocturnal and diurnal movements
contrasted significantly. Post-processing of the images taken by the radar was conducted by R.

Diehl and T. Preston.
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Laboratory: Wingbeat measurements

Live army cutworm moths were hand-collected from Peak B (see Figure 4 of Chapter 2)
on 7 July 2021 and placed into an aerated Tupperware container. Moths were transported to
Bozeman at ambient temperatures, and 30 moths were held at ambient temperature in a 610 x
610 x 610 cm (24” x 24” x 24”’) mosquito net cage until moths were prepared for wingbeat
measurements. Moths were fed a sugar-water solution in the days leading up to measurements.

On 13 July 2021, 10 unsexed moths were randomly selected from the mosquito net cage
and prepared for wingbeat frequency measurements. To prepare each moth, a pin was placed
through the posterior end of the metathorax of the moth. This pin was held by a vice, and a
piezoelectric microphone was held below the moth (Figure 20). After being secured by the pin
and with the feet removed from a substrate, all moths “flew” readily. A sample of the ambient
noise was taken before recording moth wingbeats; this sample was used to distinguish between
the wingbeat frequency sampled from the moths and the background noise in which the
measurements were taken. Moth wingbeat frequencies were measured for 20 s at a 10kHz
sampling rate with 24 bits of precision. Data were recorded by a piezo-electric microphone and
logged with a USB signal conditioner into MatLab. A Fast Fourier Transformation, considering a

10 s interval, was run on the voltage data.

Statistical analysis

All statistical analyses were conducted in R (Team, 2020). Directional data were handled

with the circular package (Agostinelli & Lund, 2017).
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Results

Radar

Only data collected from 2020 are reported here because data collected in 2021 have not
yet undergone the post-processing step. For the 2020 sampling period, it was noted that there
were extremely dense movements between 2200-0200 hours and within 160 — 750 m above
ground level (AGL). Because target density was so high during this timeframe, the radar was
sometimes unable to distinguish between individual samples. To circumvent this problem, we
consulted R. Diehl to help create density estimates based on prior experience with data in this
area. We generated a biomass estimate by assuming that moths were flying during five hours of
the night (2200-0200 hours) and within 160-750 m AGL, producing an estimate of 2.1 million
moths that were detected during that period. Nonetheless, this estimate was likely very
conservative. After adjusting for the radar beam sampling area, it was estimated that about 5
million moths had passed through the sampling area (160-750 m AGL and 2600 m across),
equating to approximately 70 moths per second.

Across all days of collection and during the period in which detected targets were likely
primarily composed of moth migrants (2200-0200 hours), the mean direction of targets flying
within 160-300 m AGL was southwest (260°) (Table 7). This direction was consistent with
moths flying toward the moth aggregation site (Peak A) located to the south of our sampling
area. The mean direction of targets flying above this altitude and within this same time period
was north to northwest, consistent with the direction of the other known moth aggregation site
(Peak B). Similarly, the mean direction of targets flying within 750 m AGL during the day

(1000-1400 hours) was most often northwest (Table 7). Above 750 m AGL, the mean direction
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of targets was primarily northeast. Some stratification was seen in the mean speed of detected
targets during 2200-0200 hours (Table 8). Below 750 m AGL, targets tended to fly between 8 —

9 m/s; above 750 m AGL, targets flew faster with increasing altitude (up to 13 m/s).

Circumstantial evidence of army cutworm moths in the airspace

Primary indicators that army cutworm moths were the dominant organism in the airspace
during the nocturnal period included the range of wingbeat frequencies that were measured at
lower altitudes, differences in flight patterns between the nocturnal vs. diurnal sampling period,
and the lack of other flying organisms during this timeframe, as indicated by the existing
literature for this area (which we review below). The mean wingbeat frequency of army cutworm
moth flight recorded in the laboratory setting was 41 Hz £ 4.27 (n = 8). These wingbeats were
consistent with wingbeats that were measured at lower altitudes (< 750 m AGL); although
wingbeat frequencies measured by radar were much more varied than anticipated, which suggest
that some other organisms may be present. The strength of the radar echoes and vertical structure
of the sampled organisms suggest that diurnal organisms were different from organisms sampled
during the nocturnal period. Furthermore, the mean direction of organisms measured during the
diurnal sampling period between 1000-1200 hours (302.3 £ 101.5) was different from the mean
direction of organisms measured during the nocturnal sampling period during 2200-0200 hours
(260.3 £ 94.0), only considering the targets within 160-300 m AGL.

A literature search pertaining to large migratory movements throughout the GYE yielded
only studies detailing terrestrial movements (Middleton et al., 2020; Nelson et al., 2012; Nelson
et al., 2016). Literature detailing migratory, night-flying insects within the Rocky Mountains

mentioned only army cutworm moths (Chapman et al., 1955; French et al., 1994; Kevan &
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Kendall, 1997; Mani, 1968; O'Brien & Lindzey, 1994). During the study, several species of
moths that were likely endemic and non-migratory were hand-captured (personal observation),
but it was unlikely that these moths were flying above the insect flight boundary layer, nor were
they present in the same abundance as the army cutworm moth. The insect flight boundary layer
is defined as the layer of atmosphere wherein an insect can fly in any direction, mostly
unhampered by the wind (Chapman et al., 2011). Because most avian migration tends to occur
throughout the fall or in the late winter and spring (Lincoln, 1935), we can likely conclude that
army cutworm moths were the dominant organism during these periods of high flight activity, as

our sampling period was conducted during part of their migratory window (June-July) (French et

al., 1994; White, 1996).

Discussion

During both the 2020 and 2021 sampling period, the radar successfully monitored what
were very likely army cutworm moths in the airspace. Considering only 20 hours of collection
(which by no means encompasses the entirety of the migratory period of the moth), we estimate
that 5 million moths passed through the 3-km wide plane of airspace sampled by the radar. In the
context of the GYE, this represents only a fraction of the migration that is occurring. Using this
estimate to consider just 100 km along the eastern front range of the GYE, and assuming that the
amount of moth biomass passing through the airspace is similar for this entire range, the
migratory period of the moth is a total of 25 movement nights (for which there are 5 hours of
movement), and moths are moving within 160-750 m AGL, there are approximately 1.2 billion

moths entering this relatively small alpine zone per summer. Using the estimate of White et al.
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(1999) of 0.5 kcal/moth and 0.1 g/moth (dry weight), this would equate to around 600 million
calories, weighing 120 metric tons.

In addition to providing an estimate of moth abundance, we were able to determine the
mean direction and mean speed of the migrants. Within 160-300 m AGL and 2200-0200 hours,
targets were moving roughly southwest toward Peak A, a known moth aggregation site. Above
300 m AGL, however, targets were moving northwest, potentially toward Peak B. Because there
was so much variation seen in the direction of the detected targets during 2200-0200 (standard
deviation was typically ~100°), it is likely that (1) moths were flying in multiple directions, and
(2) organisms in the airspace were not totally composed of moths, and thus were flying to a
different location. These other organisms may have been bats. Moths tended to fly around 9 m/s
as they approached the alpine area. Whether this speed is characteristic of the entirety of their
migratory flight is unknown.

Several limitations are posed by the use of radar. Although we were able to estimate the
number of migrants in the airspace, we do not yet understand how moths determine where they
will land within these alpine aggregation sites. Assuming moths were flying directly toward a
moth aggregation site might be incorrect, although it would seem most efficient for moths to land
as soon as they have reached a mountainous area that is habitable. With permission of the
managers of the Shoshone National Forest, future efforts could include hand-collection within
the talus in concert with the radar monitoring effort to establish the relationship between the
abundance estimated by the radar and the subsequent amount of food made available to grizzly

bears at these sites.
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Further refinements, such as altering the sampling plane to include targets moving within
the lower 160 m of airspace, using lidar to resolve the accuracy of the radar’s estimates, and
using three (rather than one) radars stationed along the eastern front range of the GYE, would
also help improve the accuracy of reported measurements. Given the success of this effort, data
generated by the U.S. national network of WSR-88 Doppler radars should also be explored for
noctuid-like movements during the migratory period of the army cutworm moth; this information
could help improve our understanding of both historical and current abundance for a much
broader range. Finally, and most critically, the confirmation that the detected targets are indeed
army cutworm moths should be established with direct aerial sampling.

Previously, estimating army cutworm moth abundance was restricted to time-intensive,
and potentially hazardous, hand-sampling or blacklight sampling efforts conducted in the high
alpine. Although these efforts provided a better understanding of the variation of intra-site moth
abundance, comparability between years was limited due to the heterogeneity of these sites.
Here, we presented evidence for an alternative method for estimating army cutworm moth
abundance that is non-invasive and capable of providing more comprehensive abundance
estimates. Beyond establishing a monitoring program for moth abundance at moth aggregation
sites, and thus fulfilling the directive of the USFS Land Management Plan for the Shoshone
National Forest (2015), future monitoring efforts can also be used to address some of our

remaining questions about moth migration.
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Table 7: The mean direction of migrants detected by the radar unit located 1 km outside of Peak
A per: (1) the altitudinal stratum at which the targets were flying and (2) the time frame (either
2200 — 0200 hours and 1000 — 1400 hours) during which the targets were flying. Data were
collected from 29 June 2020-6 July 2020.

2300 — 0200 hours

1000 — 1400 hours

Altitude (m) Mean + SD (degrees) Mean + SD (degrees)

160-300 260.3 £94.0 302.3+£101.5
300-450 303 +108.4 302.4+£102.6
450-600 333.3+118.2 304.6 £102.9
600-750 3.0+£129.9 308.2+£107.6
750-900 1.76 + 129.3 3448 £ 113.6
900-1050 336 +120.6 51.8 £109.6
1050-1200 329.6 £114.8 66.7 £ 96.6
1200-1350 331.5+114.0 71.1 £83.8
1350-1500 336.3 +116.8 69.7 £81.9

Table 8: The mean speed (m/s) of migrants detected by the radar unit located 1 km outside of
Peak A during 29 June-6 July 2020 and between the hours 2200-0200. Mean speed of the targets
was calculated for the average of each altitudinal stratum.

Altitude (m) Mean + SD (m/s)

160-300 94+4.6
300-450 92+47
450-600 8.5+4.5
600-750 93+4.5
750-900 9.8+44
900-1050 10.9+£4.5
1050-1200 12.0+4.5
1200-1350 126+4.2

1350-1500 13.0£4.0




Figure 17: Portable radar cverage in the Shoshone National Forest (e), and its position
within the Greater Yellowstone Ecosystem (below). The yellow dot illustrates the coverage area.
From Dr. Robert H. Diehl.
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Figure 18: An image taken by the radar. The radar is located in the middle of the circular
coverage area, and targets are recorded as individual yellow dots. The maximum range from the
radar to the periphery of the coverage area is 3 km. The dashed red line indicates 1.5 km range
from the radar, corresponding to a height of 750 m above the ground.
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Figure 19: An image of the transportable radar unit at our stdy site.
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Figure 20: Setup for the wingbeat frequency measurements using a piezoelectric microphone. An
army cutworm moth, suspended on a pin, was held by a vice (upper left). A piezoelectric
microphone was placed underneath the moth to measure wingbeat frequency.
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CHAPTER FOUR

SUMMARY AND MANAGEMENT RECOMMENDATIONS

Summary

The purpose of this project was to obtain information necessary for management
decisions pertaining to moth aggregation sites in the GYE. Here, we summarize our major

findings and management recommendations.

Natal origin and larval feeding habits (Absaroka Range)

Our primary objective was to determine whether army cutworm moths collected in the
Absaroka Range were migrating exclusively from a subpopulation within the Great Plains using
stable hydrogen. This was to assess whether moth populations at moth aggregation sites are
potentially imperiled by periodic declines in subpopulations that “supply” their respective moth
aggregation sites. Our other objectives were to characterize the natal origins of moths collected
from two mountain ranges, the Absaroka Range and the Lewis Range, establish the migratory
patterns of moths as they fly to the Rocky Mountains from the Great Plains, and characterize the
larval feeding habits of moths collected in the Absaroka Range. Because this summary serves to
provide management suggestions for managers of the Greater Yellowstone Ecosystem, we have
chosen to exclude findings regarding the Lewis Range.

The probable natal origins of army cutworm moths collected from mountain peaks within
the GYE were far more varied than we anticipated. Rather than moving exclusively east-west,
there was strong evidence that army cutworm moths were also migrating north-south. Of the

mountain peaks that we sampled in the Absaroka Range, most migrants had the highest
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probability of origin in Canada, including Alberta, Saskatchewan, British Columbia, part of
Manitoba, and the very southern border of the Northwest Territories for all years. In the United
States, probability of origin was also found to be moderate to high within Montana, Wyoming,
and Idaho for all years. However, army cutworm moths may have originated from the entirety of
their potential range throughout the Great Plains in years that were characterized with highly
variable probable origins (i.e., varied 6 ?H wing values). Because some years were composed of
such light §2H wing values, there was limited comparability with the predictive mean §2H wing
map; assignments generated for samples with wing values less than -150%o0 may not be accurate.
Nonetheless, given the large variation we saw in mean 6 H wing values throughout the years in
which we collected, there is very strong evidence that moth populations were supplied by
multiple locations. Thus, moth populations at moth aggregation sites are likely insulated against
regional declines that may occur in specific populations within the Great Plains.

During their larval period in the Great Plains, it was noted that almost all moths collected
in the Absaroka Range fed exclusively on C3 plants, as indicated by their § '*C values. Thus, we
can conclude that few moths feed upon C4 prairie grasses or corn during their larval stages,
despite their generalist feeding habits that were noted in much of the literature. Although stable
nitrogen results were not as clear, it was also evident that very few moths fed in heavily fertilized
agroecosystems. These findings likely suggest that larval army cutworm populations are not at
risk posed by intensive agricultural practices. Finally, the north-south exchange we found in
moth aggregation site populations was also true of moths collected throughout the Great Plains
during their spring migratory period. For at least one year for each ecoregion, sampled moths

were found to have high probability of origin that lay north of where they were collected. These
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findings better corroborate the surprising results we found above. Overall, however, evidence
suggested that moth migratory patterns are largely influenced by the latitude of their origin, i.e.,
they typically travel within a certain latitudinal band (although not strictly along a latitudinal

band, as we previously believed).

Monitoring abundance with radar

Given the paucity of moth abundance data at moth aggregation sites and our limited
understanding of moth migration, we wanted to determine the viability of radar as a non-invasive
method to monitor abundance and characterize the direction and speed of migrants detected. The
use of radar near a moth aggregation site proved to be very effective in quantifying the amount
of biomass flying overhead, and we estimate that around 5 million moths passed through the
sampling plane of the radar during the 20 hours of what we assumed to be moth movement.
Using this estimate to scale up to 100 km along the eastern front range of the GYE, and
considering 25 nights of movement, this equates to roughly 1.2 billion moths. We were able to
conclude that the densely concentrated movements of organisms in the airspace (160-750 m
AGL) were most likely army cutworm moths because, per the existing literature, no other

organism is migrating in such large numbers at the same time.

Management recommendations

Natal origin and feeding habits (Absaroka Range)

Because moths within the Absaroka Range came from such varied origins, it is unlikely
that populations at moth aggregation sites would experience substantial declines due to regional

declines within the Great Plains and prairies of Canada. Thus, this grizzly bear food source is
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likely not imperiled by cyclical population declines that occur within certain regions of the
prairies, and we assert that there is no apparent need for management intervention. Furthermore,
a proposal for the management of regions that compose the natal origin of moths would be

difficult because this area likely includes Canada.

Monitoring abundance with radar

We recommend that radar should be used to monitor migrating moth populations during
their spring and fall migratory period each year, ideally within 1 km of known (and accessible)
moth aggregation sites, such as Peak A. These data could then be used to establish a long-term
understanding of army cutworm moth abundance, and thus establish a “baseline” of abundance.
Should abundance decline severely for several years, efforts to establish the cause of population
declines could be mounted, and an attempt to mitigate the declines could be made.

During the spring migratory period, this monitoring effort would ideally include 25
nights, beginning in mid-June and concluding in mid-July (the timeframe known to precede peak
army cutworm moth abundance). If monitoring the fall migration is feasible, we suggest that this
should be conducted from mid-August to mid-September, contingent upon weather constraints.
Although the fall timeframe is complicated by concurrent avian migration, it would be useful to
attempt to estimate the number of moths returning the prairies. We found that the location we
used to sample was easy to reach via pickup truck, but the amount of attention the radar drew
from the general public was concerning—ideally, the radar could be stationed at a location for an
extended period without constant surveillance.

To better characterize the relationship between the abundance of moths as estimated by

the radar vs. the amount of army cutworm moths accessible to grizzly bears within the area, we
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suggest that density estimates established within nearby moth aggregation sites should be
conducted in tandem with the first several years of the radar monitoring effort. Although the
radar is able to capture migratory movement, we do not yet understand how these moths
determine where to land. Direct confirmation of army cutworm moth identity via aerial sampling
during these monitoring efforts should also be prioritized. (Beyond the first confirmation of army
cutworm moth presence in the airspace, we think it is unlikely that these efforts will need to be
repeated.)

As mentioned previously, there are several improvements that could be made in data
collection moving forward. The sampling plane of the radar should also include airspace within
160 m AGL, as moth density seemed to vary inversely with increasing altitude. The addition of
two radars would increase the accuracy of abundance estimates; these three radars could be
stationed along 100 km of the eastern front range of the GYE. The use of lidar in concert with
the radar could help validate the accuracy of abundance estimates that were made when the radar
had difficulty resolving individual targets due to the density of the organisms in the airspace.
Finally, examining historical and current data from the U.S. national network of WSR-88
Doppler radars for noctuid-like movements during the migratory timeframe of the army cutworm
moth could be especially fruitful. Because these radars have nationwide coverage, these data
could provide an ecosystem-wide understanding of army cutworm moth migration and
abundance. Where we were previously limited to intra-site density estimates, our findings

illustrate that radar is a viable, non-invasive means to monitor army cutworm moth populations.
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APPENDIX A

SPRING AND FALL ARMY CUTWORM MOTH COLLECTION

Table 9: Spring army cutworm moth (Euxoa auxiliaris) collection efforts detailing the
county/state, year of collection, and number of samples collected (2018-2021).
County_state Year n

Albany WY 2020 30
Albany WY 2021 30
Beaver UT 2019 1
Bernalillo NM 2019 76
Bernalillo NM 2021 3
Bingham ID 2020 1
Bonneville ID 2018 4
Bonneville ID 2019 15
Bonneville ID 2020 15
Bonneville ID 2021 11
Cascade MT 2020 2
Clay NE 2018 7
Clay NE 2019 3
Clay NE 2020 42
Clay NE 2021 29
Dawes NE 2020 29
Eddy NM 2020 22
FallRiver SD 2020 9
Finney KS 2019 5
Finney KS 2021 20
Gallatin MT 2019 2
Gallatin MT 2020 18
Gallatin MT 2021 5
Garden NE 2018 5
Grand UT 2020 2
Hughes SD 2020 13
Keith NE 2018 2
Laramie WY 2018 4
Larimer CO 2020 31
Lincoln_CO 2019 26
Lincoln NE 2018 16
Lincoln NE 2019 12
Lincoln NE 2020 30
Lincoln NE 2021 24

McKenzie ND 2021 2
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Table 9 Continued

County state Year n

Mesa CO 2020 3
Missoula MT 2020 29
Morgan CO 2019 13
Park WY 2019 11
Park WY 2020 54
Pennington SD 2020 29
Platte NE 2020 17
Platte WY 2018 2
Quay NM 2020 30
Richland MT 2020 56
Rosebud MT 2020 30
Rosebud MT 2021 18
SaltLake UT 2018 3
Scottsbluff NE 2018 9
Scottsbluff NE 2019 5
Scottsbluff NE 2020 27
Sublette WY 2019 16
Washakie WY 2018 3
Washakie WY 2019 5
Washakie WY 2020 10
Weld CO 2019 3
Williams ND 2020 21

Table 10: Fall army cutworm moth (Euxoa auxiliaris) collection efforts detailing the
county/state, year, and number of samples collected (2020-2021).

County_State Year n

Albany WY 2020 34
Bonneville ID 2020 15
Cache UT 2020 4
Clay NE 2020 51
ClearCreek CO 2020 26
Finney KS 2020 46
Gallatin MT 2021 5
Madison MT 2020 8
Missoula MT 2021 9
Pennington SD 2021 30
Richland MT 2020 34

Richland MT 2021 30



128

Table 10 Continued
County_State Year n

Wall_SD 2021 1
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counties fall, in which army cutworm moths (Euxoa auxiliaris) were collected from 2018-2021

Figure 21: Map of counties throughout the Great Plains, and the ecoregions into which the
during the spring and fall migratory period.
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APPENDIX B

SUPPLEMENTARY UNION PROBABILITY MAPS
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Figure 22: Union probability, the probability that any sample originated from each grid cell
within the isoscape, calculated for army cutworm moths (Euxoa auxiliaris) collected in the

south-central semiarid prairies in the spring of 2018, 2019, and 2020 (n = 96).
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Figure 23: Union probability calculated for army cutworm moths (Euxoa auxiliaris) collected in
the south-central semiarid prairies in the spring of 2021 (n = 103).
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Figure 24: Union probability calculated for army cutworm moths (Euxoa auxiliaris) collected in

the western cordillera in the spring of 2018—2021 (n = 100).
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Figure 25: Union probability calculated for army cutworm moths (Euxoa auxiliaris) collected in
the cold deserts in the spring of 2018 (n = 6).
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Figure 26: Union probability calculated for army cutworm moths (Euxoa auxiliaris) collected in
the cold deserts in the spring of 2019, 2020, and 2021 (n = 83).
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Figure 27: Union probability calculated for army cutworm moths (Euxoa auxiliaris) collected in

the warm deserts in the spring of 2020 (n = 22).
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Figure 28: Union probability calculated for army cutworm moths (Euxoa auxiliaris) collected in

the west-central semiarid prairies in the spring of 2020 (n = 188).
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Figure 29: Union probability calculated for army cutworm moths (Euxoa auxiliaris) collected in
the west-central semiarid prairies in the spring of 2021 (n = 20).
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Figure 30: Union probability calculated for army cutworm moths (Euxoa auxiliaris) collected in
the cold deserts in the fall of 2020 (n = 38).
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Figure 31: Union probability calculated for army cutworm moths (Euxoa auxiliaris) collected in
the western cordillera ecoregion in the fall of 2020 (left, n = 49) and 2021 (right; n = 14).

o
) 4
o _]
(o]
0.00055
S - 0.00050
0.00045
o _| 0.00040
v
0.00035
0
o 0.00030
[sp)
o Ops, :ﬂ.mﬂ%b
S -
| [ | [ | |
-160 -140 -120 -100 -80 -60

Figure 32: Union probability calculated for army cutworm moths (Euxoa auxiliaris) collected in
the south central semiarid prairies in the fall of 2020 (n = 46).
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Figure 33: Union probability calculated for army cutworm moths (Euxoa auxiliaris) collected in
the west-central semiarid prairies in the fall of 2020 (left; » = 85) and 2021 (right; n = 60).



