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ABSTRACT

The wheat stem sawfly, Cephus cinctus Norton (WSS) causes significant damage
in cereal crops in the northern Great Plains of North America. Recently, the use of winter
wheat as a trap crop to protect spring wheat from this insect pest in a wheat-fallow
cropping system was evaluated, yielding promising results. Subsequently, the overall
objective of this dissertation research was to improve the efficacy of winter wheat trap
crops to manage the WSS.

Oviposition behavior studies in the presence of hosts infested by conspecifics
showed that WSS did not avoid infested hosts. These results confirmed the potential of a
trap to provide a sink for multiple eggs, resulting in increased WSS mortality due to
cannibalism.

I identified suitable winter wheat cultivars based on agronomic characteristics that
influence WSS behavior in conjunction with the emission of behaviorally active plant
volatiles, as well as the performance of the cultivars in the area where the pest occurs.
Results from this study identified five cultivars, Norstar, Morgan, BigSky, Neeley, and
Rampart, with good potential as trap crops. Norstar emitted greater amounts of attractive
volatile compound S-ocimene, and was the preferred host in greenhouse choice tests.

Based on these results, a perimeter trap cropping trial comparing three winter
cultivars as traps (Norstar, Neeley and Rampart) to protect spring wheat was conducted
for two consecutive years. Two spring wheat cultivars differing in suitability for
infestation by sawflies were chosen as the main crop. WSS abundance was significantly
greater in the winter wheat traps than in the adjacent unattractive spring cultivar Conan
both years of the experiment and greater than an attractive spring cultivar Reeder in 2005.
No differences in infestation were observed between winter cultivars, although greater
numbers of eggs were found in Norstar than in Rampart traps. Swathing the trap crop
before grain fill killed most larvae developing in the trap crop.

Finally, I investigated the effect of a synthetic attractive compound, (Z)-3-
hexenylacetate, on oviposition and found that application of this compound in a lanolin
paste resulted in increased oviposition by females in greenhouse choice tests.

The results obtained suggest that a trap cropping management strategy involving
attractive and unattractive cultivars, and semiochemically assisted trap cropping by
application of synthetic host volatiles, show potential to manage the WSS.
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CHAPTER 1

LITERATURE REVIEW

The Wheat Stem Sawfly as a Pest of Wheat in Montana

The wheat stem sawfly, Cephus cinctus Norton (Hymenoptera: Cephidae) (WSS),
currently is the most destructive insect pest to wheat, Triticum aestivum L., in Montana
and it also causes significant damage to wheat in several other states in the northern Great
Plains (Morrill et al. 1994, Morrill 1997). Early records indicate that WSS occurred in
large-stemmed native prairie grasses of the genera Agropyron and Elymus (Ainslie 1929).
With the introduction of wheat and other small grains, the host range of WSS was able to
increase, and about a century ago, the first infestations of wheat were recorded (Ainslie
1920, Munro 1945). Currently it occurs in North America from Pennsylvania and
Georgia to the Pacific Ocean and from the Peace River District of Alberta to Texas (Ivie
2001). Economically important damage occurs in the northern Great Plains of Alberta,
Saskatchewan, Manitoba, the Dakotas, Montana, Wyoming, and western Nebraska
(Ainslie 1929, Painter 1953, Wallace and McNeal 1966, Weiss et al. 1992). In recent
years, infestation levels in both winter and spring wheat have approached 100% in some
fields (Morrill et al. 1994), causing losses of more than US $100 million per year in the
United States and Canada (Wahl et al. 2007); now $300 million per year at current wheat

prices.



Biology of the Wheat Stem Sawfly

Female WSS oviposit within the lumen of the wheat stem in early summer.
Hatching occurs approximately seven days after oviposition and the larva begins feeding
on the parenchymous tissue (Ainslie 1920). The larva feeds within the stem, tunneling up
and down through the nodes. As the plant senesces, the larva moves to the lower part of
the stem, girdles the inside of the stem near the soil surface, and spins a cellophane-like
hibernaculum where it will remain until adult emergence (Farstad et al. 1949). The
groove at the base of the stem, made by the larva, causes the stem to break and lodge,
especially in wind or rain. The remaining portion of the stem containing the larva, the
“‘stub’’, provides an overwintering refuge (Munro 1947). The following spring, the larva
becomes active and goes through prepupal and pupal stages before emerging as an adult
from the stub (Munro 1945).

Adult emergence usually occurs in late May or early June and lasts three to four
weeks (Munro 1947). Adults are active during summer conditions when temperatures
range from 17 to 32 °C and wind speeds are minimal (Morrill et al. 1992).

Adults live five to eight days after emergence, but this can be extended or
shortened depending on environmental conditions (Wallace and McNeal 1966). During
this time, they are not known to feed, which may explain the fact that they do not fly
farther than necessary to find a suitable host (Sing 2002).

Females usually will deposit a single egg in a host stem near the emergence area

(Holmes 1978). Adult females lay 30 to 50 eggs in a lifetime (Criddle 1922). The larva is
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cannibalistic (Wallace and McNeal 1966), so although several eggs can potentially be
placed in a stem, only one adult will survive.
Plants are vulnerable to infestation only after stem elongation has begun and
before grains begin to fill (Ainslie 1920, Painter 1953). Therefore, the short life span of
the adults requires that the life cycle must be synchronous with the seasonal host

development.

Damage to Wheat

The most obvious damage caused by the WSS occurs when the weight of the
heads or wind causes the infested plants to lodge due to the weakened stems, and these
are difficult to harvest (Munro 1947). Supplementary harvest techniques, such as
swathing and lowering the height of the combine header are required to recover lodged
stems. The potential for equipment damage and harvest time increase, and lower stubble
heights affect field moisture levels by reducing snow retention (Caprio et al. 1982,
Runyon 2001). Moreover, grain from lodged stems may germinate under moist
conditions (Wallace and McNeal 1966). These seedlings or “volunteer wheat” can act as
hosts for pathogens and insects between the harvest of one crop and the emergence of the
next one, and are especially threatening in wheat — wheat rotations (Cook and Veseth
1991). Moreover, volunteer wheat consumes soil water that could otherwise be stored for
next year’s crop.

Feeding by the larvae within the stem also reduces the number of kernels and the
weight of those kernels in an individual head, probably because it affects the flow of

nutrients and water to the developing head (Morrill et al. 1992). Reduction in head weight



4
due to larval feeding has been reported to be between 3 to 22 %, depending on the
cultivar and the environmental growing conditions (Holmes 1977, Morrill et al. 1992,
Ozberk 2005). Seamans et al. (1938) reported a decrease in market grade of grain in

infested stems as well.

Agronomic Practices in Montana Favor WSS Outbreaks

The increased importance of the WSS as a pest of wheat was directly related to
changes in agricultural practices. Even though the WSS had developed a preference for
wheat in the late 1800s, outbreaks remained sporadic at the beginning of the 20" century
(Holmes 1978). Deep plowing buried the larvae and prevented at least a percentage of
adults from emerging. With time, however, agronomists showed that shallow tillage or
stubble mulching was better than deep plowing as a protection against evaporation and
wind erosion (Larney et al. 1993) and farmers were advised to grow their wheat in
narrow strips interspersed with fallow fields (Holmes 1978). Strip cropping, whereby
adjacent strips are alternately cropped and fallowed was introduced for wind erosion
control in the 1920s (Larney et al. 1993). Summer fallow consists of leaving uncropped
land during the growing season to store moisture in the soil for the growth of a
subsequent crop (Ford and Krall 1979).

Strip farming, with many margins exposed to invasion from adjacent summer-
fallow, greatly intensifies WSS infestation (Weiss et al. 1992, Weaver et al. 2004). WSS
overwinter in fallow areas and migrate to the adjacent cropped areas when they emerge in
the spring. The practice of planting wheat after wheat in a crop rotation also provides

ideal conditions for WSS increases (Callenbach and Hansmeier 1945). Larval survival is
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also favored by chemical fallow, which eliminates WSS mortality normally caused by
physical tillage (Morrill et al. 2001).

With these changes in wheat production, WSS populations have continued to
increase. As early as 1926, damage was widespread and extensive in Montana and
Canada (Morrill 1997), and by 1938, yearly wheat losses in the Canadian prairies
amounted to 544,320 tons of wheat (Holmes 1978). In summary, WSS populations are
enhanced by reduced tillage, strip cropping, alternate-year summer fallow cropping, and

wheat monoculture (Weiss et al. 1992).

Management of the Wheat Stem Sawfly

Management practices that are currently available for this insect include cultural
practices such as delayed planting, early harvesting of the crop, and planting resistant
cultivars. However, no single control method effectively reduces WSS populations
(Morrill et al. 2001), demonstrating the importance of the development of an effective

integrated pest management (IPM) program.

Chemical Control

WSS have a very short flight period, a prolonged adult emergence interval, and
the eggs, larvae, and pupae are enclosed in the stem of their host plant. These
characteristics make modern pesticides practically useless in controlling the population
(Runyon 2001). Studies have been conducted on the efficacy of systemic insecticides as

seed treatments (Skoog and Wallace 1963), and of foliar applications with different
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products (Wallace 1962), but none has been sufficiently effective. There are no

insecticides currently labeled for management of WSS in Montana.

Biological Control

In its original host, wheat grasses, the WSS is impacted by several different
parasitoids including Bracon cephi Gahan, Bracon lissogaster Muesebeck (Hymenoptera:
Braconidae), and Pediobius utahensis Crawford (Hymenoptera: Eulophidae), but
recovery of these parasitoids has been inconsistent in cultivated fields (Morrill 1997).
Parasitoid populations are difficult to maintain in an agricultural setting because they
overwinter in the wheat stems, which are mostly removed from the field at harvest.
Therefore, a good recommendation to conserve parasitoids is to leave at least one third of
the length of the standing crop undisturbed during harvest (Meers 2005). This practice is
difficult to achieve in the field because when WSS infestations are large, growers tend to
cut the wheat very near the soil surface to recover as many of the lodged stems as
possible.

The effectiveness of natural enemies in controlling the WSS has been highly
variable and the main factors affecting this variability are seeding date, WSS infestation,
and weather (Holmes et al. 1963). Bracon cephi and Bracon lissogaster have two
generations each year on the univoltine system of the WSS (Nelson and Farstad 1953).
However, the second generation might be incomplete, particularly if moisture and
temperature conditions make wheat mature early (Holmes et al. 1963). The WSS larvae
developing in late maturing plants remain in the stems longer, providing a wider time

frame for the second generation of parasitoids to infest a host. Therefore, early maturing
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cultivars, though advantageous in a dryland cropping system, do not favor parasitoid

populations.

Solid-Stem Cultivars

Certain cultivars of wheat develop variable amounts of pith in their lumen,
commonly designated as ‘““solid stem”, which make them less subject to damage by the
WSS (Farstad 1940). Currently, there are four winter wheat (Berg et al. 2006) and six
spring wheat cultivars (Lanning et al. 2006), recommended for Montana that are resistant
or tolerant to the WSS. Resistance of the pith to the larvae seems to be mechanical
(Holmes and Peterson 1956) and small larvae likely die from desiccation or starvation,
due to the physical impediment caused by the pith (Wallace and McNeal 1966).
However, even though the acreage of these cultivars is increasing due to widespread
WSS infestation damage (USDA 2006), they provide inconsistent control due to
variability of the solid stem traits caused by environmental conditions. Solid stemmed
cultivars have several disadvantages over hollow stem cultivars, such as lower yields and

grain quality, and reduced disease resistance (Weiss et al. 1992).

Cultural Practices

Cultural practices to manage the WSS were first evaluated in the early 1900’s.
The first recommendations for WSS control included deep plowing and burning stubble.
It was soon found that burning did not destroy the larvae and was abandoned as a

management practice (Holmes 1978). Other suggestions included mowing grassy borders
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that could be acting as WSS reservoirs, using trap strips, leaving grasses in the field to act

as a parasitoid reservoir, and early harvesting (Criddle 1917, Criddle 1922).

Early Swathing Holmes and Peterson (1965) evaluated the effect of early

swathing on WSS mortality, concluding that it is impractical to swath early enough to
have a significant effect on WSS mortality without compromising wheat yield. Most
larvae have moved to the lower internodes when the wheat is ripe enough to swath

without a yield loss.

Tillage Management of WSS-infested stubble using tillage has been extensively
tested (Anonymous 1945, Weiss and Morrill 1987) to determine its effectiveness in
killing diapausing individuals. The results have shown that even though mortality of
overwintering larvae increases with this practice, mortality levels achieved are not
sufficient to control populations. Moreover, no-tillage or conservation tillage practices
are becoming widely used because they reduce the amount of water that is lost to
evaporation. Stubble that is left standing traps snow and results in a more uniform
distribution of water across the field the following spring (Cochran et al. 2006).
Conservation tillage is recognized as a means to reduce soil compaction, erosion, and

evaporative water loss, all of which increase vigor and yields (Quisenberry et al. 2000).

Delayed Planting Wheat plants are susceptible to WSS oviposition only during

stem elongation, and adult emergence has probably evolved to be synchronous with plant
development. The flight period can extend from nine to 34 days, so modifications in

planting dates can reduce damage by disrupting synchronization of WSS emergence and
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plant development (Weiss and Morrill 1987). Morrill and Kushnak (1999) showed that
late-planted spring wheat had lower levels of WSS infestation than winter wheat and
sometimes avoided attack completely. A disadvantage of late planting in semiarid

conditions, as occurs in Montana, is reduced yield (Weiss and Morrill 1987, Morrill and

Kushnak 1999).

Trap Strips A WSS trap consists of a strip of host plants of varying widths planted
between the crop and the infested stubble so that insects must bypass the trap to reach the
main crop (Anonymous 1942, Farstad and Jacobson 1945, Munro 1945). Therefore, they
can be used to concentrate WSS into a small percentage of the total field area. Currently,
this practice is not widely used to manage this insect because it has not been shown to
achieve consistent results. As part of a successful program to manage the WSS, this study

focused on the enhancement of trap cropping, described in greater detail below.

Trap Cropping

Trap crops are usually sacrificial plantings grown for the purpose of attracting
insect populations to a reduced area where they can be managed more cost-effectively
and reduced to avoid causing economic damage (Hokkanen 1991, Pedigo 2002). The
principle of trap cropping rests on the fact that pests prefer certain plant species, cultivars,
or a certain crop stage.

Manipulations in time and space so that attractive host plants are available at the
critical time lead to the concentration of the pest at the desired site, the trap crop

(Hokkanen 1991). The favorability of this alternative environment (i.e. the trap), keeps
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the pest away from the crop. In trap cropping, the trap can be a different species or
cultivar than the one being protected, or the same species planted at a different time.

Trap strips have been shown to be effective in reducing pest insect infestations in
several cropping systems and there are at least ten examples in the literature of successful
trap cropping used commercially (Shelton and Badenes-Perez, 2006). There are a few
studies that have shown considerable potential of trap strips for management of WSS
(Seamans 1928, Anonymous 1942, Morrill et al. 2001). The characteristics of WSS that
make it amenable to be managed with trap crops include low fecundity, short adult
lifespan, and limited dispersal ability. There is one generation per year. The adult insect
seldom flies far and oviposition occurs as soon as a suitable host is encountered. As a
result, infestations usually are concentrated in the field borders (Morrill et al. 2001).
Therefore, a WSS trap consists of a susceptible or a resistant cultivar planted around the
border of the crop being protected (Morrill et al. 2001). The susceptible trap crops are
destroyed after WSS oviposition (Callenbach and Hansmeier 1945) or if resistant, they
can be harvested for grain. Seamans (1928) reported success of a permanent strip of
smooth brome grass, Bromus inermis Leyss, as a trap crop seeded around the field.
Morrill et al. (2001) showed promising results with a winter wheat perimeter trap
protecting spring wheat. However, use of traps to manage WSS is not a widespread
practice due to inconsistent results. Trap crop management is key to the success of this
practice and it includes the choice of the trap cultivar, determination of size and
arrangements, and possible manipulations of the trap to increase attractiveness

(Hokkanen 1991). Understanding the host selection mechanisms in WSS that govern
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oviposition preference is necessary to develop an effective management practice based on
trap crops. Other factors that need to be considered are: cultivars used as crop and trap,
planting date of trap and crop, width of the trap, and harvesting method and date, among

others.

Winter Wheat Traps

As stated above, Morrill et al. (2001) found that winter wheat trap strips
intercepted dispersion of adult WSS into spring wheat fields. Winter wheat that is planted
earlier than spring wheat is more attractive at the beginning of the adult emergence
period. The trap crop is planted between the spring crop and the infested stubble, to
intercept adult WSS flying into the fields from neighboring fallow stubble and serve as
sink for eggs (Morrill et al. 2001). After the adult WWS flight period ends, winter wheat
is harvested or swathed, to destroy the larvae developing in the stems.

There are many different wheat cultivars grown in the northern Great Plains.
Which cultivars are selected to be protected and to be planted as trap crop is most likely
critical to the success of the trap crop.

A winter wheat trap crop should be winter hardy to assure vigorous growth, even
in harsh winter conditions, to attract adults as they emerge from the adjacent fallow land.
It should also have a developmental rate synchronized with WSS emergence, and be in
the suitable developmental stages for oviposition during all or most of the WSS flight
period.

In some cases, harsh winter conditions and drought might retard the development

of wheat, decreasing plant vigor and density, and making winter wheat unattractive to
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WSS, resulting in an ineffective trap crop. For this reason, a winter wheat cultivar
suitable for use as trap crop in Montana should be winter hardy and attractive enough to
WSS to prevent them from flying into the spring wheat. Herbicide fallowing practices are
desirable to provide a good environment for winter wheat establishment by facilitating
snow cover and helping retain water in the soil. Crop emergence and yield is typically
greater under chemical fallow due to improved soil structure and increased water use
efficiency (Young et al. 1994, Runyon 2001). Moreover, chemical fallow offers
advantages in water conservation, soil erosion, and production costs and should result in

greater parasitism of WSS over time (Runyon 2001).

Economic Implications of the Trap Crop

In general, growers are reluctant to use trap crops because they are unwilling to
sacrifice grain yield (Goosey 1999). For that reason, swathing the trap crop and haying it
for forage after WSS oviposition could provide a sound alternative that yields a tangible
economic benefit.

The term forage is used for plants or plant parts either grazed by animals or fed to
animals, and they are a key component of the milk, beef, and sheep industries (Frate
2001). Small grain cereals can be valuable as forage to complement summer annuals and
native grass pastures, and are good primary forage for beef cattle. Small grain crops can
make good quality hay as well as silage. Harvest and storage as silage has the potential
for greater animal production per acre than harvest and storage as hay. However, hay-
making equipment is available on more farms and is usually more available for custom

harvest (Guyer and Mader 1997).
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Wheat has good potential for pasture, silage, or hay production (Wichman 2001).
Moreover, wheat is usually higher in forage quality than oats, Avena sativa L., rye,
Secale cereale, and triticale, x Triticosecale von Tschermak-Seysenegg, and can produce
more forage in terms of dry mass per acre than barley, Hordeum vulgare L. (Watson et al.
1993). For this reason, investigating the feasibility of using a winter wheat trap crop as
hay forage is necessary to evaluate the economic return and to potentially increase

adoption of this technique.

Host Selection and Oviposition Preference

The WSS will infest any member of the grass family, but they do exhibit
oviposition preferences (Ainslie 1929). According to Holmes and Peterson (1960)
oviposition is related to stem diameter, internode length, and number of elongated
internodes of the host at the time of the adult flight. These authors studied oviposition
preference in the WSS and they concluded that developmental stage of the host plant
determines the oviposition site among and within stems of a given cultivar of wheat.
Maturity of the stem during the flight period influences female choices. When wheat
plants are young, females will choose to lay their eggs in the more developed, taller, and
wider of the young stems available. If plants are more advanced during the WSS flight,
females are likely to select the youngest stems (Holmes and Peterson 1960).

The early studies on the WSS led to probable explanations for the preference of
WSS for certain developmental stages of their hosts. For example, older stems become

more resistant to penetration (Holmes et al. 1963). Stems that are too wide do not allow
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for a good grip of the female during oviposition (Farstad 1940). Thick stems or stems
with pith require extra time to be penetrated by the ovipositor (Holmes and Peterson
1960).

Apart from preference for certain developmental stages, Wall (1952) reported that
different cultivars differed markedly in the percentage of lodged stems when exposed to
WSS, although none of them were immune to infestation.

More contemporary studies have suggested that release of volatile compounds
from host plants provides chemical cues for the females that aid in the decision making
process of selecting a stem in which to oviposit (Piesik et al. 2008).

The host selection process can be seen as a continuum between two extremes,
namely, insects choosing their host from a distance using olfactory cues, and insects
selecting their host only after contact (Bruce et al. 2005). The behavioral events leading
to oviposition are mediated to a large extent by chemical cues associated with potential
host plants. Orientation and landing are primarily guided by volatile constituents of a
plant, whereas assessment of a leaf surface depends on contact stimuli (Renwick 1989).
Visual attraction might result from responding to the color or form of the host plant.
Because these vary greatly within a plant species, visual responses often occur only with
an appropriate olfactory stimulus (Renwick 1989, Bernays and Chapman 1994).

The mechanisms involved in oviposition behavior and preference in the WSS are
not well understood. The information available suggests that WSS oviposition behavior,
like oviposition in other insects (Nottingham 1988, Hattori 1988), is most likely a

catenary process involving different kinds of host finding cues as well as host acceptance
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cues (Ramaswamy 1988). Further knowledge on these mechanisms is essential to develop

management practices for the WSS relying on behavior modification, such as trap

cropping.

Use of Semiochemicals in Pest Management

Attraction of phytophagous insects to semiochemicals (natural signal chemicals
mediating changes in behavior and development) produced by host plants is known for
many systems (Guerin and Stiddler 1982, reviewed by Visser 1986, Dowdy et al. 1993,
Bernays and Chapman 1994, Quiroz et al. 1997, Schoonhoven et al. 1998, Rojas 1999).
Pest management can make use of semiochemicals that influence insect behavior. For
example, increase of trap crop effectiveness has sometimes been greatly improved by the
use of aggregation or sex pheromones (Hokkanen 1991). The attractiveness of a trap crop
can also be enhanced by using crops that produce large quantities of host attractants, also
termed kairomones (Agelopoulos et al. 1999). Oviposition behavior can also be modified
by stimulants (Unnithan and Saxena 1990) or deterrents (Van Steenwik and Barnett
1987). However, an understanding of insect-plant interactions and chemical ecology is
needed for the success of such techniques (Pickett et al. 1997).

Semiochemicals have been incorporated into pest management through the use of a
“push-pull” or stimulo-deterrent control strategy (Cook et al. 2007). This approach
involves the use of trap cropping, crop diversification, intercropping, and manipulation of
semiochemicals. The main idea is to manipulate behavior of the insects, attracting them

to an attractive trap crop, and pushing them away from the target crop (Miller and Cowles
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1990, Agelopoulos et al. 1999). Aggregation of the pest away from the crops is
encouraged by attractants such as pheromones and by trap crops producing large
quantities of host attractants. Also, this strategy can make use of the herbivore-induced
volatiles that mediate behavior of beneficial organisms, aiding in biocontrol of the pest.

A push-pull system is used in Kenya and Uganda to manage the maize, Zea mays
L., stem borer (Khan and Hassanali 2003) and shows promise to manage insects like the
Colorado potato beetle, Leptinotarsa decemlineata (Say) in potato, Solanum tuberosum
L. (Dickens 2000, 2002), Helicoverpa armigera (Hiibner), in cotton, Gossypium hirsutum
L. (Duraimurugan 2005), the pollen beetle, Meligethes aeneus (Fabricius), in oilseed
rape, Brassica napus L. (Cook et al. 2004), and spruce beetles, Dendroctonus rufipennis
(Kirby), and western balsam bark beetles, Dryocoetes confusus Swaine (Borden 1997,
Borden and Greenwood 2000), among others.

Delivery of natural or induced semiochemicals by plants may not be strong
enough to reduce populations below economic levels (Pickett et al. 2005). However, in
combination with other tactics such as the use of less attractive cultivars or crops, plus
attractive crops, or enhancing of parasitoid cues, the push-pull strategy has proven to be
effective. As suitable deterrents and stimulants are identified, it seems likely that such
combined behavioral manipulation methods will be developed for a wider range of pests

and resources.
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Objective

The overall goal of my project was to gain further insight on the oviposition
behavior of the WSS and use this information to optimize the use of trap strips as a
management tool in spring wheat-fallow systems in Montana. To meet this objective, I
investigated the role of wheat volatiles as host-finding kairomones and other cues that
could affect WSS oviposition behavior.

First, I studied the behavioral responses of female WSS to plants infested by
conspecific eggs and larvae, to determine if females avoid infested plants, and to
determine the potential of individual plants of a trap crops in attracting multiple larvae.

Then, I compared different winter wheat cultivars with regards to characteristics
that are reported to affect WSS behavior such as stem length, stem diameter,
developmental rate, and release of volatile compounds. Further, I studied oviposition
preference in cage trials with different wheat cultivars. Then, I evaluated the
effectiveness of winter wheat trap strips in protecting spring wheat against the WSS as
well as their suitability to use as forage. Finally, I determined whether the application of a
synthetic behaviorally active volatile compound can augment the attractiveness of wheat

plants to female adult WSS.
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CHAPTER 2
OVIPOSITION BEHAVIOR AND HOST PREFERENCE OF THE

WHEAT STEM SAWFLY

Abstract

Larvae of the wheat stem sawfly, Cephus cinctus Norton, face an elevated risk of
intraspecific competition or cannibalism because only one will survive in any given host
stem. For this reason, ovipositing females may assess a potential oviposition site for prior
conspecific eggs or larvae before deciding whether to oviposit. To increase our
understanding on host selection and oviposition preference in the wheat stem sawfly,
females were presented with either virgin plants or plants previously exposed to other
females in laboratory choice tests. Given that the oviposition behavior of this insect has
not been described in detail, I also evaluated the behavioral sequences that lead to and
follow the insertion of the ovipositor in the stem of wheat, Triticum aestivum L. No
significant differences were found between the oviposition behaviors or between the
mean number of eggs laid in infested and uninfested plants or stems. In choice tests, taller
plants received a greater number of eggs, irrespective of their infestation status.
Moreover, the mean number of previously infested stems that were reinfested was similar
to the mean number of previously infested stems that were not selected for oviposition.
These results suggest that females do not avoid previously infested hosts. Other
characteristics of the host, such as stem height or width, seem to be more important in
determining oviposition behavior. The implications of these findings for the theory of

oviposition preference—larval performance are discussed in the context of the
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phylogenetic constraints hypothesis. These findings provide useful information that can

be used to develop tactics to manage this insect pest by habitat manipulation.

Introduction

Intraspecific competition is a major selective force in the evolution of behavioral
strategies in animals (Krebs and Davies 1997). In insects, intraspecific larval competition
can be reduced by female oviposition behavior, such as avoiding hosts where conspecific
eggs or larvae are already present (Nufio and Papaj 2001). This type of behavior would
be of critical importance for phytophagous insects with limited capabilities for dispersal
such as stem galling flies, leafminers, and stem borers (Stiling and Strong 1984, Bultman
and Faeth 1986, Hess et al. 1996, Craig et al. 2000). There is good evidence for the
existence of actively-produced compounds called marking pheromones that signal the
presence of a brood in both phytophagous and entomophagous insects. Evidence for the
use of marking pheromones has been found in five holometabolous insect orders
including Coleoptera, Diptera, Hymenoptera, Lepidoptera, and Neuroptera (Nufio and
Papaj 2001).

Under the oviposition preference—offspring performance hypothesis, which predicts
that a female will choose those hosts for oviposition on which larvae perform best
(Jaenike 1978, Price 1994), the choices of oviposition sites by mobile females are
expected to minimize competition among their relatively immobile progeny. Recent
studies suggest, however, that optimal foraging by adults may determine host choice, as

female insects can maximize fitness through the optimization of adult performance
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(realized fecundity) (Jaenike 1986, Scheirs et al. 2004). As pointed out by Scheirs and De
Bruyn (2002), optimal adult performance and oviposition are not independent processes
and females should try to maximize their fitness by optimizing both. Some instances of
poor preference-performance correlations could result from a trade-off between quantity
and quality of offspring due to constraints that prevent the optimization of both strategies
creating a conflict of interest between parents and offspring (Nylin et al. 1996).

I studied the oviposition behavior of the wheat stem sawfly (WSS), Cephus cinctus
Norton (Hymenoptera: Cephidae), a major pest of wheat, Triticum aestivum L., in the
northern Great Plains of North America. In this system with cryptic immatures, only one
adult sawfly survives in each infested host stem, so if there is more than one egg placed
in a given host, cannibalism is obligate. Greater knowledge of the ecological principles
governing WSS biology may contribute to our overall understanding of insect plant
interactions and oviposition behaviors in response to intraspecific competition, which is
also critical in the applied context. I discuss how the behavioral choices made by females
affect both the mothers and the progeny and how they fit in the context of the
phylogenetic constraint hypothesis and the oviposition preference-larval performance
theory, with the caveat that decisions leading to internecine competition within stems

results in death for all, except for a single survivor.

Wheat Stem Sawfly

The WSS is oligophagous, infesting several genera of grasses. Females oviposit
within the lumen of host plant stems in early summer. The larva feeds on parenchymous

tissue until the plant reaches maturity (Ainslie 1920). At this time, the final instar moves
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down the stem to near the soil surface where it girdles the inside of the stem, plugs the
upper part of the newly-girdled stem with frass, and secretes a hibernaculum inside which
it will overwinter (Criddle 1922). The “v”’-shaped groove made by the larva encircles the
interior of the stem and causes the stem to break and lodge due to wind and gravity. In
crops, lodged stems cannot be fully recovered and are a major cause of yield loss due to
this insect. (Munro 1947). Adults emerge through the frass plug at the top of the cut stem
late in the following spring and live for approximately 10 days (Wallace and McNeal
1966). Females lay 30 to 50 eggs (Criddle 1922) during their short lifespan.

Plants are vulnerable to infestation only after stem elongation (the development of
internodes) has begun, and before the seeds begin to fill (Ainslie 1920, Painter 1953).
Given the short life span of the adults, the life cycle of the WSS must be synchronous
with seasonal host development.

Each larva completes its development in one stem and is unable to move to other
stems even within the same plant. If more than one egg is deposited in a stem,
cannibalism occurs and only one overwintering larva will survive in each stem (Wallace
and McNeal 1966). Therefore, the success of WSS larvae depends largely upon maternal

oviposition decisions.
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Oviposition Preference — Offspring Performance

Information available suggests there is a marked link between oviposition
preference and larval performance in WSS. This pattern is similar to that found for
galling sawflies in the genus Euura (Ferrier and Price 2004) and a leaf-folding sawfly in
the genus Phyllocolpa (Hymenoptera: Tenthredinidae) in Japan (Price and Ohgushi 1995)
in which females oviposit preferentially on or in longer shoots, where the larvae have
greater establishment and survival. Several researchers have reported that female WSS
select larger stems for oviposition. This is the case for native grasses such as basin
wildrye, Elymus cinereus Scribner and Merrill (Youtie and Johnson 1988), for the
introduced crested wheat grass, Agropyron cristatum (L.) Gaertner (Farstad 1940), and
for introduced downy brome, Bromus tectorum L., which is a common weed in winter
wheat fields (Perez-Mendoza et al. 2006) as well as for cultivated wheat (Holmes and
Peterson 1960, Morrill et al. 1992, Perez-Mendoza et al. 2006). In turn, larvae have
greater survival and mean weight in the preferred stems (Perez-Mendoza et al. 2006).
Morrill et al. (2000) also showed that WSS emerging from larger stems were heavier,
lived longer, and had larger egg loads. The infested stems that are larger have a greater
reproductive output and yield potential, which amplify the negative economic impact of
these insects on their host crop plants (Morrill et al. 1992, Youtie and Johnson 1988),
although ecologically the inverse is true because the larger plants may be able to better
tolerate feeding injury.

Oviposition preferences for larger plants have been observed in many insect

species (Hopkins and Whittaker 1980, Ferrier and Price 2004), and have been interpreted
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as a strategy to avoid resource limitation. Hopkins and Whittaker (1980) reported a
positive linear relationship between the survival of Apion curtirostre Germar (Coleoptera:
Curculionoidae) larvae and the stem diameter of their host, Rumex acetosa L. Dhileepan
(2004), studying Parthenium hysterophorus L. (Asteraceae) and its specialist gall moth,
Epiblema strenuana Walker (Lepidoptera: Tortricidae), found that ungalled plants were
shorter, lower in biomass, produced fewer flowers, and had fewer branches than galled
plants. These examples suggest a positive relationship between host and herbivore
fitness, and support the plant-vigor hypothesis (Price 1991), which proposes that some
herbivores will prefer the most vigorous shoots or plants as hosts.

To further understand WSS oviposition behavior, I considered it necessary to
investigate whether females avoid ovipositing in previously infested host stems. In
agroecosystems, infestations by this insect can reach 80% of the available hosts. Given
that only one larva can survive per stem, intraspecific competition is extreme when two
or more eggs are laid in the same host.

Females that are able to recognize previously visited stems and use available
information about prior infestation to make oviposition decisions would be expected to
increase their fitness. On the other hand, a female should oviposit exclusively in
uninfested stems only when the behavior would lead to greater fitness rather than a
flexible strategy of placing small numbers of eggs in greater-risk, previously infested
stems (Nagelkerke et al. 1996).

I describe the behavior of ovipositing females, emphasizing the events that lead to

ovipositor insertion and withdrawal, because the egg is deposited cryptically and it can
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only be detected by dissection. Ethograms were developed to illustrate the relations and
interactions between various behaviors and to detect any potential differences between
the behaviors of females on previously infested or uninfested hosts that could be the
result of marking pheromones during oviposition or to herbivore induced volatiles acting
as cues. | also present experimental data to test whether females avoid laying eggs in
stems previously infested with conspecifics. Overall, I address the following questions,
(1) What are the behaviors leading to an oviposition event?, (2) Does this behavioral
sequence differ for infested and uninfested stems?, (3) Do females avoid ovipositing in
stems containing eggs deposited by other females?, and, (4) Do females avoid ovipositing

in stems containing developing conspecific larvae?

Materials and Methods

Biological Material — Sawflies

Adult WSS were reared from field-collected wheat stubs containing larvae in
diapause. These were held at 0-4°C for >100 days to facilitate completion of the obligate
larval diapause. After this, the stubs were placed in plastic Tupperware® boxes (70 x 35
x 20cm) and held at room temperature (22-27°C), until the adults emerged 4 to 5 weeks
later. The boxes were opened daily and the emerged adults were removed and placed in
glass 2 liter Mason® jars. The glass jars contained moistened filter paper and a sucrose
solution. Insects remained in the jars until they were used in experiments. All bioassays

were conducted with adults within 24 hours of eclosion.
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Biological Material — Plants

Experiments were performed in controlled conditions at the Plant Growth Center,
Montana State University. Spring wheat seeds of the cultivar ‘Reeder’ were sown in
tapered, square pots (13 x 13 x 13.5cm) in a greenhouse with supplemental light (GE
Multi-Vapor Lamps-model MVRI1000/C/U, GE Lighting, General Electric Co.,
Cleveland, Ohio, USA). The photoperiod was 15L: 9D. Daytime temperature was 22 +
2°C and the overnight temperature was 20 + 2°C. The relative humidity was ambient,
typically ranging from 20% to 40%. Soil used consisted of equal parts of Montana State
University Plant Growth Center soil mix (equal parts of sterilized Bozeman silt loam soil:
washed concrete sand and Canadian sphagnum peat moss) and Sunshine Mix 1 (Canadian
sphagnum peat moss, perlite, vermiculite, and Dolmitic lime) (pH = 6.15, ECe
=0.85dS/m).

The plants were watered three to four times weekly, and fertilized with Peters®
General Purpose Fertilizer (J. R. Peters Inc., Allentown, Pennsylvania, USA) at 100ppm
in aqueous solution twice each week. Fertilizing commenced when plants reached a
developmental stage of Zadoks 13 (three unfolded leaves) (Zadoks et al. 1974).

Plants were used for experimentation when they reached a developmental stage of
Zadoks 32-33 (two to three nodes visible) and also when they reached Zadoks 49 (when
the awns of the developing head are first visible). These two stages were chosen for
experimentation because they represent both ends of the range of the host stages that are

most susceptible to WSS damage under field conditions. As stated previously,
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oviposition cannot occur until stem elongation commences, which is at Zadoks 32 in the

host wheat plants.

Choice Experiments

Oviposition behavior on plants previously exposed to other females was
investigated in two different choice tests representing varying levels of plant stress
caused by the insects and also representing the different levels of risk to the newly
deposited egg. The first series of experiments (Series 1) studied the response of females
to stems infested with conspecific eggs or newly hatched larvae relative to uninfested
stems. The second series of experiments (Series 2) tested the response of females to
plants infested with conspecific mature larvae that had fed extensively while foraging
within the stem.

Pots containing two plants in the selected developmental stage were used for each
experiment. All plants were enclosed in plastic tubes and one plant from each pot was
randomly selected for exposure to WSS. Treated plants received three females, which
were released in each of the selected tubes. Oviposition was allowed for 24 hours. After
treatment, plants were held in the greenhouse until the specific choice experiment was
conducted. For the first series of experiments, plants were held for one to seven days
before conducting the choice experiment. For the second series, plants were held for two
to three weeks to allow further larval development and greater feeding damage within the
stem before the choice experiments began.

For the choice experiments, two pots, each containing one plant that had been

exposed to WSS and one uninfested plant, were placed inside a 46.5 x 46.5 x 91lcm
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screen cage with 530-um mesh openings (BioQuip products, Rancho Dominguez,
California, USA). Ten female and five male WSS were released within the cage and
allowed to mate and oviposit. Experiments were conducted in the greenhouse used for
plant cultivation.

Active females in the cage were observed and each time that a female exhibited
behaviors that could lead to an oviposition event, the sequences of postures and actions
leading to ovipositor insertion were recorded by the observer. The portion of the stem
where the behavior occurred was also recorded. Due to cryptic egg placement, this spatial
information was used to facilitate differentiation between eggs previously deposited by
females in the oviposition tubes and those eggs that had just been inserted by the females
used in the choice tests.

Each experiment started at noon and lasted 90 minutes or, if sawflies were not
sufficiently active, until at least five oviposition events were observed in the cage. After
this, all stems were dissected. I recorded the number of eggs and larvae per stem. After
each cage trial, I categorized the stems as either infested or uninfested before they were
placed in the cages and also whether they were infested or were not infested by females
in the cage choice test. I also measured the height of each stem, given that height has
been shown to be an important factor in oviposition preference for females. Each series
of experiments was repeated 13 times with a different group of insects and plants each
time.

As stated above, the first exposure to infestation in tubes was applied to whole

plants. A plant usually had either three or four stems, and given that stems within these
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plants differed in their developmental stage and or height due to sequential tillering in the
host plant, they probably also differed in their attractiveness to WSS. Females were
expected to show a preference for certain stems within a plant. For example, main stems
were more likely to be infested than tillers because they were taller and thicker. To
account for this, I also stratified the data and compared infestation and reinfestation of
main stems and primary tillers separately. I did not include secondary tillers in this
analysis because these were not developed enough to be suitable for infestation when
they were first exposed to WSS in the tubes and therefore were rarely initially infested
(4% in Series 1 and 10% in Series 2).

Differences between mean number of eggs, mean number of reinfested stems, and
between mean heights in each stem category (previously infested or uninfested and main
stems or tillers) were separated with 7 tests (PROC TTEST, SAS Institute 1998). Each
cage was used as a replicate. In a few cases I found that plants exposed to adult WSS

contained no eggs or larvae, so these replicates were not included in the analysis.

Oviposition Behavior

To better understand the mechanisms underlying host selection and also
governing the selection of specific oviposition sites, I described oviposition behavior by
recording the sequence of behaviors that lead to the insertion of the ovipositor. Given that
I could not determine if eggs were deposited each time the ovipositor was inserted (eggs
are cryptic), I considered ovipositor insertion as an oviposition attempt. I observed
oviposition attempts and recorded the sequence of events that preceded the insertion of

the ovipositor as well as those that occurred subsequently. Stems where females
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attempted oviposition were later dissected to determine if they had been previously
infested or if they were uninfested. An ethogram was constructed to illustrate the
relationships between the different behaviors and their associated frequencies.
Frequencies of behaviors directly succeeding each other were calculated for each event in
the complex sequence. The number of times an event occurred after a certain behavior
was divided by the total behavioral events that occurred before the specified behavior,
sensu Lauziere et al. (2000). Differences in behaviors exhibited by females ovipositing on
wheat stems that had been previously infested (n = 15) and those on stems that were
uninfested (n = 15) were analyzed using chi-square tests at a significance level of a =

0.05, as reported by Tillman and Mullinix (2003).

Results

Oviposition Preference and Avoidance of Infested Stems

WSS are weak fliers and can be infrequently active (Ainslie 1929), particularly in
a greenhouse setting. As a result, the duration of the experiments allowed the observation
of a small number of oviposition events. In each experiment there were at least 12
suitable hosts for oviposition and the number of oviposition events per experiment ranged
from 3 to 13. The mean number of eggs per stem was of 0.5 in the first series of
experiments and 0.62 in the second series. Therefore, I am confident that the number of
available hosts was not limiting and the choices that I observed were based on female

preference and were not confounded by crowding within the cages.
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Analysis of variance revealed that there was no effect of infestation status on the
number of eggs in a plant (Series 1: d.f. =1, 36, F=0.10, P = 0.75; Series 2: d.f. = 1, 37,
F=1.17, P = 0.29). Plants infested with WSS eggs and larvae had a similar number of
eggs as uninfested plants. A significant effect of plant height on the number of eggs per
plant was observed in choice tests using plants infested with actively feeding larvae
(Series 2: d.f. =1, 37, F = 437, P = 0.04) where taller plants had a greater number of
eggs. No effect of height was observed for younger plants infested with eggs or, possibly,
newly hatched larvae (Series 1: d.f. =1, 36, F =0.07, P =0.79).

Further analysis was conducted comparing infestation between individual stems
of similar development and height to account for the preference of female WSS for taller,
younger stems within a plant. Figure 2.1 shows that in choice tests, previously infested
stems had a similar probability of being selected for further oviposition as they did for
not being reinfested (Series 1: main stems #-test: £ = 0, d.f. = 20, P = 0.50; Series 2: tillers
t-test: t = -0.85, d.f. = 20, P = 0.20). However, among the main stems that contained
larvae (Series 2: main stems t-test: ¢ = 2.36, d.f. = 20, P = 0.01), and among the slightly
smaller tillers that contained eggs or newly hatched larvae (Series 1: tillers #-test: t = 1.75,
d.f. =20, P = 0.05) a greater proportion of the previously infested stems were reinfested
when compared to uninfested stems (Fig. 2.1). There were no differences between the
mean number of eggs laid in infested and uninfested main stems, when the number of
stems available in each category was accounted for (Table 2.1) (Series 1 #-test: t = 0.63,
d.f. =12, P = 0.54; Series 2 t-test: t = 0.96, d.f. = 19, P = 0.35). There was a greater mean

number of eggs laid in infested than in uninfested tillers when they contained eggs or
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possibly, newly hatched larvae (Series 1: ¢-test: = 1.87, d.f. = 10, P = 0.09) but not when
they contained mature, feeding larvae (Series 2: t-test: ¢ = 0.05, d.f. = 15, P = 0.96). This
result was expected based on previous records of WSS oviposition preference for taller
stems (Holmes and Peterson 1960, Youtie and Johnson 1988, Morrill et al. 1992) because
I found that previously infested tillers were slightly taller than the ones that were
uninfested (Fig. 2.2) (Series 1: tillers #-test: t =-1.71, d.f. = 50, P = 0.05; Series 2: tillers
t-test: t = -2.08, d.f. = 48, P = 0.02) and probably provided better, more attractive hosts
for the females. No differences were observed between height of infested and uninfested
main stems (Series 1 main stems z-test: = 0.05, d.f. = 50, P = 0.48; Series 2 main stems
t-test: t =-0.13, d.f. = 50, P = 0.45) (Fig. 2.2).

I also recorded whether the first three oviposition events in each experiment were
made on previously infested or uninfested stems. I found that 53% (in Series 1) and 47%
(in Series 2) of these first oviposition events occurred on previously infested stems. This
observation supports the conclusion that females do not avoid infested stems and also
rules out the lack of sufficient uninfested hosts as an explanation for finding eggs in
previously infested stems.

Of all the eggs laid in the experiments, females laid two eggs in a single stem 12
times before leaving that plant. It is possible that certain stems provide an increased
target size or a greater oviposition stimulus and therefore facilitate the insertion of two
eggs. This behavior was rare enough that I cannot establish its significance in the overall

results.
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Oviposition Behavior

My observations on oviposition behavior determined that there were several
behavioral events leading to and following an oviposition attempt (Table 2.2). All
behaviors were equally common for females ovipositing in uninfested and previously
infested stems (x2 = 0.46, d.f. =6, P > 0.05) (Table 2.3), suggesting that females did not
respond differently to the uninfested and previously infested hosts. Given that the
ethograms constructed for females attempting to oviposit in infested and uninfested stems
were not different, I pooled all the observations to construct a single ethogram for the 30
observations recorded. Figure 2.3 illustrates the ethogram that was constructed from this
data set. Briefly, females usually flew onto one of the upper leaves of the plant or to the
upper part of the stem, where they typically remained quiescent. When they became
active, they walked up and down a stem while tapping the surface with their antennae or
ovipositor. The biological significance of the antennal and ovipositor tapping remains
unclear. One possible role of this tapping behavior is to assess the suitability of the site
for oviposition. As the females moved along the stem, they tapped the stem at different
heights with the tip of their abdomen and infrequently stopped at a certain height and
circled the stem while tapping. It should be noted that this stem circling was rare
(frequency of 1.7%) and was not included in the analysis. Stem tapping with the
ovipositor could last for several minutes until the female selected a point suitable for
insertion of the ovipositor. Once the ovipositor was inserted, it could remain inside the

stem from a few seconds to several minutes.
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Figure 2.1 Mean = SE number of stems previously infested when exposed to female
wheat stem sawflies in cages, that were either reinfested or not in two series of behavioral
experiments. Stems in Series 1 (a) contained eggs or newly hatched larvae, and stems in
Series 2 (b) contained actively feeding larvae.



Table 2.1 Total number of eggs in previously infested or uninfested stems, total number and proportion of available stems in
each category that received one or more eggs, and mean number of eggs (+ SE) per available stems in each category. Replicate
numbers exclude those that were not previously infested in each experiment. Thirteen replicates were attempted for each series
of experiments (Series 1 and Series 2). Comparisons were done between infestation categories, within stem category.

Infestation status of Total Total number of Proportion Mean + SE
Number of . . .
stems when exposed to . number stems available  of stems available eggs/availabl
replicates . i
females of eggs in that category  that were infested e stems

Infested with eggs or

Series1 main newly hatched larvae 11 10 14 0.30 0.60 +£0.27a
stems
Not infested 11 30 0.37 0.42 +0.10a
. . Infested with eggs or
Series 1 tillers newly hatched larvae 11 10 10 0.7 1.05 £0.32a
Not infested 15 34 0.38 0.43 +0.10b
Series 2 main  Mested with feeding 23 21 0.71 1.18 £0.27a
stems larvae 11
Not infested 19 23 0.57 0.85+0.22a
L Infested with feeding 6 16 0.31 039 £0.16a
Series 2 tillers larvae 11

Not infested 12 28 0.36 0.38 £0.12a

(4%
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Figure 2.2 Mean * SE height of infested and uninfested stems in two series of behavioral
experiments. (a) Series 1 with plants previously infested with either eggs or newly-

hatched larvae and (b) Series 2 with plants previously infested with large, actively
feeding larvae.



Table 2.2 Commonly occurring behaviors and postures observed for caged female wheat
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sawflies before and after an oviposition attempt.

Abbreviation

Behavior

Description

QE

Quiescent or resting, usually
embracing stem or sitting on a
leaf

Quiescent females may still
antennate slowly and
infrequently

WwuP

Walking up while antennating
stem

Walking towards the upper part
of the stem while tapping the
stem surface with antennae

WDOWN

Walking down while
antennating stem

Walking towards the lower part
of the stem while tapping the
stem surface with antennae

ARR

Abdomen raise and rub

The tip of the abdomen is raised
to near vertical over the thorax
while the insect is clinging to the
stem. The female clings with the
forelegs to the stem while the
tarsi of hind legs repeatedly rub
the sides of the abdominal apex

AT

Abdomen tap

The abdominal tip is pointed
downward near the hind legs and
tapped repeatedly against stem

AG

Antennal groom

Grooming the antennae and
mouthparts with forelegs

SC

Stem circling

While embracing the stem with
the legs females circle the stem
at the same time as tapping it
abdomen

Ol

Ovipositor insertion

Insertion of the ovipositor into
the stem.
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Figure 2.3 Ethogram for wheat stem sawfly oviposition in wheat plants under laboratory
conditions.

Transition arrows connect sequential behaviors. The width of the arrow is proportional to
the relative frequency of transition sensu Lauziere et al. (2000). Numbers associated with
arrows represent observed frequencies of successive behaviors in the complex behavioral
sequence. Only transitions that occurred more than three times are shown. For
abbreviation explanations refer to Table 2.2.
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Table 2.3 Frequency of specific behaviors recorded for caged female wheat stem sawfly
on infested and uninfested wheat stems.

Infested __Uninfested Total
Behavior " Frequency " Frequency n Frequency
(%) (%) (%)
Quiescent or Resting 32 20.7 34 20 66 20.3
Abdomen tap 19 12.3 20 11.8 39 12
Walking up while 33 21.3 33 19.4 66 20.3
antennating stem
Walking down while ) 19.4 35 20.6 65 20
antennating stem
Ovipositor insertion 19 12.3 22 12.94 41 12.6
Abdomen raise and rub 10 6.5 13 7.7 23 7.1
Antennal groom 12 7.8 13 7.7 25 7.7
Total 155 100 170 100 325 100

After insertion of the ovipositor, individual females would remain quiescent on
the leaves or stem, depart the stem, or would repeat the sequence of events mentioned
above. This sequence could be repeated several times after which the female would fly to
another plant, occasionally descend from the plant, or become quiescent on a leaf or stem
of the same plant. In some cases, while on the stems or leaves of plant, females were
observed to rub their antennae with their forelegs or to rub the abdomen with the rear legs
(grooming). The latter probably enhances the volatilization of pheromonal compounds
from abdominal waxes via the oxidation of cuticular hydrocarbons and is probably a

component in the mating behavior of these insects (Bartelt et al. 2002, Cossé et al. 2002).
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Discussion

The oviposition preference—offspring performance hypothesis predicts that an
ovipositing female will select hosts suited for optimal larval performance. According to
the phylogenetic constraint hypothesis, many sawfly species are latent or rare,
constrained to utilize patchily distributed hosts with a low carrying capacity in the natural
landscape, are regulated by bottom-up factors, and have strong oviposition preferences
and larval performance linkage because larvae are immobile (Price 1994, Price 2003).
Previous studies on WSS support this hypothesis (Morrill et al. 2000, Perez-Mendoza et
al. 2006) because females indeed exhibit a marked preference for certain larger hosts that
provide better resources for developing larvae.

Utilization of hosts in cultivated wheat fields has been discussed by Sing (2002)
and Nansen et al. (2005a). Adult female distribution within wheat fields is not random
and it reflects a discriminatory search for the best hosts available within a landscape of
suitable hosts. This reflects the probable evolutionary adaptation of females to locate
suitable hosts within a patchy grass landscape where not all hosts support larval survival
(Criddle 1917, Perez-Mendoza et al. 2006) and, consequently, also reflects the
importance of a preference performance linkage. Therefore, I had also predicted that
females would avoid stems already containing conspecifics, as a way of avoiding
intraspecific competition (Nufio and Papaj 2001) that is obligate in this system. However,
results suggest that females did not select stems for oviposition to optimize the survival
of offspring. No evidence of oviposition marking was observed either, given that the

oviposition behavior was similar in infested and uninfested stems. The lack of differences
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between the types of behaviors or frequencies of individual oviposition behaviors as
exhibited in the ethograms, as well as numbers of eggs placed in stems containing
conspecifics suggest that females cannot perceive the infestation status of a given stem.

Typically females will avoid laying eggs on previously exploited host resources
(Van Lenteren 1981, Roitberg and Prokopy 1987, Huth and Pellmyr 1999). Nevertheless,
as it has been frequently shown, host plant selection by some insects seems counter to
what could be considered adaptive (reviewed by Mayhew 1997), with a weak link
between adult preference and performance of progeny. However, in many of the systems
studied, hosts chosen by ovipositing females can support multiple immatures and
competition might only slightly reduce larval fitness (Nagelkerke et al. 1996, Desouhant
1998, Craig et al. 2000, Nufio et al. 2000, Luft et al. 2001, Ferrier and Price 2004,
Digweed 2006, Imai and Ohsaki 2007). Conversely, in the case of WSS, the survival of
the second progeny or clutch approaches zero, because eggs deposited later are at greater
risk of cannibalism by the larger larvae already developing in the stem. As suggested by
many studies conducted on insect cannibalism, for example, Helicoverpa armigera
(Hiibner), (Kakimoto et al. 2003), Spodoptera frugiperda (J.E. Smith) (Chapman et al.
1999) Cycloneda sanguine (L.), Olla v-nigrum (Mulsant), and Harmonia axyridis (Pallas)
(Michaud, 2003), cases in which later instars are cannibalized by early instars are rare.
Size difference is the most often cited factor determining vulnerability to cannibalism
(Dong and Polis 1992). Therefore, the adaptive benefit of laying more than one egg per
host stem is undetermined for the system I studied. Limitations that could explain the

apparently poor oviposition choices made by ovipositing females include a lack of
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suitable genetic variation in populations, which prevents the development of a
mechanism by which females might detect infested stems (Futuyama et al. 1995);
consistently available hosts in crops may be too recent of an evolutionary occurrence for
selection pressure to avoid conspecific infestation (Thompson 1988); or perhaps plants do
not provide discrete cues to indicate their infested status (Craig et al. 1999). To test some
of these hypotheses it would be necessary to study wild populations of WSS, but these
are relict in the northern Great Plains and it is under study if wild populations remain in
the region at all. This area is primarily dedicated to production of wheat, occasional other
crops, and to grazing by beef cattle (Cochran et al. 2006). WSS have been adapted to
wheat since it was introduced as a major crop in the northern Great Plains, as early as
1895 (Ainslie, 1929). Undisturbed native or feral prairie grasses occur rarely in small
patches interspersed with extensive agroecosystems. However, these agroecosystems are
characterized by uniform grassland with little crop rotation between cereal crops, and
limited pesticide usage, as well as tillage. Thus, even though adaptation to wheat and
other cereal crops is new from an evolutionary perspective, it provides a similar habitat to
the natural short prairie grassland with little disturbance for the insect, which overwinters
in the stubble. Probably the main difference rests in the fact that in an agroecosystem,
host availability is not limiting and some of the natural enemies have not yet adapted to
Crops.

Due to logistic constraints, it is not possible to conduct behavioral experiments in
the field to test these hypotheses, but several previous field studies support these findings.

In a study with samples collected from a wheat field in Montana, Perez-Mendoza et al.
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(2006) found that the mean number of WSS eggs per stem was greater than one in two
different host species: wheat (mean + SE number of eggs 1.21 + 0.08) and downy brome
grass (mean + SE number of eggs 1.69 + 0.20). Moreover, between 6 to 30% of the stems
contained eggs and larvae simultaneously, suggesting that females laid eggs in stems at
least one or two weeks after a previous oviposition event in that same stem. This result
agrees with the findings that females did not avoid stems that had eggs, newly hatched
larvae, or larger, actively feeding larvae developing in them. Nansen et al. (2005b),
sampled wheat stems from three fields in Montana that were infested with WSS. Mean
infestation in these fields was between 15 and 35% of the total stems collected,
suggesting that many suitable hosts remained free of conspecifics for other females to
infest. However, 10 to 37% of the infested stems in these samples contained multiple
eggs. Despite the availability of suitable stems in these fields, females laid eggs in the
preferred stems even though they already contained conspecifics. In the same study, the
authors found that by harvest, when the larvae travel to the base of the stem to
overwinter, 94 to 98% of the stems contained only one larva, which is clear evidence of
the role of internecine competition in the population dynamics of this insect.

Even though the results obtained in this study are counter to expectations from the
perspective of an optimal oviposition theory, the optimal foraging and phylogenetic
constraint hypotheses provide models that could explain this behavior. Adult WSS
females are constrained in hosts which they can utilize by their saw-like ovipositor and
depend on the brief availability of rapidly growing, green soft shoots, as for other sawfly

species (Price 1994), so there is a narrow time window when plants are susceptible to
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attack. Females are also limited by their body size in the range of stem diameters that
they can infest because when they oviposit, they encircle the stems with their legs
(Farstad 1940, Ainslie 1929). There is a preferred range of stem diameters that varies
among host species (Farstad 1940, Perez-Mendoza et al. 2006). These factors limit
resource availability in either pre-agricultural or in vestigial natural habitats where grass
patches are scattered throughout the landscape. In addition, the presence of these patchy
resources is unpredictable and dependent upon weather conditions. Climatic conditions
frequently determine that many of the hosts available are too small to support larval
growth (Criddle 1917).

As predicted by the phylogenetic constraint hypothesis, females of latent species
will show a strong preference-performance linkage with high selectivity and strong
competition, have narrowly limiting resources, and have a low carrying capacity in the
natural landscape (Price 2003). These species are usually regulated by the supply of
suitable oviposition sites in space and time (Price 1994). Therefore, due to low
population levels in historic natural conditions, the selection pressure for avoidance of
conspecifics may be reduced where suitable hosts are rare and the risk of finding infested
hosts is lessened. In this scenario, females might increase their fitness by ovipositing as
soon as suitable hosts are encountered, because of the low probability of encountering
either sufficient strongly preferred and optimal, or, conversely, sufficient low-risk hosts
(Jaenike 1990). As suggested by Scheirs and De Bruyn (2002), optimality theory should
integrate both optimal foraging and optimal oviposition and such integration may

improve our understanding of insect-plant interactions. A tradeoff between adult
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performance and larval performance most likely explains the poor decisions made by
female WSS when it comes to avoiding infested stems.

Unfortunately, in an agroecosystem these phylogenetic constraint theory
predictions are of limited utility because even with a tight preference-performance
linkage, most of the abundant hosts available are suitable for oviposition as well as for
larval survival. Even though the putative ancestral preference trait is maintained, crop
plants are in effect uniformly vigorous, so that decisions made by maternal preference
become less important for larval survival. For example, Perez-Mendoza et al. (2006)
showed that larval mortality in wheat stems was significantly lower than in uncultivated,
feral downy brome grass. Nonetheless, the phylogenetic constraint theory has
implications for pest management in agriculture by predicting that availability of
resources will limit population size in a latent insect species. This is evidenced by the fact
that a recommended practice to reduce WSS infestation levels is to delay the planting of
the crop. When wheat is planted late, the synchrony between the insect and host
development is disrupted and the lack of suitable hosts reduces population levels
drastically, so damage to the crop can be avoided (Weiss et al. 1987, Morrill and
Kushnak 1999).

My findings on oviposition behavior also support the use of management tactics
relying on the manipulation of oviposition behavior. Specifically, trap cropping and
exploitation of semiochemicals could be employed to deter or attract the ovipositing
females to sites where the failure to discriminate previously-infested stems can be further

exploited. For example, an attractive cultivar could be used as a trap crop to manage the
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WSS by exploiting the fact that females do not avoid previously infested stems, providing
a sink for immatures and resulting in increased mortality due to cannibalism. For this
purpose, additional studies to identify attractive trap crops that are suitable to plant in the

areas where the WSS is a serious pest will be conducted.
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CHAPTER 3
IDENTIFICATION OF WINTER WHEAT CULTIVARS SUITABLE AS TRAP

CROPS TO MANAGE THE WHEAT STEM SAWFLY

Abstract

The use of winter wheat, Triticum aestivum L., as traps to protect spring wheat
from wheat stem sawfly, Cephus cinctus Norton, damage has shown promising results
and provided the impetus for this study. Identifying the most suitable winter wheat
cultivars is necessary to further improve the effectiveness of winter wheat traps. I
compared a hard white and eight commercial hard red winter wheat cultivars as a
representative pool of those recommended for cultivation in Montana. Stem height, stem
diameter, and duration of elongation from Zadoks stages 32 through 65 were measured
because they encompass the developmental stages occurring in the field during the
oviposition period. Data on plant height, heading date, winter hardiness, grain and straw
yield, protein content, and stem solidness from the different cultivars were also reviewed
and analyzed. Cumulative agronomic differences observed between these cultivars were
assessed as measures of differences in attractiveness to ovipositing females and of
cultivar performance that influence potential adoption by growers. ‘Norstar’, ‘Morgan’,
‘BigSky’, and ‘Neeley’ were tallest. BigSky and Neeley were among the cultivars with
the widest stem diameter. Norstar and Morgan progressed more slowly through
elongation, providing potential for attracting greater numbers of eggs than other cultivars

because female wheat stem sawflies prefer taller and wider stems of elongating plants for
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oviposition. These two cultivars are also good candidates due to winter hardiness.
‘Rampart’, a popular solid-stem cultivar, is resistant to lodging caused by mature larvae
and has shown potential as a trap crop as well. The cultivars studied are all infested by
wheat stem sawflies, based on lodging data from winter wheat nurseries at Havre, MT.
However, greater infestation was observed in Norstar, Morgan, BigSky, and Neeley.
These differences support my findings, and provide further confirmation that the
agronomic characteristics assessed in this study are key components in oviposition

choices.

Introduction

Winter Wheat as a Potential Trap Crop

The wheat stem sawfly (WSS), Cephus cinctus Norton, causes significant damage
in cereal crops in the northern Great Plains of North America and is currently the most
destructive insect pest of wheat in Montana (Weaver et al. 2004). At present, no single
control method effectively reduces sawfly populations (Morrill et al. 2001),
demonstrating the importance of the development of an effective integrated pest
management program.

Trap crops have been reported as a plausible control for WSS, although the
practice has not been widely adopted. In the alternate wheat-fallow cropping system used
in MT, a trap crop planted on the border of crops growing adjacent to infested stubble
from the previous year will intercept WSS as they forage in search of suitable hosts

(Seamans 1928, Callenbach and Hansmeier 1945). Recently, the use of trap cropping was
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reevaluated in field trials conducted by Morrill et al. (2001), who tested the efficacy of
spring and winter wheat as trap crops. Winter wheat was an attractive trap crop when
planted surrounding spring wheat blocks, because stem development is more closely
synchronized with the WSS life cycle (Morrill et al. 2001). The principle of trap cropping
is that certain insects show marked preferences for different hosts. Although WSS will
infest many members of the grass family, they do exhibit oviposition preferences (Ainslie
1929). Wall (1952) reported that cultivars differed markedly in the percentage of
damaged stems when exposed to WSS attack. On the other hand, certain agronomic
characteristics of host plants have been reported to influence WSS oviposition behavior.
These include stem height, stem diameter, and the developmental stage of the host stem
during the oviposition period (Farstad 1940, Holmes and Peterson 1960, Perez-Mendoza
et al. 2006).

The success of a trap depends greatly on the choice of the trap cultivar (Hokkanen
1991), among other factors to ensure it is more attractive to WSS than the protected crop.
Moreover, other characteristics of the trap crop, such as varietal performance and yield
may influence adoption of the technique by growers. Specifically, these include winter
hardiness, yield, and resistance to cutting by WSS. A review of the characteristics that

need to be considered when selecting a trap crop to manage the WSS follows.

Stem Height and Diameter Oviposition is influenced by height, as reported by

Seamans (1928) and Holmes and Peterson (1960) who observed a preference for taller
stems in choice tests using WSS. Stem diameter also influences oviposition preference,

and the preferred range has been observed to be variable and dependent on the host
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species. For example, Perez-Mendoza et al. (2006) found that diameter of infested wheat
stems was an average of 3.35 + 0.03mm, while diameter of downy brome grass, Bromus
tectorum L., infested stems was an average of 2.43 + 0.03mm. However, Farstad (1940)
reported that oat, Avena sativa L., infested stems ranged from 2.16 to 2.95mm. Youtie
and Johnson (1988) observed a significant difference in the diameter of infested and
uninfested stems of basin wildrye, Elymus cinereus Scribner and Merrill, with a mean
diameter of 2.67mm and 2.36mm respectively. Holmes and Peterson (1960) reported that
elongating stems that are 2.8 to 3.4mm wide are preferred.

The range of stem diameters utilized by WSS is related to the developmental
stage of both main stems and tillers at the time of the infestation, as well as female size.
The thinnest stems from smaller tillers might not be suitable for infestation, while the
widest stems from more mature tillers may be too wide for some females to grasp during
oviposition (Farstad 1940). Stems from which the head has emerged, as well as stems
containing pith, require extra time to be penetrated by the ovipositor and are less

attractive (Holmes and Peterson 1960).

Developmental Stage Host plants are vulnerable to WSS infestation only after

stem elongation has begun (at least one internode has formed) and before the seeds begin
to fill (Ainslie 1920, Painter 1953). The short life span of the adults requires that the life
cycle of WSS be synchronous with seasonal host development. Currently, in Montana,
adult flight is closely timed with development of both winter wheat and spring wheat
(Morrill and Kushnak 1999). However, the maturity of the stem during the flight period

influences female choices. In younger wheat plants WSS will choose to oviposit in taller,
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wider, and more developed stems within the plant, while in plants that are more advanced
during the flight period, younger stems are selected (Holmes and Peterson 1960).
Therefore, a wheat cultivar that remains in preferred stages longer would be more
attractive to ovipositing WSS for a greater duration of the adult flight and would be a

more suitable trap.

Solid Stem Cultivars Certain cultivars of wheat develop variable amounts of pith

in their lumen, which is commonly designated as “solid stem”, and makes them less
subject to lodging losses caused by WSS (Farstad 1940). Currently, there are four winter
wheat (‘Rampart’, ‘Vanguard’, ‘Ledger’, ‘Genou’) and six spring wheat cultivars
(‘Choteau’, ‘Fortuna’, ‘Conan’, ‘Scholar’, ‘Agawam’, and ‘Ernest’) recommended in
Montana that with varying levels of resistance or tolerance to WSS (Lanning et al. 2006,
Berg et al. 2006). Resistance of the pith to the developing larvae seems to be mechanical
(Holmes and Peterson 1956), while newly hatched larvae die from desiccation or due to
lignifications of the surrounding pith (Wallace and McNeal 1966).

Trap cropping concentrates insects within a reduced area that is targeted for the
elimination of the pest. Therefore, a trap crop for WSS must be destroyed after the
oviposition period to eliminate larvae developing in susceptible cultivars with hollow
stems. Traps using solid stem cultivars provide the option of harvest for grain because
larval mortality will be increased. However, the development of pith causing larval
mortality is dependent on environmental conditions during the growing period, limiting
the resistance trait (Holmes and Peterson 1956). Resistance in solid stems also depends

on the timing of oviposition period in the growing plants. Eggs laid in the upper
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internodes of solid stem wheat, with reduced pith, have greater survival because the
larvae are more robust when they tunnel through the lower, more resistant internodes
(Holmes and Peterson 1962). Solid stems do not cause complete WSS mortality and a
large number of larvae may survive under heavy infestation pressure. Therefore, leaving
a resistant, solid stem trap crop in the field for harvest is risky because it may not

adequately reduce the number of overwintering WSS larvae.

Grain Quality and Yield Quality and grain yield of the cultivars used as a trap

could influence the adoption of this strategy because greater yielding cultivars might be
preferred if the trap is to be harvested for grain. However, destroying the trap crop after
WSS oviposition is recommended to kill the larvae developing in the stems. Therefore,
swathing the trap crop for hay could provide a means of obtaining an economic profit
from the trap as well as of destroying the larvae. In this case, a trap cultivar with a high

biomass yield would be preferred.

Winter Hardiness A trap crop should consist of a vigorous crop that is highly

attractive to WSS. A dense stand is likely to provide a better target for host-seeking
females by providing taller, more succulent stems or possibly by producing more
semiochemicals attractants (Piesik et al. 2008). The climate of the northern Great Plains
of the USA and Canada is continental with long cold winters and short warm summers
(Cochran et al. 2006). Winter wheat planted in the fall overwinters as seedlings that must

survive cold stress. Factors that affect overwinter survival are numerous and include
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planting date, temperatures during the winter and the early spring, the cultivar, snow
cover, fertilization, and fall growth (Fowler 2002).

Winter cereal cultivars vary in the ability to withstand the extremes of winter. In
field trials there is often complete winterkill of some cultivars, while others survive
undamaged (Fowler 2002). Therefore, for trap crops it is important to select winter hardy
cultivars and increase survival by planting in substantial crop residue (Ransom 2004). In
field experiments in North Dakota (Ransom 2004), survival over the winter was greatest

for winter wheat cultivars with strong dormancy.

Winter Wheat in Montana In 2006, winter wheat was seeded on 809,000 ha in

Montana (USDA-NASS 2006). The most popular cultivar was ‘Rampart’ (PI 593889) at
167,000 ha, followed by ‘CDC Falcon’ at 90,000 ha. ‘Neeley’ (Cltr 17860) was third at
73,000 ha seeded, and ‘Morgan’ (PI599336) was fourth at 61,000 ha. Twenty three
cultivars account for 93% of the winter wheat planted in Montana (USDA-NASS 2006).
Winter wheat cultivars grown in Montana differ in agronomic characteristics.
Nine cultivars suitable for cultivation in Montana were screened to identify those that
exhibit potential as trap crop. Eight popular hard red winter wheat cultivars, ‘Tiber’ (PI
517194), ‘BigSky’ (PI 619166), ‘Morgan’, ‘Rampart’, ‘Rocky’ (CI 17879), ‘Vanguard’
(PI 593891), and ‘Neeley’, and the hard white winter wheat cultivar ‘NuFrontier’
(GM10001), were chosen for this study. A 9" hard red winter wheat cultivar included in
the study, ‘Norstar’ (Cltr 17735), even though it is no longer grown commonly, was

chosen because of its excellent winter hardiness.
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Objectives

The potential use of winter wheat as a trap crop to manage WWS was the basis
for this study. Identifying the most attractive cultivars within the pool recommended for
Montana is necessary to improve the effectiveness of winter wheat traps. Detailed
information on stem height, and stem diameter throughout the developmental stages that
are available for ovipositing females in the field, and the duration of stem elongation (the
stage most suitable for WSS infestation) are lacking. Therefore, I measured stem height
and diameter in nine winter wheat cultivars in the field and in the greenhouse. Data on
winter hardiness, yield, protein content, and stem solidness, and WSS lodging for these
cultivars in field nurseries located in Havre, MT over multiple years were used to
compare the suitability of the different cultivars to be selected as trap crops. The overall
objective was to identify the most suitable winter wheat cultivars to use as trap crops to

manage this insect pest, based on these parameters.

Materials and Methods

Agronomic Characteristics Reported from Field Nurseries

For the selected cultivars, the following variables were analyzed: yield, percent
protein, winter survival, plant height, heading date, and percent lodging due to WSS
(Table 3.1). Information obtained from the Intrastate Winter Wheat Nursery Northern
Agricultural Research Station (NARC) at Havre MT for the period 2004-2006 was used,

because the nine cultivars of interest were grown during each of these years. Havre was
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chosen as the location of study because data on sawfly damage for the nine cultivars of
interest was available at this site.

The heading date in Julian days was recorded when 50% of the heads in a plot
were extended above the flag-leaf collar (Berg et al. 2006). Plant height was measured
from the soil surface to the top of the tallest head, excluding the awns, before harvest
(Berg et al. 2006). All rows of each plot were harvested using a plot combine to measure
yield.

Grain protein was sampled from a composite of all three replicated plots each
year. Protein was determined as a percentage by NIR (near infrared reflectance) on the
Infratec whole grain analyzer. Samples were adjusted to a 12% moisture basis (Berg et al.
2006).

Damage caused by the WSS was assessed by visually estimating the percent
lodged stems in each plot, prior to harvest. Data on winter survival were obtained in
environments where winter kill occurs frequently, Conrad and Sidney, MT in 2004 (Berg
et al. 2006).

Straw yield data from six of the cultivars (Table 3.2) was obtained from a
randomized complete block design experiment with three replications conducted in Havre
MT for three years from 1996 to 1998. Individual plots consisted of four rows spaced
25cm apart and of 3.1m in length. Samples of 0.9m were hand cut from the two center
rows at physiological maturity.

Solidness ratings were adapted from McNeal et al. (1957) (Table 3.1). This

method for measuring solidness involves taking a cross section at the center of each
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internode, adding a total of five cross sections for each stem. A stem solidness rating for
each stem is obtained by assigning a value of solidness ranging from one to five to each
cross section and adding the five values together, so that the maximum rating is 25 (5 x 5)
and the minimum is five (5 x 1).
Percent winter survival was estimated for each plot after initial spring green-up.
Stem solidness between Rampart and Vanguard, the two cultivars resistant to WSS

included in the study, was compared based on data obtained at Havre for three years

(2005-2007) (Table 3.3).

Greenhouse Cultivation

Seeds were planted individually in 2.5 X 17cm plastic cones, and placed in a
greenhouse in a greenhouse with supplemental light (GE Multi-Vapor Lamps-model
MVRI1000/C/U, GE Lighting, General Electric Co., Cleveland, Ohio, USA). The
photoperiod was 15L:9D. Daytime temperature was 22 + 2°C and the overnight
temperature was 20 = 2°C. The relative humidity was ambient, typically ranging from
20% to 40%. Soil used consisted of equal parts of Montana State University Plant
Growth Center soil mix (equal parts of sterilized Bozeman silt loam soil: washed
concrete sand and Canadian sphagnum peat moss) and Sunshine Mix 1 (Canadian
sphagnum peat moss, perlite, vermiculite, and Dolmitic lime) (pH = 6.15, ECe
=0.85dS/m). Plants were vernalized when they achieved a developmental stage of Zadoks
13 (three unfolded leaves) (Zadoks et al. 1974), and they were vernalized for eight weeks

at 4 £ 1°C. The plants were transplanted into tapered, square pots (13 x 13 x 13.5cm) at a
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density of three plants per pot after vernalization, and were subsequently incubated in the
greenhouse until used experimentally.

The plants were watered three to four times weekly, and fertilized with Peters®
General Purpose Fertilizer (J. R. Peters Inc., Allentown, Pennsylvania, USA) at 100ppm
in aqueous solution twice each week. Fertilizing commenced when plants reached a
developmental stage of Zadoks 13 (three unfolded leaves) (Zadoks et al. 1974), after

vernalization.

Agronomic Measurements in Greenhouse For each of three consecutive weeks,

three plants of all cultivars were transplanted from the vernalization chamber. The plants
from each cultivar were observed until they reached Zadoks 31 (Zadoks et al. 1974). At
this time, stem diameter and developmental stage, were measured every three days over a
13-day interval for each plant. Also, plant height was measured at developmental stages
ranging from Zadoks 31 through 65. These stages were chosen because they represent the
extremes in the continuum of wheat developmental stages that are suitable for oviposition
and also occur in the field during the WSS adult flight. Stem diameter was measured at
the basal node of the main stem using a micrometer caliper. Plant height was measured

from the soil surface to tip of the longest leaf.

Field Experiment

Field measurements of the nine cultivars chosen were conducted at the MSU A. H
Post Farm, located near Bozeman (Latitude: 45 40' Longitude: 111 09') in 2003, where no

WSS outbreaks have been recorded. These cultivars were planted in September 2002, as
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part of the 2003 Montana Intrastate Winter Wheat Test (Berg et al. 2006). The plot layout
consisted of a 49-entry test with three replicates and was planted in the form of a 7 x 7
lattice. All plots were four rows wide and were seeded at 64.5 kg. ha™ with rows spacing
on 31cm centers in a field that was tilled in 2002. The planting date was October 7, 2002,
and the harvest date was August 5, 2003. The soil type at the Post Farm is Amsterdam

Silt Loam and the elevation is 1454m.

Agronomic Measurements in the Field Plant measurements began on May 25,

2003, when most of the plants were at a developmental stage of Zadoks 31-32 (one to
two nodes visible). From that date until flowering, measurements were collected every
three to five days on May 21, 24, 28, June 2, 6, 11, 15, 19, and 23. Repeated
measurements of plant height were taken from the soil surface to tip of longest leaf until
the head emerged and subsequently from the soil surface to the top of the head. The
developmental stage (Zadoks et al. 1974) was also recorded at each sampling event.
There were a total of three replicates or blocks per cultivar in the study and from each
replicate, five plants, selected at random, were measured each time. Measurements were
sequentially collected for a total of nine dates during the late spring and early summer,

which coincides with typical WSS flight periods in Montana.

Statistical Analysis

Data were analyzed using repeated measures for mixed models (PROC MIXED,
SAS Institute 1998). For data from field and greenhouse experiments, replicate was

included as a random effect, while cultivar and stage were considered fixed effects in the
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analysis of variance models. Data from the MSU Intrastate Variety Trials were analyzed
with cultivar as a fixed effect and year and the interaction year*cultivar as random
effects.

Significantly different means (P < 0.1) were separated using the least squares
(LSMEANS) statement after adjustment using the Tukey option to control for the family-
wise error rate (Littell et al. 2006). Stem diameter was transformed to (X)'O'S, and winter
survival was transformed by taking (x)” to better meet the ANOVA assumptions, using

Box Cox. Means are presented as untransformed + SEM.

Results

Agronomic Characteristics from Field Nurseries

There was a significant difference between the cultivars in the percent protein in
grain (d.f. = 8, 15, F = 4.62, P = 0.0053). Rampart and BigSky had the greatest protein
percentages and Rocky and NuFrontier had the lowest (P < 0.1). Cultivars tested also
differed in yield (d.f. = 8, 15, F = 2.33, P = 0.07). Neeley and Morgan had the greatest
grain yields while Rampart had the lowest (P < 0.1) (Table 3.1). On the other hand, straw
yield was greatest in Norstar and lowest in Rocky (P < 0.1) (Table 3.2).

Differences between cultivars were also observed in heading date (d.f. =8, 15, F
= 2.36, P = 0.073) and plant height at heading (d.f. = 8, 15, F = 13.77, P < 0.0001).
NuFrontier and Rocky were the earlier heading cultivars and Norstar was the latest in
heading (P < 0.1). Norstar was the also the tallest cultivar at heading and NuFrontier was

the shortest (P < 0.1) (Table 3.1).
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Comparison of stem solidness between Rampart and Vanguard showed no
differences between these two cultivars, and as expected, they were significantly more
solid than the control Neeley (d.f. = 2, 4, F = 490.35, P < 0.0001) (Table 3.1). Winter
survival assessed at Sidney, MT showed significant differences between cultivars (d.f. =
8, 18, F =2.82, P =0.03). Rocky, Tiber, and Norstar had the greatest winter survival and
Rampart had the lowest (P < 0.1) (Table 3.3). No differences between cultivars were
observed in winter mortality in Conrad, MT (d.f. =8, 18, F =0.93, P = 0.52) (Table 3.3).

All cultivars were infested by the WSS consistently demonstrating their potential
as traps, although there were slight differences in damage observed between cultivars
(df. =8,7, F=6.98, P=0.009). Among the hollow stem cultivars Rocky, NuFrontier,
and Tiber had the lowest WSS damage and Neeley, Morgan, BigSky, and Norstar had the
greatest damage (P < 0.1) (Table 3.1). As expected, due to their stem solidness, Rampart
and Vanguard experienced the least damage from lodging. Information on lodging due to
WSS provides a measure of the relative susceptibility of each cultivar because they were
all planted in close proximity in small plots. However, it should be noted that lodging is
not a direct measure of the attractiveness of the cultivars. Other factors can affect stem

lodging, such as developmental stage at harvest or larval mortality in stems.

Stem Diameter in Greenhouse Plants

There was an overall significant difference in stem diameter among cultivars (d.f.
=38, 18; F = 13.54, P < 0.0001) (Fig. 3.1) and also a significant effect of time on stem
diameter (d.f. = 4, 72; F = 6.84, P < 0.0001) (Fig. 3.2). Stem diameter increased with

time and there was no interaction between cultivar and time (d.f. = 32, 72; F =0.73, P =
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0.84). Overall, BigSky, and Neeley had the widest stems, while stems from Norstar,

Rampart, Vanguard, and Morgan were the thinnest.

Height of Greenhouse Plants

There was a significant difference in plant height between cultivars (d.f. = 8, 18;
F=15.33, P <0.0001) (Fig. 3.3), plus a significant difference in height between different
developmental stages (d.f. =7, 126; F =275.62, P < 0.0001). There was also a significant
interaction between cultivar and stage in plant height (d.f. = 56, 126, F = 4.32, P <
0.0001) (Fig. 3.4). Overall, Norstar, Neeley, Rampart, and Vanguard were tallest while

Morgan, Rocky, and Tiber were the shortest cultivars.
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Figure 3.1 Mean overall stem diameter for nine winter wheat cultivars grown in a
greenhouse measured at developmental stages susceptible to infestation by wheat stem
sawfly (Zadoks 31-65). Bars with different letters are significantly different (P < 0.1).



Table 3.1 Mean (+ SE) yield, plant height, heading date, percent protein, stem solidness, and sawfly damage, for each of nine cultivars

in Havre, MT.
Cultivar ijlfl’:fl Cgfj)ti Heig ,i‘t‘(”c;i e Sty dgf,gﬁg T M;_ ’Zif.l] S l,.S;,j;’;s** % Protein®
BIGSKY 15733 £ 1.7bc  84.19£3.87bc  40.00 = 5.77abc 3.85+0.21ab n.d 14.51 £ 0.36a
MORGAN 159.67 £ 1.7ab  82.54 + 3.95bc 45.00 £ 6.71ab 3.54 +0.18ab n.d 13.87 £ 0.29ab
NEELEY 158.22 £ 1.6bc  77.04 + 3.33cd 46.67 = 6.14ab 3.68 + 0.24ab 6.44 +0.39a 13.47 £ 0.53abc
NORSTAR 164.40 £1.54a 104.92 +3.41a 60.00 % 20.00a 3.15£0.20b n.d 13.85 + 0.65abc
NUFRONTIER 154.78 + 1.84d 71.67 £3.62d 13.33 £4.94bc 4.09 £ 0.27ab n.d 11.28 £0.69¢
RAMPART 158.22 £ 1.86bc  79.80 + 3.43bc 5.33£2.10d 3.87 £0.22ab 22.89 + 0.5b 14.58 £ 0.59a
ROCKY 156.00 £ 1.66cd  81.51 £3.14bc  18.33 £ 6.01abcd 4.39 + (0.26a n.d 12.00 £ 0.25bc
TIBER 15733 £1.67bc 8549 +439  29.17 £ 6.07abcd 3.82 £0.18ab n.d 13.56 £ 0.45abc
VANGUARD 158.00 £ 1.98bc  82.00 £2.71bc 7.50 £ 1.71cd 3.99 + 0.22ab 21.63 £0.47b 13.81 £0.7ab

Numbers in bold represent the highest within a column.

*Data from 2005-2007. Two of the cultivars tested have solid stems: Rampart and Vanguard; Neeley was used as control.
*Data from 2004-2006.
AData from 2005-2006
n.d= no data recorded for these cultivars
Comparisons were made between the rows within the same column. Rows with different letters within a column indicate significant
differences (P<0.1).

SL
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Table 3.2 Mean (+ SE) straw yield for each of six cultivars in Havre, MT, measured from
1996-1998.

Cultivar Straw Yield (kg ha! )
NEELEY 3947.07 £ 596.42bc
NORSTAR 4475.10 £ 296.90a
RAMPART 3734.03 £ 26.59bc
ROCKY 3340.47 £ 317.36¢
TIBER 3967.40 £ 210.67ab
VANGUARD 3539.43 +318.52bc

Rows with different letters indicate significant differences (P < 0.05).

Table 3.3 Mean (+ SE) winter survival for each of nine cultivars in two locations, Sidney
and Conrad, MT, in 2004.

Winter Survival

Cultivar Conrad* Sidney*
BIGSKY 58.33 £ 6.01a 50.00 + 00abcd
MORGAN 65.00 £7.64a  45.00 + 2.89bcde
NEELEY 55.00 £ 2.89a 48.33 £ 4.41bcd

NORSTAR 5333 +4.41a 51.67 £ 1.67abc
NUFRONTIER  46.67 £4.41a 41.67 £4.41cde

RAMPART 55.00 £ 00a 31.67£6.67¢
ROCKY 58.33+4.41a 63.33 £3.33a
TIBER 53.33+6.01a 58.33 £ 1.67ab

VANGUARD 53.33 +6.67a 36.67 £ 14.53de

Comparisons were made between the rows within the same column. Rows with different letters
within a column indicate significant differences (P < 0.1).
*For extensive data on winter survival across different environments refer to Berg et al. (2006)
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Figure 3.2 Mean stem diameter over time, for nine winter wheat cultivars grown in a
greenhouse and measured at developmental stages susceptible to infestation by wheat
stem sawfly (Zadoks 31-65).
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Figure 3.3 Mean overall plant height for nine winter wheat cultivars grown in a

greenhouse measured at developmental stages susceptible to infestation by wheat stem
sawfly (Zadoks 31-65). Bars with different letters are significantly different (P < 0.1).

Development in Greenhouse Plants

There was a significant effect of time on development of the cultivars (d.f. = 4,
88; F = 591.16, P < 0.0001), in addition to an overall significant difference between
cultivars in developmental rate (d.f. = 8, 88, F = 29.28, P < 0.0001). There was a
significant interaction between cultivar and time for developmental stage (d.f. = 32, 88, F/

=5.03, P < 0.0001). The most significant differences were observed for the later
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measurements, when some cultivars were flowering while others had not begun heading.
Later in the measuring period, Vanguard, Rampart, NuFrontier, Tiber, and BigSky plants
were in anthesis, on average (Fig. 3.5). Norstar, Morgan, Neeley, and Rocky plants were
on average still not headed (Fig. 3.5). It appears that these cultivars remained longer in

elongation, a more attractive stage.

Height of Field Plants

There was a significant effect of time on plant height (d.f. =8, 1116, F = 4218.64,
P <0.0001) as well as an overall significant difference between cultivar heights (d.f. = 8,
18; F=31.22, P <0.0001) (Fig. 3.6). There was a significant interaction between cultivar
and time for plant height (d.f. = 64, 1116, F = 21.07, P < 0.0001) (Fig. 3.7). Overall,
Norstar was the tallest cultivar, followed by Rocky, Tiber, BigSky, and Neeley. Morgan

and Rampart were the shortest cultivars.

Development in Field Plants

There was a significant effect of time on cultivar development (d.f. =8, 1116, F =
12047.1, P < 0.0001) and an overall significant difference in developmental rate between
cultivars (d.f. = 8, 18; F = 58.01, P < 0.0001) (Fig. 3.8). There was a significant
interaction between cultivar and time in developmental stage (d.f. = 64, 1116, F = 23.17,
P < 0.0001). Overall, Norstar was the cultivar with the slowest development, while
NuFrontier and Rocky were the cultivars that developed most rapidly during the

measuring period.
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Figure 3.4 Mean plant height over time, for nine winter wheat cultivars measured at
developmental stages susceptible to infestation by wheat stem sawfly (Zadoks 31-65).
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Figure 3.5 Developmental stage over time, for nine winter wheat cultivars grown at a
greenhouse measured at developmental stages susceptible to infestation by wheat stem
sawfly.
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Figure 3.6 Mean overall plant height for nine winter wheat cultivars measured at
developmental stages susceptible to infestation by wheat stem sawfly in the field (Zadoks
31-65). Bars with different letters are significantly different (P < 0.1).
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Figure 3.7 Mean plant height over time, of nine winter wheat cultivars measured at
developmental stages susceptible to infestation by WSS in the field.
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Figure 3.8 Developmental stage over time, of nine winter wheat cultivars measured at
developmental stages susceptible to infestation by wheat stem sawfly in the field.
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Discussion

The results obtained in this study provide evidence of agronomic differences
between winter wheat cultivars that are likely to translate into a difference in
attractiveness to the WWS.

Based on the analysis conducted on the performance of the winter wheat cultivars
at Havre MT, Neeley and Morgan had the greatest grain yields, and BigSky and Rampart
the greatest protein percentages. On the other hand, Norstar was the cultivar with the
greatest straw yield. These factors could be of importance to a grower adopting trap strips
and harvesting them for grain (if solid stem) or forage (if hollow stem). No differences in
winter mortality were observed among the cultivars growing in Conrad, where survival
was overall greater than in Sidney. Differences in winter survival between cultivars
observed in Sidney suggest that Rocky, Tiber, and Norstar are good candidates to plant in
areas were winter mortality is a common problem. However, broader studies conducted
across multiple locations suggest that Rocky’s winter hardiness is usually medium to low
(Berg et al. 2006).

Development and height measurements taken in the greenhouse differed slightly
from those taken in field. Different water and light regimes may be responsible for the
differences observed in development and height between cultivars in the greenhouse and
in the field. Also, it is possible that artificial vernalization may not fully simulate winter
conditions experienced by the plants in the field, and some cultivars may respond
differently than in natural conditions. However, the key trends were the same in both

settings. The results of the analysis in the field at Bozeman and in the greenhouse agree
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with data obtained in nurseries at Havre, MT, because Norstar was the last cultivar to
reach heading and the tallest at heading as well as the cultivar that remained longer in
stem elongation, an attractive stage for WSS ovipositing females, and was overall the
tallest cultivar throughout elongation. Therefore, Norstar has the potential for receiving a
greater number of eggs than other cultivars by being attractive to ovipositing females
longer than the other cultivars. In comparison, NuFrontier and Rocky were the fastest
developing cultivars in the field.

None of the cultivars tested possess all the best agronomic qualities for a trap
crop. However, Norstar, Morgan, BigSky, and Neeley, exhibit good potential as trap
crops because they were among the tallest cultivars throughout their development, which
should translate into greater attractiveness to WWS. Norstar and Morgan are also good
potential candidates due to their slower development. These traits make the
abovementioned cultivars more suitable than the others to use as a trap crop to attract the
WSS in Montana.

Rampart and Vanguard could be good choices because they are solid stem
cultivars that could remain in the field until harvest and cause significant mortality of the
developing larvae. However, the winter hardiness of these solid stem cultivars is
relatively poor compared to the others. No difference in stem solidness was found
between these two cultivars, but Rampart is preferred among growers (USDA-NASS
2006) probably because it usually has greater resistance to the WSS even though the data

analyzed in this study showed no difference.
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BigSky and Neeley also were among the cultivars with widest stem diameters.
However, stem diameters for all cultivars fell within the range that has been observed to
be utilized by ovipositing WSS, except for BigSky which had a mean diameter slightly
over the maximum limit reported by Holmes and Peterson (1960).

All the cultivars studied are known to be damaged by the WSS as shown by the
data on lodging obtained in infested winter wheat nurseries at Havre, MT. However, a
difference in damage among cultivars was observed. Among the hollow-stem cultivars
Rocky, NuFrontier, and Tiber had the lowest WSS damage. Neeley, Morgan, BigSky,
and Norstar had the greatest damage, suggesting they are more attractive to the WSS than
the other cultivars. As expected because of their stem solidness, Rampart and Vanguard
had the least damage.

The difference in the amount of damage observed between cultivars supports my
findings, and provides further confirmation that the agronomic characteristics assessed in
this study can help to explain oviposition preference in WSS. However, lodging is not a
direct measure of attractiveness and more studies are needed to determine which cultivar
would be preferred by females in controlled choice tests and what other factors influence
WSS oviposition behavior. Other factors that can affect stem lodging are developmental
stage at harvest and larval mortality in stems. For example, solid-stemmed Rampart and
Vanguard could be heavily infested by the WSS without experiencing lodging because
larval mortality is high. Therefore an assessment of attractiveness based on number of
larvae per stem should be conducted to evaluate the differences in attractiveness between

these cultivars.
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Recently, it has been suggested that plant-evolved semiochemicals may play a
significant role in oviposition by the WSS (Piesik et al. 2008). Volatiles that are
behaviorally active to female WSS have been identified and quantified in one spring
wheat cultivar, ‘McNeal’, but the emission of volatiles has been reported to vary
considerably among cultivars (Gouinguene et al. 2001). Therefore, analyses of the
volatile emissions from the different winter wheat cultivars studied will be conducted to
further investigate their attractiveness to the WSS.

Data on semiochemical production and oviposition preference in choice tests will
be collected to further understand the interaction between the ovipositing WSS females
and their wheat host plants, and ultimately to select optimal cultivars to incorporate into a
trap crop. In particular, the five cultivars that show good potential as trap crops based on
this study will be evaluated further. These are Norstar, Neeley, Morgan, Rampart, and

BigSky.
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CHAPTER 4
SEMIOCHEMICAL MEDIATION OF OVIPOSITION PREFERENCE IN HOST

SELECTION BY THE WHEAT STEM SAWFLY

Abstract

Trap cropping and management based on semiochemicals have promise as
methods of crop protection from wheat stem sawfly, Cephus cinctus Norton, the most
destructive insect pest of wheat, Triticum aestivum L., in Montana. I evaluated suitability
of different winter wheat cultivars as trap crops by measuring the emission of
behaviorally active volatiles. I also evaluated oviposition preference of female sawflies
among wheat cultivars using choice tests, and evaluated agronomic traits purported to
play a role in the host selection process: stem height and stem diameter. Cultivars tested
differed significantly in the emission of f-ocimene, a compound attractive to female
sawflies. Females discriminated among cultivars of winter wheat preferring to oviposit in
Norstar, the cultivar with the greatest emission of the attractive f-ocimene, suggesting
that it might play a key role in the selection of oviposition sites. The results of this study
also showed that, stem height was significant for oviposition preference in younger plants

(Zadoks 33) but not in plants at a later developmental stage (Zadoks 49).
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Introduction

The wheat stem sawfly (WSS), Cephus cinctus Norton, causes significant damage
in cereal crops in the northern Great Plains of North America and is currently the most
destructive insect pest of wheat, Triticum aestivum L., in Montana (Weaver et al. 2004).
Early records indicate that the WSS occurred in large-stemmed native prairie grasses, but
with the onset of small grain production in the region, the host range of WSS expanded to
include cultivated cereals (Ainslie 1920, Munro 1945). Recently, infestations in both
winter and spring wheat have approached 100% in some fields (Morrill et al. 1994),
causing annual losses of more than US $100 million per year in the United States and
Canada (Wahl et al. 2007).

Crop damage is caused by larval boring in stems. Feeding of the larvae within the
stems causes a decrease in head weight (Morrill et al. 1992) and as the plant matures the
larvae girdle the base of the stems, causing them to lodge. A proportion of the lodged
stems become unavailable for harvest, depending on the severity of the infestation
(Munro 1947) and this causes additional yield loss.

Pesticide use is ineffective against stem-boring sawflies (Shanower and Hoelmer
2004). Current control measures rely mainly on resistant (solid-stemmed) wheat cultivars
(Weiss and Morrill 1992). However, the performance of the resistance trait in these
cultivars is variable, depending on cultural practices and environmental conditions
(Farstad 1940, Platt and Farstad 1946, Miller et al. 1993). Other available management

practices include delayed planting and early harvesting of the crop. However, no single
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control method effectively reduces WSS populations (Morrill et al. 2001), demonstrating

the importance of the development of an effective integrated pest management program.

Trap Cropping for Wheat Stem Sawfly Management

Trap cropping and management based on semiochemicals have promise as
methods of crop protection for WSS (Morrill et al. 2001, Weaver et al. 2004). Morrill et
al. (2001) showed effectiveness of a perimeter winter wheat trap crop on a field of spring
wheat (Morrill et al. 2001) in reducing WSS infestations. Trap crops may be particularly
effective in wheat-fallow cropping systems. On the border of the fields a trap crop
intercepts adults flying in from neighboring infested stubble (Morrill et al. 2001). The
wheat planted as a trap may be a susceptible or a resistant cultivar. A resistant wheat trap
crop can remain in the field and be harvested for grain. Susceptible trap crops are
destroyed or removed as soon as the oviposition period ends, to kill the larvae developing
within the infested stems (Callenbach and Hansmeier 1945, Morrill et al. 2001). Morrill
et al. (2001) tested the use of a resistant winter wheat cultivar (‘Rampart’) to protect a
susceptible hollow stem spring wheat cultivar (‘McNeal’). Results obtained in this
preliminary study were promising, with reductions in WSS infestation compared to the
control field.

The success of a trap depends on the choice of the trap cultivar, among other
things (Hokkanen 1991). The use of semiochemicals that influence insect behavior may
also increase trap crop effectiveness (Cook et al. 2007). Identification of volatiles in crop
plants and the potential use of semiochemicals in the control of insect pests may be key to

effective trap crop development (Pickett et al. 1997, Agelopoulos et al. 1999, Ochieng et
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al. 2002). One way that the use of semiochemicals is incorporated into trap cropping is
through the use of a “push-pull” or stimulo-deterrent control strategy (Miller and Cowles
1990, Cook et al. 2007). In this strategy, the insect is diverted away from the target crop
and is attracted to a trap that is more attractive relative to the desired crop, which is
planted over a much larger area (Miller and Cowles 1990).

Recently, host plant compounds that have behavioral activity for WSS have been
identified by Piesik et al. (2008). Three attractive compounds emitted by wheat were
identified and one compound, present only in small amounts in volatile collections, was
found to be repellent to females. These results provide the basis for research on
management tactics that rely on the exploitation of semiochemicals to manipulate
oviposition behavior of female WSS. However, delivery of natural or induced
semiochemicals by plants may not be strong enough to reduce population levels below
economic levels (Pickett et al. 2005). A push-pull strategy involving a combination of
tactics such as the use of less attractive cultivars or crops, along with attractive traps, or
the enhancement of parasitoid cues is required (Borden 1995, Borden and Greenwood
2000, Dickens 2000, 2002; Cook et al. 2004, Duraimurugan 2005).

Due to the continued availability of inexpensive insecticides, there are few
examples of trap cropping used commercially (Shelton and Badenes-Perez 2006).
However, they are perceived as plausible pest control solutions to help manage
insecticide resistance threats or for organic agriculture (Cook et al. 2007). This strategy

has great potential as a management tool for WSS, because insecticides are ineffective.
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The use of a stimulo-deterrent diversionary strategy requires an understanding of
insect-plant interactions and chemical ecology (Pickett et al. 1997). Moreover, it has long
been recognized that detailed knowledge of the quantitative and qualitative properties of
kairomones in plant species and cultivars, plus their roles in insect attraction and

oviposition is essential for a scientifically designed trap crop strategy (Hokkanen 1991).

Host Seeking and Oviposition in the Wheat Stem Sawfly

Female WSS lay 30 to 50 eggs during their life span (Criddle 1922). Females
typically lay one egg in each stem, but several different females can lay eggs in the same
stem (Chapter 2). When more than one egg is deposited in a stem, cannibalism occurs
and only one adult WSS survives in each one (Wallace and McNeal 1966, Nansen et al.
2005). Plants are vulnerable to infestation only after stem elongation has begun (with at
least one internode developed) and before the seeds begin to fill (Ainslie 1920, Painter
1953). The short life span of the adults requires that the life cycle of WSS be
synchronous with host development. Currently, in Montana, adult flight is closely timed
with development of both winter and spring wheat (Morrill and Kushnak 1996).

Trap cropping requires that the target insect displays marked preferences for
different hosts (Hokkanen 1991). The WSS will infest many members of the grass
family, but they do exhibit oviposition preferences (Ainslie 1929). Wall (1952) reported
that different cultivars differed markedly in the percentage of damaged stems when
exposed to WSS attack, although none of them was immune. Female WSS select the
larger stems for oviposition (Holmes and Peterson 1960, Youtie and Johnson 1988,

Morrill et al. 1992, Perez-Mendoza et al. 2006) and oviposition in wheat is influenced by
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height, as reported by Seamans (1928). Holmes and Peterson (1960) observed a
preference for taller stems in choice tests. Stem diameter also influences oviposition
preference, but the preferred range has been observed to depend on the host species
(Farstad 1940, Youtie and Johnson 1988, Perez-Mendoza et al. 2006). Holmes and
Peterson (1960) reported that stems that have not yet headed and that are 2.8 to 3.4 mm
wide were preferred. The range of stem diameters used is related to the developmental
stage of main stems and tillers at the time of the infestation, as well as the size of the
females. The thinnest stems might not yet be suitable for infestation, and the widest stems
may be too wide for some females to grasp during oviposition (Farstad 1940). Older
stems, as well as stems with pith or solid-stemmed require extra time to be penetrated by
the ovipositor and so may be less preferred (Holmes and Peterson 1960).

Recent studies have suggested that release of volatile compounds from host plants
provides cues for female WSS that may aid in the determination of stems suitable for
oviposition (Piesik et al. 2008). Several host plant volatiles with behavioral activity have
been identified: the green leaf volatiles, (Z)-3-hexenyl acetate and (Z)-3-hexenol, the
terpene, f-ocimene, and 6-methyl-5-hepten-2-one (Piesik et al. 2008). Preliminary
research in the laboratory has determined that in field choice tests, there is a marked
preference for a cultivar of wheat that emits more of the attractive volatiles.

Chapter 3 evaluated the potential of nine winter wheat cultivars apt for cultivation
in Montana as trap crops. That study compared the cultivars based on agronomic
characteristics that have been reported to influence WSS oviposition behavior, as well as

on their performance and popularity among growers in the areas where infestations occur.
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Five cultivars were identified with the greatest potential as suitable trap crops to manage
WSS in wheat-fallow cropping.

Recent observations suggesting that WSS oviposition behavior is influenced by
odors emitted by host plants provided the overall objective of this research, which was to
select an optimal winter wheat cultivar suitable as trap crop for pest management in
wheat-fallow systems in Montana. I wish to gain further insight on the role of attractants
in the oviposition preferences of WSS, as it relates to production of semiochemicals in
winter wheat.

Specifically, I measured the emission of behaviorally active volatile compounds
in five winter wheat cultivars. I also evaluated oviposition preference of female WSS in
three of the five cultivars using choice tests, relating this behavior to stem height, and

stem diameter.

Materials and Methods

Source of Insects

Adult WSS were reared from field-collected, larval-cut wheat stems (“stubs”),
each containing a larva in diapause. These were maintained in plastic Ziploc® bags at 0-
4°C for >100 days to allow the completion of larval diapause. The stubs were
subsequently placed in plastic Tupperware® boxes (70 x 35 x 20 cm) held at room
temperature (22-27° C) until adult emergence began four to five weeks later. The boxes
were opened daily and emerging WSS were removed and placed in 2-liter Mason® glass

jars until they were used for experiments. Glass jars contained moistened filter paper and
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were supplemented with a sucrose solution. All bioassays were conducted with adults

within 24 hours after eclosion.

Plant Culture

Five winter wheat cultivars recommended for further evaluation as potential trap
crops for WSS in Montana (Chapter 3) were studied. These cultivars were ‘Norstar’ (Cltr
17735), ‘BigSky’ (PI 619166), ‘Morgan’ (P1599336), ‘Rampart’ (PI 593889), and
‘Neeley’ (ClItr 17860).

These cultivars were grown in a greenhouse in the Plant Growth Center at
Montana State University, Bozeman. Seeds were planted individually in 2.5 X 17cm
plastic cones, and placed in a greenhouse in a greenhouse with supplemental light (GE
Multi-Vapor Lamps-model MVRI1000/C/U, GE Lighting, General Electric Co.,
Cleveland, Ohio, USA). The photoperiod was 15L: 9D. Daytime temperature was 22 +
2°C and the overnight temperature was 20 + 2°C. The relative humidity was ambient,
typically ranging from 20% to 40%. Soil used consisted of equal parts of Montana State
University Plant Growth Center soil mix (equal parts of sterilized Bozeman silt loam soil:
washed concrete sand and Canadian sphagnum peat moss) and Sunshine Mix 1 (Canadian
sphagnum peat moss, perlite, vermiculite, and Dolmitic lime) (pH = 6.15, ECe
=0.85dS/m). Plants were vernalized when they achieved a developmental stage of Zadoks
13 (three unfolded leaves) (Zadoks et al. 1974), and they were vernalized for eight weeks
at 4 £ 1°C. The plants were transplanted into tapered, square pots (13 x 13 x 13.5cm) at a
density of three plants per pot after vernalization, and were subsequently incubated in the

greenhouse until used experimentally.
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The plants were watered three to four times weekly, and fertilized with Peters®
General Purpose Fertilizer (J. R. Peters Inc., Allentown, Pennsylvania, USA) at 100ppm
in aqueous solution twice each week. Fertilizing commenced when plants reached a
developmental stage of Zadoks 13 (three unfolded leaves) (Zadoks et al. 1974), after
vernalization.

Plants used for experimentation were at a developmental stage of Zadoks 33 (two
to three nodes visible) or at Zadoks 49 (boot stage) using the decimal stage developed by
Zadoks et al. (1974). These developmental stages were selected for experimentation
because they represent a range of host development that is highly susceptible to WSS

infestation in the field (Holmes and Peterson 1960).

Volatile Collection and Analysis

To quantify volatile compounds, intact wheat plants were placed in collection
chambers in a volatile collection system as previously described by Piesik et al. (2006).
Briefly, wheat volatiles were collected by pulling air through traps for eight hours
between 1000 and 1800 hours (under an ambient, supplemented photophase). The main
stem on each plant was enclosed in a glass volatile collection chamber (40-mm diameter
x 800-mm long) that was attached to a volatile collection port and was open on the other
end to enclose the plant. Glass filters (6.35-mm OD x 76-mm long, Analytical Research
Systems, Inc., Gainesville, Florida) containing 30mg of Super-Q adsorbent (Alltech
Associates, Inc., Deerfield, Illinois) were inserted into each volatile collector port.
Purified, humidified air was delivered at a rate of 1.0 liter.min™' over the stem, and the

flow and pressure were maintained by a regulated vacuum pump. A Teflon® sleeve
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encircled the base of the stem and was taped to the glass VCS tube to prevent outside air
from entering the system.

The traps were eluted with 200ul of hexane and transferred to a glass insert held
in a 1.5-ml crimp-top glass vial. After elution, 7.3ng of the internal standard, trans-2-
nonene (Sigma-Aldrich Chemical Co. Inc., Milwaukee, Wisconsin) in solution in hexane
were added. Samples were analyzed by GC-MS under the following conditions: fused
silica-column (30m x 0.25mm) with a 0.25-pm DB-5 stationary phase, held at 50°C for 4
min after injection into a 250°C port, increased at 5°C min™ to 160°C, followed by 25°C
min™ ramp to 280°C for 7min, with He carrier gas maintained at a flow rate of 1.2ml min®
! The samples were injected onto the column in pulsed-splitless mode, with an initial
pressure of 0.84kg cm” for 1min. A temperature of 300°C was maintained on the transfer
line to the MSD. Eluted compounds were detected by an Agilent 5973 mass selective
detector (150°C) in electron-impact ionization mode scanning masses 10-300. Samples
were analyzed for (Z)-3-hexenyl acetate, (Z)-3-hexenol, f-ocimene, and 6-methyl-5-
hepten-2-one content and the results are presented as ng g' h ' or as ng h™ The identity
of volatile compounds was determined by comparison of the mass spectrum to those
within the NIST mass spectral library (Rev. D.02.00) and by comparison to retention
times for authentic standards, when available. All peaks considered were examined for
purity while verifying their identity, and peaks that were not reliably quantified were not
included in the analysis, which happened occasionally for (Z)-3-hexen-1-ol. Each
experiment consisted of two plants of each of the five cultivars randomly distributed

within the VCS, while a control consisted of the airspace above a pot containing soil
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only. The experiment was replicated three times with plants at Zadoks 33, and five times

with plants at Zadoks 49.

Preference Tests

I selected three winter wheat cultivars from those recommended in Chapter 3 and
based on the quantity of attractants and agronomic characteristics to compare their
attractiveness to WSS in choice tests. In addition, Rampart was also selected because it
has been reported to effectively reduce WSS infestations in a trap crop (Morrill et al.
2001). Norstar and Neeley were also selected because they are among the tallest cultivars
and remain suitable for oviposition longer because of their slower development (Chapter
3).

To investigate discrimination among the cultivars, Norstar, Neeley, and Rampart
were simultaneously presented in three different cages to groups of ten females. Choice
tests were conducted inside screen cages with 530-um mesh openings (BioQuip products,
Rancho Dominguez, California, USA) that were 91.4 x 66.7 x 91.4cm. Three cages were
placed in the greenhouse and each cage contained three plants of each cultivar in a square
tapered pot (13 x 13 x 13.5cm), evenly spaced within the cage. The corner of the cage in
which each cultivar was placed was randomized. The females were released in each cage
with five males to allow mating and oviposition for two days. Immediately afterwards,
the pots were removed from the cages and stems were dissected to count the contained
eggs. Aerial plant biomass, stem diameter, and stem height were recorded. Stem diameter

was measured with an electronic caliper to the nearest 0.0lmm. The experiment was
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repeated five times with plants in the early developmental stage (Zadoks 33) and five

times with plants at the later developmental stage (Zadoks 49).

Statistical Analysis

The volatile collection data were subjected to a factorial multivariate analysis of
variance (MANOVA) (PROC GLM, SAS Institute 1998) to determine differences among
amounts of behaviorally active compounds emitted by the cultivars at the two
developmental stages. The Wilks’ Lambda test statistic was used to discriminate
significant main effects in the MANOVA. Univariate analyses of variance (ANOVA)
were conducted to further investigate potential differences between the cultivars for each
compound. The data were square-root transformed to better meet the normality
distribution assumption and were presented as mean + SEM of the untransformed data.

To assess relationships between stem height, stem diameter, and number of eggs,
I performed stepwise multiple regression analysis (PROC REG, SAS Institute 1998).
Differences in plant weight, height, and stem diameter, which could also influence
oviposition preference among the cultivars, were analyzed by ANOVA. Differences in
number of eggs stem™ among cultivars were analyzed using ANOVA with cultivar and
date of experiment as fixed effects and cage as a random effect (PROC MIXED, SAS
Institute 1998). Significantly different least square means (P < 0.05) were separated using
the Tukey adjusted option in SAS (SAS Institute 1998). Differences in mean height and
stem diameter for infested and uninfested stems were compared using ¢ tests (PROC
TTEST, SAS Institute 1998). The variable eggs stem™ was transformed using the square

root of (x + 0.5) before analysis to stabilize normality. Stem height was transformed by
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taking the log;o(x + 0.5) and stem diameter was transformed by taking In(x). Data were

presented as the mean + SEM of the untransformed data.

Results

Behaviorally Active Volatiles Emitted

Differences in plant biomass among cultivars (d.f. = 4, 66, F = 3.65, P = 0.009),
and stages (d.f. =1, 66, F = 267.31, P < 0.0001) were observed. Therefore, amounts are
reported as both ng h' (stem) and as ng g’ h' (biomass) (Table 4.1) because it is
uncertain how the insect perceives the volatiles emitted by plants.

The MANOVA indicated that the amount of volatile compounds emitted differed
among cultivars (biomass Wilks' Lambda = 0.29, d.f. =12, 111.41, F=5.51, P < 0.0001;
entire stem Wilks' Lambda = 0.27, d.f. =12, 111.41, F =5.9, P =0.0001) (Table 4.1).

There was also a difference between developmental stages in the amount of
compounds emitted (biomass Wilks' Lambda = 0.50, d.f. = 3, 42, F = 14.06, P < 0.0001;
entire stem Wilks' Lambda = 0.33, d.f. = 3, 42, F = 28.42, P < 0.0001). The amounts of
[-ocimene emitted by entire plants were greater at the later developmental stage (Zadoks
49) and the amount of (Z)-3-hexenyl acetate was greater at the earlier developmental
stage (Zadoks 33) (P < 0.05). The amounts of 6-methyl-5-hepten-2-one and (Z)-3-
hexenyl acetate emitted when corrected for biomass were greater at an earlier
developmental stage (Zadoks 33) (P < 0.05). It should be noted that experiments with
plants at a more advanced developmental stage (Zadoks 49) were conducted earlier in the

year than those with younger plants (Zadoks 33) so differences might be explained by
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conditions due to lengthening days.

Univariate analyses of variance revealed that there was a difference in the amount
of f-ocimene released among cultivars (biomass d.f. = 4, F = 13.84, P < 0.0001; entire
stem d.f. =4, F = 10.12, P < 0.0001) (Table 4.1). There also was a difference in the
amount of f-ocimene emitted between the different stages, when corrected for biomass
(df.=1, F=11.47, P =0.0018), but not for total amounts released by stems (d.f. = 1.00,
F =1, P> 0.1) and there were no significant interactions. In general, plants emitted
greater amounts of f-ocimene at Zadoks 49 and Norstar emitted significantly greater
amounts of f-ocimene than BigSky, Morgan, Rampart, and Neeley (biomass and entire
stem; P < 0.05). For the other two compounds, (Z)-3-hexenyl acetate and 6-methyl-5-
hepten-2-one, no other comparisons among cultivars were statistically significant. The
amount of (Z)-3-hexen-1-ol emitted by plants was not analyzed because the peaks were

occasionally too small to quantify.



Table 4.1 Mean amount (+ SE) of three behaviorally active volatile compounds emitted by five winter wheat cultivars
at two developmental stages. Amount expressed as ng g’ h™' and also for entire stems as ng h™.

ZADOKS
CULTIVAR STAGE COMPOUND
(Z)-3-hexenyl-acetate B-ocimene 6-methyl-5-hepten-2-one
ng plant” h! ng g'1 h'  ngplant’ h! ng g’ h! ng plant” h! ng g’ h!
BIGSKY 33 204+1.02 023+0.08 359+1.72 041+£0.13 0.53+0.14 0.07+0.01
49 0.89+£0.26 0.05+0.01 12.78+3.52 0.64+0.18 0.83+x0.26 0.04+0.01
MORGAN 33 234+145 030+0.15 388+271 048+£0.29 034+0.09 0.06+0.01
49 041+£0.06 0.02+0.00 998+179 052+0.10 0.28+0.03 0.01+0.00
NEELEY 33 1.70£042 026+0.07 5.02+1.84 0.72+£0.21 0.59+0.14 0.09 £0.02
49 141 £061 0.09+0.04 657279 038+£0.15 050+0.15 0.03+0.01
NORSTAR 33 203+£038 027+0.05 9.22+277 1.17+£033 044+0.17 0.07+0.03
49 095£0.25 0.05+0.02 29.89+7.37 1.39+0.42 044+0.07 0.02+0.004
33 1.23+£037 0.19+£0.06 0.90+0.18 0.15+0.03 030+0.06 0.05+0.01
RAMPART
49 0.67+0.21 0.04+0.01 3.04+0.71 0.19+£0.04 091+0.38 0.06+0.02

901
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Preference Tests

First, I compared mean stem height, plant biomass, and stem diameter among
cultivars, because these factors have been associated with oviposition preference by the
WSS. The winter wheat cultivars differed in mean plant weight (d.f. = 2, 28, F = 4.36, P
= 0.03) and mean stem height (d.f. = 2, 222, F = 4.24, P = 0.02), but not in their stem
diameter (d.f. = 2, 221, F = 1.19, P = 0.3) at Zadoks 49 (Table 4.2). Biomass and stem
height were greatest for Norstar (P < 0.05). At Zadoks 33, the cultivars did not differ in
biomass (d.f. =2, 28, F = 1.18, P = 0.22), mean stem height (d.f. =2, 290, F =2.07, P =
0.13), or stem diameter (d.f. = 2, 290, F = 1.65, P = 0.19) (Table 4.2). It should be noted
that each plant, independent of the developmental stage (which is measured on the main
stem only) has a variable number of tiller stems with different heights (Fig. 4.1) and stem
diameters (Fig. 4.2) ranging in developmental stage. Therefore, an estimate of stem
means may not be the most representative value to identify any potential differences
between cultivars. In fact, histograms of stem height for each cultivar (Fig. 4.1) show that
at Zadoks 33 the tallest stems were from both Norstar and Neeley while at Zadoks 49 the
tallest stems were from Norstar. At both stages, the widest stems were also from Norstar
and Neeley (Fig. 4.2).

To detect differences in oviposition preference among the three cultivars, I
analyzed eggs stem™ as a measure of attractiveness. The comparison of eggs stem™ for
plants in Zadoks 49 showed significant differences among cultivars (F' = 5.26, d.f. = 2,
222, P =0.006) and runs (F = 16.59, d.f. =4, 222, P < 0.0001) but no interaction between

cultivar and run (F = 0.58, d.f. = 8, 222, P = 0.58). The number of eggs was greater in
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Norstar than in Neeley and Rampart (Table 4.3) at Zadoks 49. For plants in Zadoks 33,
the same model was used but stem height was included as a covariate, given that a slight
relationship between eggs stem' and height was observed. This analysis revealed that
there was a statistically significant difference in eggs stem’™ among cultivars (F = 4.87,
df. =2, 296, P = 0.008) and a difference in eggs stem between stems of different
heights (F = 20.87, d.f. = 1, 295, P < 0.0001).

Subsequently, infested and uninfested stems within cultivars were compared. This
analysis revealed that infested stems of Norstar tended to be taller than uninfested ones at
both stages (Fig. 4.3a) (Zadoks 33 d.f. = 106, r = -4.46, P < 0.0001; Zadoks 49 d.f. =72, ¢
=-2.23, P = 0.03). Stems of Neeley that were infested were shorter than uninfested, but
only at Zadoks 49 (Zadoks 33 d.f. =98, r =-0.76, P = 0.44; Zadoks 49 d.f. =374, 1t =
2.57, P = 0.01). There were no differences between height of infested and uninfested
stems for Rampart at Zadoks 33 or Zadoks 49 (Zadoks 33 d.f. =97, r=-1.81, P = 0.07;
Zadoks 49 d.f. =66, t=0.36, P = 0.72).

For stem diameter, differences were observed between infested and uninfested
stems only at Zadoks 33 in Norstar (Fig. 4.3b) (Zadoks 33 d.f. = 102, r = -3.87, P =
0.0002; Zadoks 49 d.f. = 72, t = -1.86, P = 0.07) and for Neeley at both stages tested
(Zadoks 33 d.f. = 65.2, r = -3.01, P = 0.003; Zadoks 49 d.f. = 38.8, t = 2.12, P = 0. 04).
For infested and uninfested stems, the diameter of Rampart stems did not differ (Zadoks
33: df. =554, t =-1.35, P = 0.18; Zadoks 49: d.f. = 66, t = 0.52, P = 0.60). Infested
stems tended to be wider for Norstar at both stages tested, thinner for Neeley at Zadoks

49 and wider at Zadoks 33, with no differences for Rampart.
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Figure 4.1 Frequency distribution of stem heights in three winter wheat cultivars at two
developmental stages suitable for infestation by the wheat stem sawfly, (a) Zadoks 33 and
(b) Zadoks 49.
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Figure 4.2 Frequency distribution of stem diameters in three winter wheat cultivars at two
developmental stages suitable for infestation by the wheat stem sawfly, (a) Zadoks 33 and

(b) Zadoks 49.



Table 4.2 Mean weight (£ SE), height (+ SE), and stem diameter (£ SE) of stems of three winter wheat cultivars
at two developmental stages.

Cultivar Height Diameter Weight
Zadoks 33 Zadoks 49 Zadoks 33 Zadoks 49 Zadoks 33 Zadoks 49

Rampart | 20.12+0.89a 33.08 +1.45ab 2.71 £0.06a 2.67+£0.08a 16.70+2.16a 16.28 +1.37a
Neeley 1999 +1.08a 29.04+1.56a 293+0.08a 2.83+0.09a 22.18+3.73a 16.65 +1.2a

Norstar | 21.52+093a 36.41+£1.86b 2.94+0.07a 2.76+0.09a 2492+480a 20.01+1.63b

Comparisons were made between the rows within the same column. Rows with different letters within a column
indicate significant differences (P < 0.05).

Table 4.3 The mean number of eggs stem™ (+ S.E) in choice tests using three winter wheat cultivars
at two developmental stages.

Cultivar Mean number of eggs stem”
Zadoks 33 Zadoks 49
Rampart 0.39 £0.09a 1.13 £ 0.16a
Neeley 0.32+0.07a 1.22 £0.19a
Norstar 0.85£0.19b 1.76 £ 0.19b

Comparisons were made between the rows within the same column. Rows with different letters within a column
indicate significant differences (P < 0.05).

ITI1
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Figure 4.3 Comparison of (a) stem height (Mean + SE) and (b) stem diameter (Mean +
SE) between infested and uninfested stems from three winter wheat cultivars at two
developmental stages (Zadoks 33, and Zadoks 49) suitable for infestation by the wheat
stem sawfly. Comparisons were made between stages within a cultivar. **Indicates
significant difference while n.s indicates no significant difference (P < 0.05). Ra:
Rampart, No = Norstar, Ne= Neeley, 33= Zadoks 33, 49= Zadoks 49.
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Discussion

Female WSS discriminated among cultivars of winter wheat, as was shown by a
greater number of eggs in the cultivar Norstar at both developmental stages tested. The
results of this study also showed that, in general, infested stems from younger plants
(Zadoks 33) are taller than uninfested ones. This agrees with previous studies that suggest
that oviposition in WSS is related to stem height (Seamans 1928, Holmes and Peterson
1960, Chapter 2). However, infested stems of Neeley from older plants were shorter than
uninfested ones and no significant differences in height were observed between infested
and uninfested Rampart stems from older plants.

Stem diameter also differed between infested and uninfested stems from younger
plants at the time of stem elongation for all cultivars and from older plants only for
Norstar and Rampart. I argue that height and stem diameter might be a limiting factor for
oviposition when plants are young, because there are fewer internodes developed in the
stem and consequently less surface area for the females to explore before oviposition
(Chapter 2) and for larvae to develop inside the stem. The frequency distribution of stem
height at two different developmental stages indicates that when plants are in more
advanced stages, most stems available are likely to be over a potential threshold of
acceptable height. In that case, it is likely that other variables become more important in
selecting stems for oviposition. Cultivar differences in oviposition preference were
shown in this study and no agronomic characteristic tested could solely explain these
differences. Other factors, such as semiochemical production (Piesik et al. 2008) in host

plants may play a significant role in oviposition behavior in WSS.
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The volatile analyses conducted in this study showed that the cultivars tested
differed in the emission of f-ocimene. These results are in agreement with those reported
by Dicke (1999) who stated that differences in volatile emission within species is mainly
restricted to quantitative differences. Interestingly, Piesik et al. (2008) reported a positive
behavioral response for f-ocimene in Y-tube experiments at concentrations of 1 ng h'. In
the present study, WSS preferred to lay eggs in the cultivar that emitted greater amounts
of this attractive compound, suggesting that it might play a key role in the selection of
oviposition sites by females. Secondary metabolites ubiquitously produced by plants are
the most prevalent mechanism mediating host recognition (Bruce et al 2005). If this is
true then insects are capable of detecting differences in blends of compounds to guide
them to suitable hosts. Different ratios of the same compounds in different cultivars could
be providing signals to WSS females to identify differences in suitability among stems.

The results from this study suggest oviposition preference involves a complex set
of host cues, of which olfactory cues might be an important factor in the decision making
process of selecting a stem in which to oviposit. WSS oviposition behavior, like
oviposition in other insects (Nottingham 1988, Hattori 1988), is most likely a catenary
process involving different kinds of host finding cues as well as host acceptance cues
(Ramaswamy 1988). Although in this study I could not separate olfactory cues from other
host factors influencing WSS behavior, these results are in accordance with other studies
(Bernays and Chapman 1994, Jonsson 2005), and emphasize the role of volatile
compounds in oviposition choice. At the same time, I recognize that odors interact with

other stimuli to shape insect behavior (i.e. stem height and development) (Chapter 2).
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Further work needs to be done on concentration-response profiles of odor blends from
synthetic volatile sources to aid the interpretation of behavior in field and greenhouse
experiments. Results from such experiments could provide useful information to develop
an attractant for WSS females.

The results obtained here suggest that semiochemicals play an important role in
oviposition by WSS. Therefore, management of this pest may be improved by taking
advantage of the naturally occurring plant semiochemicals or by manipulating host
semiochemicals to enhance the effectiveness of trap crops for this insect pest. This is
particularly encouraging, given that there are no insecticides available to manage this
insect pest. Results obtained show a difference in attractiveness among different cultivars
in greenhouse choice tests. Additional work evaluating the effectiveness of these cultivars
as trap crops will be conducted in a large-scale field trial. A system involving attractive
and unattractive cultivars will be tested to assess the use of the “push-pull” strategy to
manage WSS. Further manipulation of plant volatiles and any effects on oviposition will

also be evaluated to test the potential of a semiochemically augmented trap crop.
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CHAPTER 5
WINTER WHEAT TRAPS PROTECT SPRING WHEAT FROM

WHEAT STEM SAWFLY

Abstract

Recently, the potential of winter wheat, Triticum aestivum L., as a trap crop to
manage the wheat stem sawfly, Cephus cinctus Norton, was reported in wheat fallow
systems in the northern Great Plains. The current study compared the efficacy of three
winter wheat cultivars as trap crops to protect spring wheat in a dryland wheat-fallow
cropping system in Montana. Winter wheat cultivars ‘Norstar’, ‘Neeley’ and ‘Rampart’,
were selected as trap crops for this study based on previous evaluation of agronomic
characteristics and oviposition preference experiments. The effectiveness of the winter
wheat traps was evaluated for two spring wheat crops that are suitable hosts, but vary in
their attractiveness to ovipositing females in laboratory choice tests and in the field.
‘Reeder’ is a highly attractive spring wheat cultivar compared to ‘Conan’. During
elongation of the crops at the time of adult flight, winter wheat traps had a significantly
greater number of eggs and a greater infestation percentage than the adjacent Conan crop
both years of the experiment and greater than the adjacent Reeder crop in 2005. Final
infestation in the main crop adjacent to winter wheat traps was significantly lower than
infestation in the traps, and infestation in Conan crop areas was significantly lower than
in Reeder crop areas. Moreover, a greater proportion of infestation was observed on the

edge of the fields in crop areas with a winter wheat trap. The hollow stem winter wheat
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cultivars Norstar and Neeley had a greater number of eggs than solid stem Rampart early
in the growing season. However, no differences in infestation were observed between
winter wheat cultivars or between crop areas immediately adjacent to the traps of the
three cultivars after oviposition. Therefore, the results of this study suggest that all three
winter wheat cultivars tested are suitable to use as trap crop to protect unattractive spring
wheat cultivars such as Conan. This study provides a good example of a stimulo-deterrent
diversionary strategy to manage the wheat stem sawfly, with attractive cultivars as traps

and an unattractive one in the larger crop area.

Introduction

Trap crops are usually sacrificial plantings grown for the purpose of accumulating
target insects into a limited area where they can be managed cost-effectively before they
cause economic damage (Pedigo et al. 2002, Hokkanen 1991). The principle of trap
cropping rests on the fact that virtually all insect pests show a distinct preference for
certain species, cultivars, or crop stages. Attractive host plants are manipulated in time
and space so that they are available at the critical time to concentrate the pest in the
desired location (Hokkanen 1991).

Trap crops have been shown to be effective in reducing pest insect infestations in
several cropping systems with at least ten cases of successful applications in agricultural
and forest systems, providing sustainable and long-term management solutions for

difficult pests (reviewed in Shelton and Badenes-Perez 2006).
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Several studies have been conducted to test the efficacy of trap crops to manage
the wheat stem sawfly (WSS), Cephus cinctus Norton, (Criddle 1917, Seamans 1928,
Morrill et al. 2001), a serious pest of the wheat industry in the northern Great Plains.
However, consistent results have been limited and this management practice has not been
widely adopted. A possible reason for limited deployment of trap crops to manage the
WSS is the need for additional information on the temporal and spatial attractiveness of
potential trap crops to maximize their effectiveness (Shelton and Badenes-Perez 2006).
Factors that need to be addressed when designing a trap crop include the choice of the
trap cultivar, determination of size and location of trap stands, and possible manipulations
of the trap to increase attractiveness (Hokkanen 1991), while doing so within the broad
framework of successful production of the vulnerable crop. The region impacted by WSS
can be characterized as an expansive wheat monoculture, with a crop-fallow cropping
system consisting of adjacent field blocks that are planted alternately each year to crop
and fallow (uncropped land). This strip cropping practice, introduced for erosion control
in the 1920s (Larney et al. 1993), reduces the risks of crop failure in drought years and
typically allows for a greater yield following the fallow period. This farming practice
greatly intensifies WSS infestation, because there are extensive margins exposed to
invasion from adjacent summer-fallow infested stubble (Weiss et al. 1992). Moreover,
rotations of wheat following wheat in this monoculture provide ideal conditions for WSS
population increases (Callenbach and Hansmeier 1945).

This pest cannot be effectively managed using insecticides and solid-stemmed

cultivars are only partially resistant (Weaver et al. 2004). The larvae overwinter in the
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crop stubble, emerging as adults late in the spring during crop growth. Females mate once
and then spend the remainder of their brief lifespan searching for and ovipositing in
large-stemmed graminous hosts (Ainslie 1920, Weiss et al. 1992).

The flight period of univoltine WSS varies from slightly longer than a week to
approximately a month (Morrill and Kushnak 1999). Females seldom fly farther from the
point of emergence than is necessary to find a suitable host and oviposition occurs
immediately after an acceptable host stem is encountered (Anonymous 1942). Therefore,
field infestations have a marked “edge effect”, with a greater proportion of infested stems
occurring along the field margins (Nansen et al. 2005).

Female WSS lay an average of 50 eggs during their life span. Rapid location and
selection of suitable hosts is paramount because adults live less than seven days after
emergence (Morrill et al. 2000). The characteristics of WSS biology make it a potential
candidate for management with trap strips.

Increase of the trap crop effectiveness has sometimes been greatly improved by
the use of semiochemicals that influence insect behavior. One way of incorporating the
use of semiochemicals in trap cropping is through the use of a “push-pull” or stimulo-
deterrent control strategy (Miller and Cowles 1990, Cook et al. 2007). The underlying
principle is to divert the insect away from the target crop and attract it to a trap that is
more attractive than the desired crop, which is planted over a much larger area of the
field (Miller and Cowles 1990). Delivery of natural or induced semiochemicals by plants
may not be strong enough to reduce population levels below economic levels, as stated

by Pickett et al. (2005). In combination with other tactics such as the use of less attractive
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cultivars or crops, more attractive traps, or by enhancing parasitoid cues, the push-pull
strategy has proven to be effective and shows promise to manage insects like the
Colorado potato beetle, Leptinotarsa decemlineata (Say), in potato, Solanum tuberosum
L. (Dickens 2000, 2002), Helicoverpa armigera (Hiibner), in cotton, Gossypium hirsutum
L. (Duraimurugan 2005), the pollen beetle, Meligethes aeneus (Fabricius), in oilseed
rape, Brassica napus L. (Cook et al. 2004), and spruce beetles, Dendroctonus rufipennis
(Kirby), and western balsam bark beetles, Dryocoetes confusus Swaine (Borden 1997,
Borden and Greenwood 2000), among others.

The goal of a trap is to concentrate damage away from the bulk of the crop, but it
may also facilitate population suppression within the trap. Wheat planted as a trap for
WSS may be either a susceptible or a resistant cultivar (Morrill et al. 2001). If resistant,
the trap can remain in the field and be harvested for grain. Current planting decisions
already favor seeding resistant varieties in the presence of significant losses due to WSS.
A susceptible trap can also remain in the field and be harvested for grain with special
equipment designed to recover a portion of the lodged grain or the growing crop can be
destroyed before ripening, but after WSS oviposition is complete. Crop destruction
removes WSS larvae developing within the infested stems (Callenbach and Hansmeier,
1945; Morrill et al. 2001). If a resistant, solid stem cultivar is used, it might not be
necessary to cut it before harvest (Morrill et al 2001), due to significant larval mortality
(Wallace and McNeal 1966) that occurs in addition to innate cannibalism that occurs
within all stems (Wallace and McNeal 1966, Weaver et al. 2004, Nansen et al. 2005).

However, resistance due to the stem solidness trait is variable and dependent upon
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environmental conditions (Holmes and Peterson 1956). If these stems do not develop
sufficient pith in the stems to kill developing larvae and the crop is not harvested early,
there is little likelihood of reducing the WSS population.

A typical trap may represent 10% of the crop area (Hokkanen 1991). However,
there are no current recommendations on trap width to suppress adult WSS flight into the
field. Previous studies have evaluated the effectiveness of different sizes, with traps
varying from eight to 30m wide. Promising results were obtained with a 24-m trap strip
of winter wheat, protecting a larger area of spring wheat (Morrill et al. 2001). Stem
elongation occurs in winter wheat before the WSS flight begins. Therefore, adults are
attracted to the winter wheat trap and oviposit there rather than in the less mature spring
wheat field. It is possible that the selection of the appropriate combination of crops or
cultivars has a greater impact on the effectiveness of the trap than the size of the trap
itself.

Observations in the laboratory have shown that spring wheat cultivars vary in
their suitability to ovipositing WSS in laboratory choice tests and in the field. These
cultivars also differ in the emission of volatile compounds that are attractive to adult
females (Piesik et al. 2008), which could explain the varying rate of infestation (Weaver,
unpublished data). This suggests that cultivars of differing attractiveness could be used in
a stimulo-deterrent diversionary strategy to manage WSS by directing ovipositing
females away from a relatively unattractive crop using an attractive trap and therefore

concentrating oviposition in the trap (Miller and Cowles 1990).
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Previous research in the laboratory has established that female WSS do not
discriminate between uninfested and previously infested stems when ovipositing into the
cryptic stem lumen, which is fundamental to successful trap cropping (Chapter 2).
Subsequent evaluation of cultivars commonly grown in Montana yielded a group of
potentially suitable winter wheat varieties based on reported plant phenological
preferences of WSS (Chapter 3). Measurements of attractancy, including the release of
behaviorally active compounds, were subsequently correlated to WSS oviposition
preference in laboratory choice tests (Chapter 4). Using this background, the current
study aimed to determine if attractive and unattractive cultivars can be used to manage
the wheat stem sawfly within the framework of stimulo-deterrent trap cropping. To test
this, I determined the efficacy of three winter wheat cultivars as trap crops to protect
spring wheat in a dryland wheat-fallow cropping system in Montana. The effectiveness of
the winter wheat traps was evaluated for two spring wheat crops that are suitable hosts,
but that differ in their attractiveness to the WSS. The experiments were conducted as
large scale field trials, on a scale similar to that used by growers. Preliminary oviposition
preference studies have shown that ‘Reeder’ (PI 613586) is a highly attractive spring
wheat cultivar compared to ‘Conan’ (BZ992598), so these two were selected for large
crop areas to be protected in the evaluation of winter wheat cultivars as traps. The winter
wheat cultivars selected as trap crops for this study are among those reported to be likely
the most suitable as trap crops based on evaluation of agronomic characteristics (Chapter

3) and oviposition preference studies (Chapter 4).
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Materials and Methods

Site Characteristics and Experimental Layout

The experiments were conducted in a commercial wheat field located between
Pendroy and Conrad, MT (latitude: 48°0800’N; longitude: 112°0641°W) in 2004 and
2005. The field is in alternate-year fallow production with a long history of no-till
management of the fallow ground. The soil is clay loam, with 1.9% organic matter and
pH of 7.4.

The treatments consisted of a combination of two spring wheat cultivars (‘Reeder’
(PI1 613586) and ‘Conan’ (BZ992598) planted as the "crop" with the "trap" winter wheat
cultivars ‘Norstar’ (Cltr 17735), ‘Rampart’ (PI 593889), and ‘Neeley’ (Cltr 17860), but
the cultivar Neeley was grown only in 2004 (Fig. 5.1).

Treatments were arranged as split plots, with spring wheat crops as main plots and
trap crops as subplots using four replications. The main plots were 100 by 600m, and
subplots were 24.5 by 150m.

Adjacent spring wheat blocks had the same spring wheat treatment due to
practical constraints. To avoid border effects, the end of each block consisted of a fallow
subplot which was not included in the analysis. This fallow plot was two years of
consecutive fallow in a 24.5 by 75-m subplot. Each main plot included one spring wheat
control sub plot planted with the same cultivar (Reeder adjacent to the Reeder main block
and Conan adjacent to the Conan main block), which was another 24.5 by 75-m subplot,
and was established on the other end of each block in a systematic arrangement. Given

that the control plots planted with Conan and Reeder cultivars were not replicated within
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each main plot, trap data for each spring wheat main block were analyzed separately
when significant differences between spring wheat cultivars were observed.

The subplots were arranged perpendicular to the spring wheat blocks, between the
stubble from the previous year in a fallow field and the growing crop (Fig. 5.1). These
were strategically placed to intercept adults emerging from the infested fallow stubble
and flying into the crop. Given the alternate crop-fallow system of Montana, where
contiguous blocks are alternated between summer fallow and a crop, a WSS trap may be
planted in wheat stubble or after summer fallow, depending on the location of the trap
within the field. For this reason, I tested each cultivar grown under both conditions. In
2004, each plot consisted of 6.5m of wheat planted in wheat stubble (recrop) and 18.3m
of wheat planted after summer fallow (fallow). In 2005, three blocks were planted
exclusively in wheat stubble (recrop) and one block was planted exclusively after

summer fallow.

Design Modification In 2004, one of the replicates was eliminated from the study

because the winter wheat traps showed high levels of winter kill, and would have been a
readily breached trap. In 2005, one of the winter wheat cultivars was eliminated from the
study because results from 2004 suggested that an increase in the length of the trap
subplots might better detect differences in oviposition between the treatments, given the
unexpected mobility of ovipositing WSS that was observed. Therefore, the length of the
winter wheat trap subplots was increased to 225m and Neeley was eliminated from the

trial (Fig. 5.2).
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Field Operations Spring and winter wheat were planted consistent with agronomic

practices typical in north central Montana. Winter wheat was sown in September, and the
spring wheat crops were sown in May. The crops were direct-seeded into standing wheat
stubble after summer fallow, unless otherwise noted. The seeding rate for the winter
wheat cultivars was 68kg ha” and for the spring wheat it was 79.5 kg ha. Bronate
Advanced® (Bromoxynil octanoate 18%, Bromoxynil heptanoate 18%, MCPA-2-
ethylhexyl 40%; 117.6ml a.i. ha™') and Everest® (flucarbazone-sodium technical 70%;
3.34ml a.i. ha™") herbicides were applied on June 2, 2005. All plots were fertilized with
163kg ha'of deep banded ammonium sulfate (21-0-0+24(s)) and 153ml ha' of
GroZyme™ (0.02% B, 0.0005% Co, 0.05% Cu, 0.10% Fe, 0.05% Mn, 0.0005% Mo, and
0.05% Zn) was dribbled on seed. In 2005, the winter wheat plots were fertilized with an
additional 163kg ha'of deepbanded ammonium sulfate because they were planted in
wheat stubble from the previous year’s trap. The WSS flight was considered almost
complete when fewer than five females were caught in a sweep net after 50 sweeps. At

this time, the trap crop was harvested for forage.

Sampling Growing Plants and Adult Wheat Stem Sawflies

Samples were collected weekly after the winter wheat crop became suitable for
infestation by WSS, and adults were observed in the field. Three transects were
established in each trap subplot. To avoid edge effects from neighboring treatments, these
transects were equally spaced in the interior of the trap. In the spring wheat control plots,
which were 75m long, transects were set at 20, 40, and 60m from the northern edge. In

the winter wheat trap plots that were 150m long (2004, Fig. 5.2a), transects were set at



130
40, 80, and 120m from the northern edge. In the winter wheat trap plots that were 225m

long (2005, Fig. 5.2b), each transect was set at 45, 90, and 135m from the northern edge.

Plant Samples These were collected weekly for three weeks starting on the second
week of June until the first week of July, and consisted of all plants in 15cm of row at
each sampling point. Three samples were collected in each transect, at 12, 20, and 30m
from the edge of the field, except in the first sampling event in 2004, where only one
random sample was collected at each trap plot. Two of the sampling points were in the
trap crop and one sampling point was 4.5m into the adjacent spring wheat block except in

the first sampling event in 2004, when only a sample in the trap plots was collected.

Adult Insect Samples After the first WSS adults were observed in the field, sweep

net samples were collected in the trap plots at 12 and 20m from the edge of the fields.
Five sweeps were performed at each sampling point and WSS were counted and sexed.
Numbers of females in the spring and winter wheat traps were determined to obtain an
estimate of the level of infestation in the field, and to ascertain the duration of the adult
emergence period. Sampling began on the first week of June and was repeated weekly.
Sampling started when the winter wheat was at the boot stage and the spring wheat was
beginning elongation, so most WSS were found in the winter wheat plots. As the spring
wheat developed to the boot stage and the winter wheat became too tall and dense to
sweep, sampling was only in the spring wheat plots. On the first week of July, fewer than

five females were caught in a sweep net after 50 sweeps.
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Sampling Mature Plant Material

Samples were collected from the spring wheat crop three days before harvest.
Three random transects were set up into the field adjacent to each trap (spring wheat
cultivar, Norstar, Rampart, and Neeley in 2004; in 2005 the traps were similar but did not
include Neeley). The random transects were constrained to be within the interior of each
trap, with a boundary no closer than within 15m of the interface between adjoining trap
treatments. Samples consisting of all spring wheat plants in 15cm of row were collected

at the following distances into the field: 7.5, 15, 23, 30, 60, and 90m from the edge.

Stem Processing

Each stem was dissected lengthwise with an X-ACTO Kbnife (Hunt Corp.,
Statesville, North Carolina, USA). Sawfly infestation was determined by the presence of
larvae or frass resulting from the feeding of sawfly larvae within the stem, according to
Runyon et al. (2002). Number of eggs and larvae as well as percentage infestation was
recorded and compared between treatments to detect any possible preference of the

sawfly for different cultivars.
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See Fig. 5.2a

|:| Conan spring wheat
l:l Reeder spring wheat
|:| Trap strip

|:| Fallow (no crop)
Spring wheat

not part of experiment

L ]
50 100 150 meters

See Fig. 5.2b

Figure 5.1 Diagrammatic representation of spring wheat blocks with border traps in 2004
and the same field in 2005 with the crops alternated to the fallow ground of the previous
year. Areas of the field that were seeded with spring wheat in 2004 were fallowed in
2005, following the typical agronomic practice in north central Montana. The spring
wheat crop was divided into two blocks, where different cultivars were sown. To avoid
apical border effects, the ends of the trap and block remained fallow. Winter wheat traps
(24m) were planted on 18m of fallow ground each year, and 6m were recropped into the
edge of the block targeted for spring wheat. Each trap strip was divided into different
treatments, which are illustrated in greater detail in Fig. 5.2.
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Figure 5.2 Diagrammatic representation of an experimental plot. Each fallow-crop
interface was divided into treatments of either a winter wheat trap, a spring wheat control,
or an unplanted fallow control. These treatments were assigned within a block for each of
three (2004) or four blocks (2005).

The wheat cultivar growing adjacent to the traps was divided into five (2004 — see 5.2a)
or four (2005 — see 5.2b) corresponding plots (indicated with dashed lines) so that each
trap was associated with a corresponding spring wheat plot.
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Data Analyses

Analysis of variance was performed to compare infestation levels in spring wheat
crops adjacent to different trap crops and infestation levels and number of eggs among
the different trap crops (PROC MIXED, SAS Institute 1998).

The impact of trap crops on infestation levels in each crop was evaluated by
comparing infestation in each spring wheat crop, between winter wheat traps and the
adjacent crop. Comparisons were performed using 7-tests (PROC TTEST, SAS Institute
1998).

For these comparisons, samples collected at different dates during the growing
season were analyzed separately due to innate variation that existed among the
proportions of life stages of the insect present in the stems. On the first sampling date,
early in the oviposition period, the stems contained mainly eggs, while stems collected
subsequently contained a greater cumulative number of immatures, and the population
was predominantly larvae. Similarly, due to the modified experimental design and due to
the large variance attributed to year, mean comparisons were made within years.
Infestation data for mature plant samples from Conan in 2005 were logarithmically
transformed to meet assumptions of normality for analysis of variance.

Infestation by WSS at a given distance into the field along a transect can be
expressed as the proportion from the highest infestation at that transect and it follows a
curve fitted as y = a + be™, independent of the severity of the infestation (adapted from
Nansen et al. 2005). Based on this, samples of mature stems collected before harvest

were fit with this equation, unless a simple linear equation, y = a + bx, fit better.
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Descriptive regression equations were obtained using curve-fitting software

(TableCurve2D, Systat Software 2002).

Results

Number of WSS Females in Sweep Net Samples

Figure 5.3 illustrates the WSS adult flight during the sampling period (June 9,
June 16, and June 23). In the first week of July, fewer than five females were caught in a
sweep net after 50 sweeps. At this time, the trap crop was harvested for forage. For each
year of the experiment, female adults were collected in the trap crops. WSS emergence
peaked around the second week in June, after which adult numbers decreased. There

were a greater number of females in the field in 2004 than in 2005.

Number of Eggs in Traps

The number of eggs per sample in the winter wheat traps was analyzed for the
first sampling event (second week of June) before cannibalism of larvae within a stem
occurred, to better detect any potential differences in attractiveness between winter wheat
cultivars (Fig. 5.4). At this time, the spring wheat crops were either starting elongation
(Zadoks 32-33 in 2004) or not elongated yet (Zadoks 30-31 in 2005). Therefore, numbers
of eggs in spring wheat were zero in 2005 at the first sampling event.

In 2004, T observed a similar number of eggs per sample in the traps among the
different winter wheat cultivars (d.f. = 2, 14, F = 1.48, P = 0.26). In 2005, when the

sampling effort was increased to six samples per trap plot instead of one, I observed a
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difference in the number of eggs between the winter wheat cultivars (d.f. = 1, 86, F =

18.25, P <0.0001). Norstar had a greater number of eggs than Rampart (P < 0.05).

10 - —— 2004

Mean number of female sawflies (5 sweeps)
(o]

O T T T T T T T T 1
158 160 162 164 166 168 170 172 174 176

Julian date

Figure 5.3 Mean number of female sawflies in sweep net samples during the adult flight
period, in June and July of 2004 and 2005. Samples were collected in plants that were
elongating until heading only, to obtain comparable numbers across dates. As winter
wheat developed past that stage, samples were collected in the spring wheat. Means
underlined with a dashed line represent samples that were collected in spring wheat and
those underlined with a solid line were collected in winter wheat traps.

Infestation in Crops Adjacent to Traps During the Growing Season

In the developing crops, I compared infestation percentages between the spring
wheat crops adjacent to the different traps for the second and third sampling events (the
last week in June and the first week in July), after the peak in the oviposition period. I
found a significant effect of spring wheat cultivar for both years of the experiment for the

June 23 sampling event (2004: d.f. = 1, 6.31, F = 6.16, P = 0.05; 2005: d.f. =1, 69, F =
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70.92, P < 0.0001) and the July sampling event (2004: d.f. = 1, 68, F = 40.09, P <
0.0001; 2005: d.f. =1, 61.1, F =46.13, P < 0.0001). Infestation percentages were greater
in the Reeder field than in the Conan field adjacent to traps. Based on these results, I
analyzed each spring wheat cultivar separately, to detect potential differences in

effectiveness between the different trap crops.
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Figure 5.4 Mean number of eggs in samples collected during the second week in June in
2004 and 2005 for the different trap crops, including the spring wheat controls.
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Table 5.1 Mean infestation percentages (+ SE) in Conan spring wheat adjacent to the
winter wheat traps. Comparisons were made within year and sampling events only.
Mean infestation

Crop Year Sampling Trap (SE)
Control 51.6 £9.39a
June 23 Rampart 25.83 £7.23b
Norstar 31.94 +£5.93b
Neeley 27.25 + 6.06b
2004 Control 39.71 £9.32a
July 6 Rampart 25.58 +4.72a
Conan Norstar 36.63 +7.18a
Neeley 25.71 £4.03a
Control 275 +1.53a
June 23 Rampart 0.90 £0.61a
Norstar 2.19+£1.03a
2005 Control 10.87 £4.89a
July 6 Rampart 473 £ 1.47a
Norstar 8.95 +£3.75a

Rows within year and sampling followed by the same letter are not statistically different at P <
0.1.

Table 5.2 Mean infestation percentages (+ SE) in Reeder spring wheat adjacent to the
winter wheat traps. Comparisons were made within year and sampling events only.
Crop Year Sampling Trap Mean Infestation
(£ SE)

Control 5799 +6.41a
Rampart 5578 £594 a
Norstar 49.38 £6.10 a
Neeley 52773 +8.5a

June 23

2004 Control 63.66 £6.45a

July 6 Rampart 53.5+897a

Reeder Norstar 64.61 £4.37a
Neeley 54.07+7.46 a

Control 1.383+0.10 a

June 23 Rampart 1.148 £0.06 a

2005 Norstar 1.25+0.10 a

Control 3726 £5.28 a
Rampart 31.04£5.11a
Norstar 3474 £ 6.07 a

Rows within year and sampling followed by the same letter are not statistically different at P <
0.1.

July 6
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Conan Crop Adjacent to Traps For the June 23 sampling event in 2004, I found a

greater infestation in the portion of the Conan crop adjacent to the spring wheat control
than in the portion of the crop adjacent to the winter wheat traps (d.f. = 3, 25, F=5.39, P
= 0.005), but there was no difference in infestation between the crop areas adjacent to the
different winter wheat cultivars (Table 5.1). In 2005, infestation levels were lower than in
2004, but no differences were observed for crop areas adjacent to any of the traps,
including the spring wheat control, for the June 23 sampling event (d.f. = 2, 23, F =0.75,
P =0.49) (Table 5.1).

For the July sampling event, there were no significant differences in the
infestation percentages in the crop areas adjacent to any of the traps in either year of the

experiment (2004: d.f. = 3, 24, F=1.81, P=0.17; 2005: d.f. = 2, 23, F = 0.75, P = 0.49).

Reeder Crop Adjacent to Traps Table 5.2 shows that for both sampling events,

there were no differences in infestation in the Reeder crop areas adjacent to any of the
traps, in either 2004 or 2005 (2004: June 23 sampling d.f. = 3, 24, F = 0.26, P = 0.85;
2004: July 6 sampling d.f. = 3, 24, F = 0.81, P = 0.5; 2005: June 23 sampling: d.f. = 2,

24, F = 0.54, P = 0.59; 2005 July 6 sampling: d.f. =2, 24, F=0.24, P =0.79).

Infestation in Traps Adjacent to the Spring Wheat Crop

Traps Adjacent to the Conan Crop In both years of the experiment and for both

sampling events infestation differed among growing trap crops (2004: June 23 sampling:
d.f. =3,5.7, F =8.65, P =0.015; July 6 sampling: d.f. =3, 6, F = 5.88, P = 0.03; 2005:

June 23: d.f. =2, 6.07, F =23.59, P = 0.001; July 6 sampling: d.f. =2, 66, F = 171.11, P
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< 0.0001). The winter wheat traps had significantly greater infestation percentages than
the control trap of Conan spring wheat (2004: June 23 sampling: d.f. =1, 5.61, F = 19.98,
P =0.005; July 6 sampling: d.f. =1, 6, F = 16.5, P =0.01; 2005: June 23 sampling: d.f. =
1, 6.09, F = 46.39, P = 0.005; July 6 sampling: d.f. = 1, 66, F = 341.81, P < 0.0001).
Rampart was least attractive among the winter wheat traps at the peak of the oviposition
period in 2004 (June 23 sampling: d.f. = 1, 5.66, F = 5.98, P = 0.05) (Fig. 5.5a) but no
differences among traps were observed in the July 6 sampling event or for either

sampling event in 2005 (Fig. 5.6a).

Traps Adjacent to the Reeder Crop For 2004, Figure 5.5b shows that there were

no differences for infestation in the different traps adjacent to areas of Reeder spring
wheat for either sampling event (June 23 sampling: d.f. = 3, 8.07, F = 0.34, P = 0.80; July
6 sampling: d.f. = 3, 6, F = 0.88, P = 0.50). For 2005, Figure 5.6b indicates that there was
a difference in infestation for the different traps for both sampling events (June 23
sampling: d.f =2, 6, F =7.92, P = 0.02; July 6 sampling: d.f. =2, 5.99, F =33.8, P =
0.0005). The winter wheat traps had greater infestation percentages than the control
Reeder spring wheat trap for both sampling events (June 23 sampling: d.f. = 1, 6, F =
7.52, P= 0.03; July 6 sampling: d.f. = 1, 5.92, F = 66.46, P = 0.0002) as indicated in

Figures 5.5 and 5.6.

Comparing Infestation in Traps with Infestation in Adjacent Crop Areas

The spring wheat control traps had an infestation percentage similar to that

occurring in the crop areas adjacent to them. However, the winter wheat traps were more



141
heavily infested than the adjacent spring wheat crop areas (Table 5.3). Therefore,
infestation was concentrated in the trap for plots with winter wheat traps, with a marked
edge effect between spring wheat crop area and the winter wheat traps. In contrast, there
was no edge effect in the control spring wheat plots because infestation in the trap area
was similar to infestation in the adjacent crop area. This was consistent except for the
June 23 sampling event in 2004, when infestation in the winter wheat traps and the
adjacent Reeder crop areas were very similar (Table 5.3). There was no edge effect
within the traps bordering crop areas of either spring wheat cultivar, except for the July 6
sampling event in 2004 (Conan crop: d.f. =1, 59, F =9.67, P = 0.003; Reeder crop: d.f. =
1, 56, F = 6.18, P = 0.02), where samples collected closer to the infested stubble had

greater infestation than samples adjacent to the growing spring wheat crops.

Infestation in Crops Adjacent to Traps at Harvest

There were no differences in infestation among winter wheat traps by the July 6
sampling date in the growing crops, so the data for the different winter wheat cultivars
and their adjacent crop areas were pooled for further analysis. For 2004, data for Neeley,
Norstar, and Rampart were pooled, while for 2005 the data for the Norstar and Rampart

were pooled.
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Figure 5.5 Percentage infestation in traps adjacent to areas of (a) Conan and (b) Reeder
spring wheat crops for the first sampling event for 2004 and 2005.
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Figure 5.6 Percentage infestation in traps adjacent to areas of (a) Conan and (b) Reeder
spring wheat crops for the second sampling event for 2004 and 2005.
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Table 5.3 Comparison of mean infestation (+ SE) in winter wheat or spring wheat control
traps and the adjacent spring wheat crop areas.

% Infestation % Infestation T
Crop Trap Year  Sample
trap adjacent crop  statistic P
Conan V\Zﬁgaetr 2004 June23 61.86£3.14 2847+£3.59 (=205 P<0.0001
Conan  Control 2004 June23 32.75£9.39 51.61£4.05 (=230 P=0.14
Conan VVZL‘:;: 2005 June23 62.79+4.04 151£059 =207 P<0.0001
Conan  Control 2005 June23  3.67+1.53  275+143 (=220 P=0.68
Conan V\Zﬁgaetr 2004 July6  73.11+320 2931+£327 =2.055 P<0.001
Conan  Control 2004 July6  3357£9.32 39.71£332 (=230 P=049
Conan VVZL‘:;: 2005 July6  79.73+2.63  684+201 =2.069 P<0.001
Conan  Control 2005 July6  11.89+4.88 10.87£2.92 (=220 P=0.87
Reeder V\Zﬁgaetr 2004 June23 59.39£3.59 51.98+422 (=206 P=0.14
Reeder Reeder 2004 June23 64.23+6.41 57.99 +2.62 =2.30 P=0.25
Reeder VVZL‘:;: 2005 June23  59.0+£2.61  2358+3.64 =206 P<0.0001
Reeder  Control 2005 June23 30.99+3.30 2935+334 (=220 P=0.72
Reeder V\Zﬁgaetr 2004 July6 364041  5739+190 =2.055 P<0.001
Reeder  Control 2004 July6  7334+645 63.64£3.69 (=231 P=030
Reeder VVZL‘:;: 2005 July6  8272+390 32.89+1.58 =2.069 P<0.001
Reeder Control 2005 July6  50.08+3.80 37.26+£528 (=220 P=0.06
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At harvest, mean infestation percentages were lower in Conan crop areas than in
Reeder crop areas (Figs. 5.7 and 5.8). In most cases, there was a significant effect of
distance into the field on infestation (2004 Reeder crop: d.f. = 5, 197, F = 4.66, P =
0.0005; 2005 Reeder crop: d.f. =5, 184, F = 10.31, P < 0.0001; 2005 Conan crop: d.f. =
5,187, F =3.43, P = 0.006), except in the Conan crop in 2004 (2004 Conan crop: d.f. 5,
1, F=4.19, P =0.35).

Data obtained during the sampling events in the growing crops in 2004 (Table
5.3) showed that winter wheat traps were more attractive than the adjacent spring wheat
crop areas. Therefore, I had expected lower infestation percentages in mature plants from
areas adjacent to winter wheat traps than in crop areas adjacent to spring wheat traps.
However, within a spring wheat crop, there were only differences in infestation between
areas next to winter wheat traps and those next to the control traps for the cultivar Reeder
in 2004 (d.f. =1, 197, F = 13.73, P =0.0003) (Fig. 5.9).

To determine the pattern of infestation throughout the field for the different
treatments, I analyzed infestation curves as a function of distance into the field and found
they differed between spring wheat cultivars and trap treatments (Table 5.4).

Infestation in the spring wheat crop in 2004 can be described by a simple linear
equation, y = a + bx, except for the Conan areas adjacent to winter wheat traps for which
an exponential decay equation, reported by Nansen et al. (2005), best fit the data. In
2005, infestation followed the same exponential decay equation, y = a + be ™, except for
infestation in Conan crop areas adjacent to the spring wheat control traps, which was best

explained by a simple linear equation. For the Reeder crop, no differences in infestation
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curves were observed between areas of the field adjacent to a winter wheat trap or those
areas with no trap (Reeder control edge) in 2004 (Table 5.4). Infestation decreased
linearly from the field edge independent of the trap treatment in 2004 (Fig. 5.10a). In
2005, infestation in the Reeder crop decreased exponentially from the edge, with slightly
lower infestation levels in areas of the field adjacent to a winter wheat trap compared to
those adjacent to a spring wheat edge (Table 5.5, Fig. 5.11a).

There were differences in infestation curves between crop areas adjacent to
different trap treatments in 2004 and 2005 for the Conan crop (Table 5.5). In areas of the
field adjacent to a winter wheat trap, infestation decreased exponentially as distance from
the field edge increased, while in areas of the crop with no winter wheat trap, infestation

decreased linearly with a weak edge effect (Table 5.5, Fig. 5.10b and 5.11b).
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Figure 5.7 Regression of infestation percentage as a function of distance from the field
edge in 2004 in spring wheat crop areas adjacent to winter wheat traps (winter wheat
traps not included as part of the field). The data for the cultivar Conan are shown in red
and the data for the cultivar Reeder are shown in black. For both cultivars the data are
described by y = a + bx. The dashed lines indicate the 95% confidence intervals.
Parameter estimates and regression statistics are shown in Table 5.4.
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Figure 5.8 Regression of infestation percentage as a function of distance from the field
edge in 2005 in spring wheat crop areas adjacent to winter wheat traps (winter wheat
traps not included as part of the field). The data for the cultivar Conan are shown in red
and the data for the cultivar Reeder are shown in black. For the cultivar Conan, the data
are described by y = a + be . For the cultivar Reeder the data are described by y = a +
bx. The dashed lines indicate the 95% confidence intervals. Parameter estimates and
regression statistics are shown in Table 5.4.



Table 5.4 Parameter estimates and regression statistics for infestation percentage as a function of distance from the edge in spring
wheat fields adjacent to winter wheat traps.

Year CROP and  Parameter Value (SE) 95% confidence Frg Adj R’ % of
trap intervals maximum R
possible
a 67.75 (2.31) (63.18, 72.32)
REEDER 17.58 0.1 83.33
winter wheat b -0.22 (0.05) (-0.33,-0.12)
2004
a 24.53 (1.80) (20.98, 28.08)
CONAN 10.21 0.06 54.15
winter wheat b -0.13 (0.04) (-0.21, -0.05)
a 36.03 (2.325) (31.43,40.63) 81.82
REEDER 28.64  0.18 =
winter wheat b -0.30 (0.06) (-0.41, 0.19) ©
2005 a 4.56 (1.09) (2.41,6.71)
CONAN b 40.59 (58.92) (-75.98, 157.16) 6.70 0.09 83.18

winter wheat
c 4.52 (3.94) (-3.28, 12.32)

Data were fit to an exponential decay three parameter equation (y = a + be ™) or to a two parameter simple linear equation
(y = a + bx). Mean (SE) for each parameter, as well as 95% confidence intervals and regression F statistics are shown. Adjusted R and percentage
of the maximum variation explained by the regression model are presented as per Draper and Smith. (1981).



Table 5.5 Parameter estimates and regression statistics for the proportion of infested stems relative to the greatest infestation in a given
transect, as a function of distance from edge. Treatments consisted of a spring wheat crop (Conan or Reeder) with either a winter
wheat trap on the edge or a spring wheat trap on the edge as a control

Year CROP and  Parameter Value (SE) 95% confidence Fre Adj R° % of maximum
trap intervals R’ possible
REEDER a 0.91 (0.05) (0.82, 1.01) 9.15 0.14 73.67
control b -0.0007 (0.0002)  (-0.0012, 0.0002)
REEDER a 0.90 (0.05) (0.85,0.96) 3945 0.18 90.0
winter wheat b -0.0009 (0.0001)  (-0.0011, -0.0006)
2004 CONAN a 0.76 (0.07) (0.61, 0.90) 20.86  0.26 53.1
control b -0.0016 (0.0003)  (-0.0022, -0.0009)
a 0.17 (0.03) (0.11, 0.23) 16497 0.64 96.97
.CONAN b 1.67 (0.17) (1.34, 1.99) —
winter wheat c 55.49 (7.58) (40.52, 70.46) 2
REEDER a 0.36 (0.064) (0.24, 0.49) 1827  0.32 84.49
Control b 1.32 (0.46) (0.41, 2.23)
c 49.51 (21.79) (6.11,92.91)
REEDER a 0.19 (0.03) (0.13,0.25) 176.3  0.70 93.3
winter wheat b 1.63 (0.15) (1.32,1.94)
2005 c 55.68 (7.58) (40.80, 70.77)
CONAN a 0.47 (0.08) (0.31,0.62) 7.83 0.1 60.0
Control b -0.001 (0.004) (-0.0019,-0.0003)
CONAN a 0.07 (0.017) (0.032, 0.10) 407.76  0.84 98.8
winter wheat b 3.82(0.83) (2.18, 5.46)
c 28.15 (4.44) (19.36, 36.94)

Data were fit to an exponential decay equation (y = a + be™) or to a two parameter simple linear equation (y = a + bx). Mean (SE) for each
parameter, as well as 95% confidence intervals and regression F statistics are shown. The adjusted R* and percentage of the maximum variation
explained by the regression model are presented as per Draper and Smith (1981).
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Figure 5.9 Infestation in spring wheat crops adjacent to winter wheat and control spring
wheat traps at the final sampling before harvest: (a) Conan spring wheat, and (b) Reeder
spring wheat. Comparisons between treatments within year are shown. n.s = no
statistically significant differences at a = 0.05. **= statistically significant differences at
a=0.05.
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Figure 5.10 Regression of infestation as a function of distance from the field edge in 2004
in spring wheat crops adjacent to winter wheat traps. The first 24m from the edge of the
field correspond to the trap crop and are represented by a grey bar. The spring wheat crop
is represented with a green bar. (a) Reeder spring wheat with a winter wheat trap edge is
shown in black and Reeder spring wheat with a control edge is shown in red. Data were
fit to a two parameter simple linear equation (y = a + bx) and dashed lines indicate the
95% confidence interval. (b) Conan spring wheat with a winter wheat trap edge in shown
in black and Conan spring wheat with a control edge is shown in red. Data were fit to an
exponential decay three parameter equation (y = a + be ™) or to a two parameter simple
linear equation (y = a + bx) and dashed lines indicate the 95% confidence interval.
Parameter estimates and regression statistics are shown in Table 5.5. For each sampling
point within a transect, infestation was calculated as a proportion relative to the greatest
infestation in that transect (adapted from Nansen et al. 2005).
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Figure 5.11 Regression of infestation as a function of distance from the field edge in 2005
in spring wheat crops adjacent to winter wheat traps. The first 24m from the edge of the
field correspond to the trap crop and are represented by a grey bar. The spring wheat crop
is represented with a green bar. (a) Reeder spring wheat with a winter wheat trap edge in
shown in red and Reeder spring wheat with a control edge is shown in black. Data were
fit to an exponential decay three parameter equation (y = a + be ) and dashed lines
indicate the 95% confidence interval. (b) Conan spring wheat with a winter wheat trap
edge in shown in red and Conan spring wheat with a control edge is shown in black. Data
were fit to an exponential decay three parameter equation (y = a + be ™) or to a two
parameter simple linear equation (y = a + bx) and dashed lines indicate the 95%
confidence interval. Parameter estimates and regression statistics are shown in Table 5.5.
For each sampling point within a transect, infestation was calculated as a proportion
relative to the greatest infestation in that transect (adapted from Nansen et al. 2005).
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Discussion

The winter wheat traps were more attractive to ovipositing WSS females than the
Conan spring wheat crop for both years of the experiment and were more attractive than
the Reeder spring wheat crop in 2005. This was evidenced by a greater infestation
percentage as well as a greater number of eggs in the winter wheat traps than in the
adjacent spring wheat crop during crop elongation, when the adults were flying. Final
infestation in the crop adjacent to winter wheat traps was lower than infestation in the
traps, and infestation in the Conan crop areas was lower than in Reeder crop areas of the
field. Moreover, the infestation pattern in the spring wheat crops adjacent to winter wheat
traps was different than the pattern in control areas of the spring wheat crop. A greater
edge effect, with a greater proportion of the infestation located on the trap border in the
areas of the crop adjacent to winter wheat, suggests the traps reduced infestation in the
adjacent Conan crop for both years of the experiment and for Reeder in 2005.

Interestingly, even when infestation differed between the traps and the adjacent
crop during the growing season, no differences were observed in infestation percentages
among trap treatments within a crop in the mature plants sampled at harvest. This may be
explained by a dispersion of WSS among treatments when they were foraging in the
spring wheat crops. The experiment was designed so that Conan and Reeder crops were
adjacent to each other by necessity. Therefore, I was not able to prevent dispersal
between the spring wheat crop areas, once the females were past the trap. It is possible
that WSS foraging in the unattractive Conan crop area also dispersed into the

neighboring, attractive Reeder crop area, altering infestation in both and potentially
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masking effects caused by the winter wheat traps. I had not expected WSS to disperse
across treatment plots because they are reported to be weak fliers (Ainslie 1920, Mills
1944). These results suggest that they are capable of greater foraging distances than was
previously thought.

The results obtained show that winter wheat traps can be effective in reducing
WSS populations in an adjacent, unattractive wheat cultivar such as Conan. For Reeder, a
more attractive cultivar, no differences in infestation between crop areas adjacent to a
winter wheat trap and adjacent to a spring wheat control trap were observed in 2004. In
2005, winter wheat traps were more attractive than Reeder and the infestation slope was
steeper than observed in the first year. A possible explanation for the difference for the
two years, in the Reeder crop areas adjacent to winter wheat traps, lies in the fact that
spring wheat was planted approximately ten days later in 2005 than in 2004. Therefore,
spring wheat remained longer in a developmental stage suitable for oviposition in 2004,
resulting in similar infestation between winter wheat traps and the Reeder crop.
Moreover, in 2004, the number of ovipositing WSS females was higher than in 2005
throughout the sampling period. On the other hand, at the peak of the oviposition period,
and before cannibalism among WSS larvae occurred in the stems, the number of eggs in
the winter wheat traps was similar between years of the experiment. These results suggest
that the difference in infestation in the spring wheat crops between years of the
experiment may be, in part, due to a delay in planting of the crop that reduced the time
frame in which the plants were suitable for infestation rather than due to a reduced

number of WSS the second year of the experiment.
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Differences in attractiveness to WSS between winter wheat cultivars were
observed early in the growing season, where Norstar (and Neeley in 2004) had a greater
number of eggs and greater infestation than Rampart. This agrees with previous findings
that reported a greater number of eggs in Norstar when compared to Rampart in
greenhouse choice tests (Chapter 4). Therefore, the two hollow stem cultivars tested may
provide a better trap by attracting a greater number of eggs. However, it is difficult to
determine if the number of eggs in the trap is a measure of the effectiveness of the trap
crop, given that no differences in infestation were observed among winter wheat cultivars
after oviposition, or among crop areas adjacent to the different winter wheat traps.

The results suggest that the three winter wheat cultivars tested are suitable to use
as traps to protect unattractive spring wheat cultivars such as Conan. In a scenario in
which a winter wheat trap is planted to protect an attractive spring wheat cultivar such as
Reeder, the spring wheat should be planted as late as possible (Morrill and Kushnak
1999) to reduce the window of suitability to adult WSS, and increase the attractiveness of
the winter wheat crop relative to the spring wheat. However, delayed planting is usually
avoided because early planted crops take advantage of spring moisture and a longer
growing period that usually translates into greater yields (Frisby 1951, Wallace and
McNeal 1966, Morrill and Kushnak 1999, Subedi et al. 2007).

In general, trap crop implementation is limited in part because of the uncertainty
of the level of the pest at the time the crop has to be planted (Hokkanen 1991). The
results obtained showed that a winter wheat trap was more effective the second year of

the experiment, when WSS population levels were lower than in the first year, although
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infestation in the Conan crop was reduced compared to the trap the trap both years.
Moreover, I found that with an average of only three females in five sweeps at the peak
of the flight in 2005, infestation in the traps reached about 80% on average, which was
not different from the infestation in 2004 with an average of eight females per five
sweeps. Thus, reduced infestation levels in the unattractive Conan crop adjacent to the
winter wheat trap were observed for years with both high and low numbers of ovipositing
females.

This study provides a good example of a stimulo-deterrent diversionary strategy
to manage the WSS, with more attractive cultivars as traps and relatively unattractive
ones as the protected crops. This represents a new approach in trap cropping to manage
WSS via the incorporation of the use of cultivars varying in attractiveness to the females.
Further improvement of this technique could be achieved by manipulating
semiochemicals (Shelton and Badenes-Perez 2006) to enhance attractiveness of the trap
relative to the crop throughout the adult flight. It provides the basis for further research
on chemical ecology of the WSS in wheat, which could further enhance the use of trap
cropping by modifying attractiveness of different cultivars, or species, for use as traps
and crops. In particular, the effect of applying synthetic host attractant compounds to

wheat plants will be studied next, in oviposition choice tests.
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CHAPTER 6
WINTER WHEAT TRAPS HAVE POTENTIAL FOR WHEAT STEM SAWFLY

MANAGEMENT IN WHEAT-FALLOW CROPPING SYSTEMS

Abstract

A previous study demonstrated the effectiveness of winter wheat, Triticum
aestivum L., as trap crops for pest management of the wheat stem sawfly, Cephus cinctus
Norton, in wheat fallow systems in the northern Great Plains. Based on these results, a 2-
year study was conducted to evaluate the attractiveness for females of three cultivars of
winter wheat: susceptible cultivars ‘Norstar’ and ‘Neeley’ and resistant cultivar
‘Rampart’. The effect of swathing the trap crops for forage after the sawfly oviposition
period on larval mortality was also evaluated. Usually trap crops are sacrificial crops,
which may discourage growers to adopt this technique. Therefore, hay yield and nutritive
value of the winter wheat crops was evaluated to determine the feasibility of obtaining an
economic gain from the trap crops in addition to the pest reduction benefit. Infestation
was greater in the winter wheat traps than in the main spring wheat crop. However, the
percentage of overwintering larvae after the winter wheat trap crop was destroyed was
very low, ranging from 5% to 20%. Forage quality of the winter wheat, in this study was
similar to typical nutritional values reported for small grains forage and wheatgrass hay
suggesting winter wheat also may be used as a potential forage crop in the framework of
a trap crop. There were no differences in larval survival, yield or forage quality, between

resistant and susceptible crops. These results suggest that susceptible winter wheat
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cultivars may be planted as traps to manage wheat stem sawflies and that harvesting the
trap for forage after the adult flight ends is effective in destroying and removing most
larvae from the field. A small yield and soil water stored reduction associated with
planting a trap crop was observed. Further economic analysis is needed to determine a
“break even” point comparing the yield losses caused by the WSS to the losses caused by

water consumption of the trap crop.

Introduction

Trap crops are usually sacrificial plantings grown for the purpose of attracting
insect populations to a reduced area where they can be managed more cost-effectively
and reduced before they cause economic damage (Hokkanen 1991, Pedigo 2002). Several
studies have been conducted to test the efficacy of trap crops to manage the wheat stem
sawfly (WSS), Cephus cinctus Norton, (Hymenoptera: Cephidae), (Criddle 1917,
Seamans 1928, Morrill et al. 2001) a key pest of wheat, Triticum aestivum L., in the
northern Great Plains of the USA and Canada. Recently, winter wheat trap strips have
been found to intercept dispersion of adult WSS into spring wheat fields (Morrill et al.
2001, Chapter 5) in a wheat-fallow cropping system. Trap crops may be planted with
resistant or susceptible cultivars. Resistant cultivars develop pith inside the stems, which
causes a mechanical impediment to developing larvae and increases mortality (Holmes
and Peterson 1956, Wallace and McNeal 1966). A trap crop for WSS consisting of a
susceptible cultivar must be destroyed after the oviposition period to eliminatelarvae

developing in hollow stems. This may discourage growers who are unwilling to destroy
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grain from the trap crop (Goosey 1999). Traps using solid stem cultivars provide the
option of harvest for grain because larval mortality will be increased. However, studies
assessing the effectiveness of winter wheat traps in killing larvae are lacking. Currently,
there are four winter wheat (‘Rampart’, ‘Vanguard’, ‘Ledger’, ‘Genou’) and six spring
wheat cultivars (‘Choteau’, ‘Fortuna’, ‘Lew’, ‘Scholar’, ‘Agawam’, and ‘Ernest’)
recommended for Montana with varying levels of resistance to WSS (Lanning et al.
2006, Berg et al. 2006) which depend on their pedigree as well as on the growing
environmental conditions.

For this reason, harvesting the trap crop and haying it for forage after WSS
oviposition may be a good alternative to gain an economic return, in addition to the pest
reduction. Production of forage can be useful in Montana, considering that frequent
drought conditions often lead to hay shortages (Cash et al. 2007). Moreover, an
increasing number of acres are being converted to maize, Zea mays L., throughout the
country, to meet the growing demand for biodiesel (USDA NASS 2007). Thus, it may be
advantageous for wheat producers that plant a winter wheat trap crop to manage WSS,
and take advantage of the trap for use as hay.

Research involving the yield and nutritive value of annual crops in the region has
focused on barley, Hordeum vulgare L., cultivars because barley hay is recommended as
a rotation crop with alfalfa to reduce weed populations and to replace old alfalfa stands
(Cash et al. 2006) and it has become an important winter feed source in Montana (Surber
et al. 2001). However, little is known about the production potential of dryland winter

wheat forage in Montana (Cash et al. 2007). Assessing the forage quality of solid-
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stemmed wheat cultivars that develop variable amounts of pith in their lumen is
particularly interesting.

Limited availability of soil water in Montana’s dryland agriculture may limit the
adoption of trap cropping. In Montana, and throughout much of the northern Great Plains,
land is fallowed for a year to conserve soil moisture before a crop is sown (Cochran et al.
2006). Therefore, when a winter wheat trap is planted on land bordering a spring wheat
field, it will consume water that would otherwise be stored in the soil, and therefore
limits the yield of the following crop in the space where it was grown.

Thus, testing the effectiveness of winter wheat traps to reduce WSS populations
in the field as well as their effect on stored soil water, grain yield, and forage suitability
in the unique environmental conditions of the region is warranted if growers are expected

to adopt trap cropping as a management tool for this devastating pest.

Objective

The overall objective of this research was to determine the potential of winter
wheat traps as a WSS management tool that can be incorporated into a dryland wheat-
fallow cropping system. To do this, I tested if wheat cut for hay at anthesis has the
potential to kill WSS larvae developing in the stems as well as to provide a forage crop.
Specifically, larval mortality, forage yield, and nutritive value of three winter wheat
cultivars recommended as trap crops to manage WSS and two spring wheat cultivars
commonly grown in Montana were of interest. I also evaluated the effect of these traps on

soil water storage and yield of the subsequent crop.
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Materials and Methods

Site Characteristics and Experimental Layout

The experiments were conducted in a commercial wheat field located between
Pendroy and Conrad, MT (latitude: 48°0800’N; longitude: 112°0641°W) in 2004 and
2005. The field was in alternate-year fallow production with a long history of no-till
management of the fallow ground. The soil was clay loam, with 1.9% organic matter and
pH of 7.4.

The treatments consisted of a combination of two spring wheat cultivars (‘Reeder’
(PI1 613586) and ‘Conan’ (BZ992598) planted as the "crop" with the "trap" winter wheat
cultivars ‘Norstar’ (Cltr 17735), ‘Rampart’ (PI 593889), and ‘Neeley’ (Cltr 17860) (2004
only).

Treatments were arranged as split plots, with spring wheat crops as main plots and
trap crops as subplots using four replications. The main plots were 100 by 600m, and
subplots were 24.5 by 150m.

Adjacent spring wheat blocks had the same spring wheat treatment due to
practical constraints. To avoid border effects, the end of each block consisted of a fallow
subplot which was not included in the analysis. This fallow plot was two years of
consecutive fallow in a 24.5 by 75-m subplot. Each main plot included one spring wheat
control sub plot planted with the same cultivar (Reeder adjacent to the Reeder main block
and Conan adjacent to the Conan main block), which was another 24.5 by 75-m subplot,
and was established on the other end of each block in a systematic arrangement. Given

that the control plots planted with Conan and Reeder cultivars were not replicated within
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each main plot, trap data were analyzed separately for spring wheat main block when
significant differences between spring wheat cultivars were observed.

The subplots were arranged perpendicular to the spring wheat blocks, between the
stubble from the previous year in a fallow field and the growing crop. These were
strategically placed to intercept adults emerging from the infested fallow stubble and
flying into the crop. Given the alternate crop-fallow system of Montana, where fields are
alternated between summer fallow and a crop, a WSS trap may be planted in wheat
stubble or after summer fallow, depending on the location of the trap within the field. For
this reason, I tested each cultivar grown under both conditions. In 2004, each plot
consisted of 6.5m of wheat planted in wheat stubble (recrop) and 18.3m of wheat planted
after summer fallow (fallow). In 2005, three blocks were planted exclusively in wheat

stubble (recrop) and one block was planted exclusively after summer fallow.

Design Modification In 2004, one of the replicates was eliminated from the study

because the winter wheat traps showed high levels of winter kill, and would have been
readily breached by the WSS. In 2005, one of the winter wheat cultivars was eliminated
from the study, because results from 2004 suggested that an increase in the length of the
trap subplots might better detect differences in oviposition between the treatments, given
the unexpected mobility of WSS that was observed. Therefore, the length of the trap

subplots was increased to 225m and Neeley was eliminated from the trial.

Field Operations Spring and winter wheat were planted consistent with agronomic

practices typical in Montana. Winter wheat was sown in September, and the spring wheat
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crops were sown in May (May 3 in 2004, and May 15 in 2005). The crops were direct-
seeded into standing wheat stubble after summer fallow, unless otherwise noted. The
seeding rate for the winter wheat cultivars was 68 kg ha™' and for the spring wheat it was
79.5 kg ha. Bronate Advanced® (Bromoxynil octanoate 18%, Bromoxynil heptanoate
18%, MCPA-2-ethylhexyl 40%; 117.6ml a.i. ha'l) and Everest® (flucarbazone-sodium
technical 70%; 3.34ml a.i. ha™) herbicides were applied on June 2, 2005. All plots were
fertilized with 163 kg ha'of deep banded ammonium sulfate and 153ml ha” of
GroZyme™ (0.02% B, 0.0005% Co, 0.05% Cu, 0.10% Fe, 0.05% Mn, 0.0005% Mo, and
0.05% Zn) was dribbled on seed. In 2005, the winter wheat plots were fertilized with an
additional 163 kg ha'of deepbanded ammonium sulfate (21-0-0+24(s)) because they
were planted in wheat stubble from the previous year’s trap.

The WSS flight was considered almost complete when fewer than five females
were caught in a sweep net after 50 sweeps. At this time, the trap crop was harvested for

forage.

Assessment of Larval Mortality in Trap Crop

Mortality of larvae in the trap crop was evaluated by comparing the percentage
infestation in the traps after oviposition by WSS females on the first week of July (after
which the trap was removed) to the percentage of overwintering larvae in the trap stubble
at the end of the experiment (when the spring wheat crop was harvested). For this
purpose, three transects were established in each trap subplot and two samples were
collected in each transect. Samples consisted of all plants in 15cm of row at each

sampling point.
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Samples Collected after WSS Oviposition In the spring wheat control subplots,

which were 75m long, transects were set at 20, 40, and 60m from the edge. In the winter
wheat trap subplots that were 150m long (2004), transects were set at 40, 80, and 120m
from the edge. In the winter wheat trap subplots that were 225m long (2005), each
transect was set at 45, 90, and 135m from the edge. Two samples were collected in each

transect, at 12, and 20m from the edge of the traps.

Samples Collected at the End of Experiment The three random transects were

established in each subplot, constrained to be within the interior of each trap, with a
boundary no closer than within 15m of the interface between adjoining traps. Plant

samples were collected at 6m and 18m from the edge of the trap.

Stem Processing Each stem was dissected lengthwise with an X-ACTO Khnife

(Hunt Corp., Statesville, North Carolina, USA). WSS infestation was determined by the
presence of larvae or frass resulting from the feeding of WSS larvae within the stem,
according to Runyon et al. (2002). The percentage of stems girdled by mature larvae in
the trap stubble was determined after the trap crop was harvested and removed from the
field. A ratio of the final infestation percentage after WSS oviposition to the larval

overwintering percentage was computed as a measure of larval survival.

Collection of Trap Crop Biomass for Hay Quality and Yield Analysis

Trap crops were harvested on July 6 each year. At this time, the winter wheat was
at anthesis (Zadoks 65 +) and the spring wheat was headed (Zadoks 59-60) (Zadoks et al.

1974). Three random 2-row meter samples were collected (cut at 15cm from the ground



170
with rice knives) from the recrop as well as the fallow wheat in each plot. Biomass
samples were bagged, oven-dried at 40 to 50°C, and weighed. Biomass yield (seed and
straw) and hay quality were determined for each cultivar. Characteristics evaluated were
relative feed value (RFV), crude protein (CP) and nitrate content. Nitrate content of
winter and spring wheat hay was determined in this study because many types of the
small grain hay (barley, hay barley, oat, Avena sativa L., and wheat) can accumulate
toxic levels of nitrate, particularly when grown under stress conditions (Cash 2002).
Analysis of hay samples was performed by MidWest Laboratories using wet chemistry

methods.

Collection of Soil Samples to Analyze Soil Nitrate and Water Content

High soil nitrate content can result in high plant nitrate content (OMAFRA 2003).
Therefore, to determine if potential differences in the level of nitrate in plants could be
explained by soil characteristics, I analyzed the soil nitrate content of the treatment plots.
Water content in soil samples was also analyzed, to compare fallow and recrop areas of
the field.

A truck mounted hydraulic coring rig was used (Concord Environmental
Equipment, Hawley, MN) to collect the soil cores. Samples were collected in the spring
of 2004 and 2005 from two of the experimental blocks at each treatment plot. Four cores
per plot were taken to a depth of 122cm and separated into 0- to 30-, 30- to 61, 61- to 91-,
and 91- to 122-cm segments. Nitrate was analyzed from the ranges of 0- to 30- and 30- to

61-cm. There were a total of four replicates for each winter wheat cultivar and two
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replicates for each spring wheat cultivar. Four replicates collected from adjacent fallow
plots (no crop) served as controls.
Soil samples were bagged, weighed, and dried in an oven for 72 hours. Analysis
was performed by MidWest Laboratories. Soil bulk densities were calculated by dividing

the weight of the dry samples by the total volume sampled.

Assessment of Effect of Crop on Grain Yield and Water Content

To test the effect of the trap crop on the following year’s spring wheat crop, I
compared grain yield between wheat grown in fallow and wheat grown on standing
wheat stubble. For this purpose, six 15cm samples consisting of spring wheat (Conan and
Reeder) planted where a winter wheat trap had been the previous year were compared to
six 15cm samples consisting of spring wheat planted on land that had been fallow the
previous year, for both spring wheat cultivars. Six random samples from each of two
blocks (twelve of each cultivar) from the pool of samples of mature spring wheat were
used for this purpose. Variables assessed were number of kernels and head weight.

Water content in soil samples from areas of the field that were planted on fallow
was also compared to those that were planted where the trap had been the previous year.
In 2004, random soil samples were collected at each trap subplot to compare the
volumetric water content in cm, at sites where crops of spring wheat or winter wheat
were growing or in fallow soil. In 2005, the same sites were sampled to test the effect of

the previous year’s treatments on the soil water available for the spring wheat crop.
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Statistical Analysis

MANOVA (PROC GLM, SAS 1998) was conducted to compare yield and forage
quality between spring wheat cultivars. ANOVA (PROC MIXED, SAS Institute 1998)
was used to compare percentage of overwintering larvae in the traps, forage quality and
yield of the wheat hay, within crop types (fallow or recrop).

Differences in grain yield between Conan and Reeder were also analyzed using
ANOVA (PROC MIXED, SAS Institute 1998) with block as random effect and treatment
(cultivar) as a fixed effect. Soil data were also analyzed with ANOVA (PROC MIXED,
SAS Institute 1998).

When treatment effects were significant (P < 0.05), treatment means were
separated at a comparisonwise error rate of 0.05 using the Tukey adjustment option.

Owing to the differences in the experimental design between years, mean
comparisons were made within years. For the data from 2004, differences in yield, RFV,
CP, and nitrate between recrop and fallow samples were analyzed with #-tests (PROC
TTEST, SAS Institute 1998). No comparisons between fallow and recrop were done for
2005, because replication was limiting for fallow hay.

Nitrate content was transformed by taking the In(x) to achieve normality of the
data distribution. Yield data were square root transformed to better meet the assumptions
of homogeneity of variance. Results are expressed as dry matter basis. Data are presented

as mean + SE.



173

Results

Larval Survival in Traps

Conan and Reeder main blocks were analyzed separately because spring wheat
cultivars differed in infestation by WSS (2004: d.f. = 1, 2, F = 40.99, P = 0.02; 2005: d.f.

=1, 3, F=73.49, P =0.003).

Traps Adjacent to Conan Infestation by the WSS in the trap crops adjacent to

Conan blocks differed among cultivars (2004: d.f. = 1, 6, F = 16.5, P = 0.007; 2005: d.f.
=1,66, F=171.11, P <0.0001) in July. Figure 6.1a shows that infestation was greater in
the winter wheat traps than in the spring wheat trap. Later in the season, after the trap was
removed from the field and before overwintering, the percentage of stems with live larvae
also differed among trap cultivars in 2004 (d.f. = 3, 68, F = 5.61, P = 0.002) but not in
2005 (d.f. =2, 69, F = 1.16, P = 0.32). Spring wheat and Norstar traps had a greater
percentage of overwintering larvae than Rampart and Neeley traps (P < 0.05) (Fig. 6.2a)
in 2004.

Larval survival was greater in Conan than in the winter wheat traps in 2004, as
evidenced by a high ratio of overwintering larvae to infestation (Fig. 6.3a), coupled with
lower infestation percentages in Conan in 2004. In 2005, a lower ratio of live larvae to
infestation in Conan than in 2004 was most likely due to lower infestation percentages,
rather than due to lower survival the second year of the experiment. No differences in
larval survival in trap stubble were observed between the hollow stem (Norstar and

Neeley) and the solid stem cultivars (Rampart).
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Traps Adjacent to Reeder There were differences in infestation in the traps
adjacent to Reeder spring wheat after oviposition in July in 2005 but not in 2004 (2004:
d.f.=3,39.9, F=2.24, P=0.099; 2005: d.f. =2, 6, F=171.11, P < 0.0001) (Fig. 6.1b).

A significant effect of trap cultivar was observed in percentage of overwintering
larvae in traps adjacent to Reeder blocks in 2004 (d.f. =3, 8, F =5.33, P = 0.026) but not
in 2005 (d.f. = 2, 66, F = 3.01, P = 0.06) (Fig. 6.2b). Reeder and Neeley traps had a
greater percentage of stems with overwintering larvae than Rampart and Norstar traps (P
< 0.05) in 2004.

Larval survival was greater in Reeder than in the winter wheat traps in 2004, as
evidenced by a greater ratio of overwintering larvae to infestation in Reeder despite
having similar infestation percentages (Fig. 6.3b). Larval survival in trap stubble was
slightly greater in hollow stem Norstar than in solid-stemmed Rampart in 2004 but not in
2005. In 2005, a lower ratio of live larvae to infestation in Reeder than in 2004 can be
explained by lower infestation percentages in 2005, rather than by lower survival.

Overall survival, estimated by calculating the ratio of overwintering larvae to
infestation, was lower in 2005 than in 2004 even though infestation between years was
very similar (Fig. 6.3). However, the initial number of eggs in each stem (before
cannibalism) was greater in 2004 (50.2 + 2.3) than in 2005 (20.3 + 1.6) (t =-10.69, d.f. =
272, P < 0.0001). It is possible that the lower number of eggs per stem in 2005 translated

into fewer larvae in the lower portion of the stems when winter wheat was harvested.
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Forage Yield and Quality

Overall, no differences were observed in yield or forage quality between Conan
and Reeder spring wheat cultivars (2004: Wilks' Lambda = 0.42, d.f. =1.69,5, F=6, P =
0.27; 2005 Wilks' Lambda = 0.28, d.f. = 0.66, 4, F = 1, P = 0.72), so they were pooled for
further analysis, given that the main focus of this experiment was to evaluate the potential
of the winter wheat cultivars as forage.

Moreover, there was no effect of adjacent spring wheat cultivar on the yield (2004
recrop: d.f. = 1, 16, F = 0.03, P = 0.86; 2004 fallow: d.f. = 1, 16, F = 0.29, P = 0.5992;
2005 recrop: d.f. =1, 12, F =3.19, P = 0.10), RFV (2004 recrop: d.f. = 1, 16, F = 0.30, P
=0.59; 2004 fallow: d.f. =1, 16, F =2.79, P = 0.11; 2005 recrop: d.f. =1, 12, F=3.42, P
= 0.09), crude protein (2004 recrop: d.f. =1, 4, F = 0.82, P = 0.41; 2004 fallow: d.f. = 1,
16, F=2.1, P=0.17; 2005 recrop: d.f. = 1, 12, F = 2.2, P=0.16), or nitrate content (2004
recrop: d.f. =1, 4, F = 0.86, P = 0.41; 2004 fallow: d.f. = 1, 4, F = 0.02, P = 0.90; 2005
recrop: d.f. =1, 4, F = 0.89, P = 0.40) of the different trap crops.

Trap treatments (spring wheat, Neeley, Rampart, and Norstar) within crop type

(fallow or recrop) were then compared for each separate variable.
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Yield Differences in yield between cultivars were observed (2004 recrop: d.f. = 3,
16, F = 6.78, P = 0.004; 2004 fallow: d.f. = 3, 16, F = 17.87, P < 0.0001; 2005 recrop:
df.=2,12, F=29.11, P < 0.0001) and in all cases, for both years of the experiment for
fallow and recrop hay, spring wheat had lower yield than winter wheat hay except for
recrop Neeley winter wheat hay, which was similar to recrop spring wheat hay in 2004 (P
<0.05) (Table 6.1).

Fallow hay had a greater yield than recrop hay in 2004 (d.f. =37.2,t=3.78, P =
0.0005). The same trend was observed in 2005, although no statistical analyses were

conducted because of limited replication.

Table 6.1 Mean yield (+ SE), from hay samples in 2004 and 2005.

Cultivar Yield 2004 (Mg/Ha) Yield 2005 (Mg/Ha)
Fallow Recrop Fallow Recrop
Neeley 8.16 £0.90b 4.56 + (0.34ab - - %

Norstar 842 +0.36b 5.76+0.49 7.92+0.39 4.68 +£0.34b

Rampart | 7.32+0.49b 4.82+0.60b 7.58 +0.81 448 £0.41b
Spring wheat| 3.13 +0.18a 2.87+0.30a 1.99 £0.47 1.96 + 0.91a

*This cultivar was not part of the experiment in 2005.
Rows within year followed by the same letter are not statistically different at P< 0.05.

Nitrate Content Differences in nitrate content among cultivars were observed in

2004 (2004 recrop: d.f. = 3, 12, F = 10.04, P = 0.001; 2004 fallow: d.f. = 3, 12, F = 4.06,
P = 0.03). Comparison within fallow hay revealed that Rampart had the greatest nitrate
content (P < 0.05) while comparisons within recrop hay showed that spring wheat hay

had the greatest nitrate content, with differences among winter wheat cultivars (Table
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6.2). No differences in nitrate content among cultivars were observed in recrop hay in
2005 (d.f. =2, 8, F=1.07, P =0.39) (Table 6.3).

Mean nitrate content in 2004 was greater in fallow than in recrop hay (d.f. = 39, §,
t = 7.63, P < 0.0001). The same trend was observed in 2005, although no statistical
analyses were conducted because there were no fallow replications.

Under the conditions of this study, all cultivars exceeded nitrate levels considered
to be safe for pregnant cattle (> 1500ppm NOs3) (Cash et al. 2002) when grown after
summer fallow in 2004 (Tables 6.2, and 6.3). Recrop hay did not exceed the nitrate

threshold considered to be safe in 2004 or in 2005 (Table 6.3).

Relative Feed Value Differences among cultivars were only observed in fallow

hay in 2004 (d.f. =1, 16, F =9.94, P = 0.0006), where spring wheat and Neeley hay had
the greatest RFV (P < 0.05) (Tables 6.2 and 6.3).

RFV values in 2004 were greater in recrop than in fallow hay (d.f. = 46, t = -2.75,
P = 0.008) (Table 6.2). The same trend was observed in 2005, although no statistical

analyses were conducted because there were no fallow replications.

Crude Protein in Hay Differences between cultivars were observed (2004 recrop:
d.f. =3, 12, F=79.84, P < 0.0001; 2004 fallow: d.f. = 3, 16, F =21.98, P < 0.0001; 2005
recrop: d.f. =2, 12, F = 80.06, P < 0.0001) and in all cases (both years of the experiment
for fallow and recrop hay) spring wheat had a greater crude protein percentage than
winter wheat hay (P < 0.05) and no differences were observed between winter wheat

cultivars (Tables 6.2 and 6.3).
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Crude protein content in 2004 was greater in fallow than in recrop hay (d.f. = 46, ¢

= 3.70, P = 0.0006). The same trend was observed in 2005, although no statistical

analyses were conducted because there were no fallow replications.

Table 6.2 Mean relative feed value (= SE), nitrate content (£ SE) and crude protein (£

SE) in hay samples in 2004.
Cultivar Crop CP% RFV NO3ppm
Neeley Fallow 11.80 + 0.66b 88.50+ 1.77ab  1616.67 +£502.94b
Recrop 7.94 +£0.20b 91.67 +1.31a 216.67 £65.41a
Norstar Fallow 12.77 £ 0.42b 84.83 £1.38b  2650.00 +516.24ab
Recrop 8.59 £ 0.55b 93.17 £ 1.42a 333.33 +91.89a
Rampart Fallow 13.34 + 0.85b 83.67+131b  4016.67 £637.92a
Recrop 8.19 £ 0.50b 89.83 £ 1.82a 383.33 £130.17a
Spring wheat| Fallow 18.63 + 0.62a 9450 + 1.86a  2966.67 +£873.56ab
Recrop 16.63 +0.88a 93.17 +2.74a 1383.33 + 503.60b

Means in italics exceed the recommended values for feeding to pregnant ruminants of 1500ppm

NO3, and should be limited to half or less of the ration (Cash et al. 2002).

Comparisons were done between rows of same column for each type of crop (fallow or recrop).
Rows within column and crop followed by the same letter are not statistically different at P < 0.05.
No statistical analyses were done within fallow hay in 2005 because main blocks were not
replicated.
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Table 6.3 Mean crude protein (+ SE), relative feed value (£ SE), and nitrate content (+
SE) in hay samples in 2005.

Cultivar Crop CP% RFV NO3ppm
Norstar | Fallow 8.25 £0.04 94.75 £ 1.05 350.00 + 50.00
Recrop 8.31 £0.34a 99.47 £2.03a 333.33 +71.49a
Rampart | Fallow 9.22+£0.99 100.45 £ 0.55 1450.00 + 850.00
Recrop 9.39 £0.49a 99.07 £3.50a  516.67 £ 124.94a
Spring wheat| Fallow 18.00 £ 0.5 96.70+ 0.7 1300.00 + 500.00
Recrop 16.10 + 0.47b 99.12 + 1.66a  533.33 +£152.02a

Comparisons were done between rows of same column for each type of crop (fallow or recrop).
Rows within column and crop followed by the same letter are not statistically different at P <
0.05. No statistical analyses were done within fallow hay in 2005 because main blocks were not
replicated.

Soil Nitrate

I found no differences in mean nitrate soil content between treatments (winter
wheat, spring wheat or fallow) in 2004 (d.f. =2, 16, F = 1.11, P = 0.35) (Table 6.4). In
2005, all plots sampled were planted with spring wheat, but there was an effect of the
previous year’s crop on soil nitrate (d.f. =2, 16, F = 19.65, P < 0.0001). The plots that
were fallow the previous year had 15ppm greater mean nitrate content than the plots that
were planted with spring or winter wheat in 2004 (Table 6.4). This suggests that the
differences observed in nitrate content between spring and winter wheat in 2004 were

likely not due to a difference in soil nitrate.

Table 6.4 Mean nitrate content (+SE), from soil samples in 2004 and 2005.

Mean nitrate content (NO3ppm per sample)
Treatment Year 2004 Year 2005
Winter wheat 20.58 + 1.84a 18.58 + 1.32a
Spring wheat 20.75 £ 1.76a 21.00 £2.34a
Fallow (no crop) 25.00 +4.78a 35.5+2.72b

Rows within depth followed by the same letter are not statistically different at P < 0.05.
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Effect of Crop on Soil Water Content

In 2004, I observed an overall difference between the soil volumetric water in
samples from different treatments (spring wheat, winter wheat, and fallow) for the 0-
30cm (d.f. =4, 12, F = 15.84, P < 0.0001) and 30-60cm depths (d.f. =4, F =12, P =
0.04) (Table 6.5). Soil samples from winter wheat had a lower water content than
samples in spring wheat and fallow treatments in 2004 (0-30cm: d.f. =1, 12, F=44.92, P
< 0.0001; 30-60cm: d.f. =1, 12, F = 11.05, P = 0.006). In 2005, no effect of crop grown
the previous year was observed for soil water at depths of 30cm (d.f. =4, 12, F =1.83, P
=0.19) and 61cm (d.f. =4, 12 F=0.52, P = 0.72) (Table 6.6). I observed a difference in
soil water between treatments at depths below 61cm (d.f. =4, 12, F = 16.54, P < 0.0001)
and 91lcm (d.f. =4, 12, F =7.45, P = 0.003). There was a lower water content in plots
planted with winter wheat the previous year compared to those planted with spring wheat
or those left fallow, at depths of 91cm (d.f. = 1, 12, F = 24.43, P = 0.0003) and 122cm
(df.=1,12, F=6.60, P =0.03) (Table 6.6).

Table 6.5 Mean volumetric water (+ SE) in soil samples collected in 2004. Cultivars
planted in the area where samples were collected are shown.

Depth (cm)
Cultivar 0-30 30-61 61-91 9]-122 0-122
Neeley |4.64+024a 3.61+0.19a 347+0.11a 4.47+038a 16.19+0.53a
Norstar | 5.25+0.14b 3.58+0.07a 3.50+0.16a 5.02+0.29a 17.35+0.6la
Rampart | 4.79+0.182 3.16+0.19a 3.55+0.10a 4.99+049a 16.49 +0.68a
%ﬁ:ﬁ 575+0.18b 4.02+027b 3.67+024a 531+033a 18.75+0.76a
Fallow |5.45+0.05b 4.10+023b 3.82+0.16a 4.93+044a 18.30+0.56a

Rows within depth followed by the same letter are not statistically different at P< 0.05.
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Table 6.6 Mean volumetric water (+ SE) in soil samples collected in 2005. Cultivars
grown in the area where samples were collected the previous year are shown.

Depth (cm)
Cultivar 0-30 30-61 61-91 91-122 0-122
Neeley | 623+026a 623+027a 539+026b 5.17+020a 23.02+0.56a
Norstar | 6.35%020a 539+05la 5.15+026b 582+029b 22.70+0.52a
Rampart | 6.77+024a 6.13+0.15a 4.61+0.11a 5.11+031a 22.62+0.43a
%ﬁ;ﬁ% 630+024a 6.03+027a 5.11+028> 5.99+0.11b 23.43 +0.55a
Fallow 6.65+0.17a 659+036a 6.10+0.6lc 7.60+0.73c 26.95+1.57b

Rows within depth followed by the same letter are not statistically different at P< 0.05.

Effect of Trap Crop on Yield of Subsequent Crop

I compared the grain yield of spring wheat grown in fallow to the yield of spring
wheat planted on trap crop stubble (recrop), to test if the water consumption by the trap
crops resulted in a yield reduction on the following’s year crop. Fallow and recrop Conan
differed in seed weight (d.f. = 35, t = 1.79, P = 0.08). Seed weight differences were not
significant between fallow and recrop in Reeder (d.f. = 31, r = 1.59, P = 0.12). Recrop
wheat had a lower number of seeds than fallow wheat for both spring wheat cultivars
(Reeder: d.f. =31,r=1.73, P = 0.09; Conan: d.f. =33, r=1.84, P = 0.09) (Table 6.7).

Grain yield was greater in 2004 than in 2005 (d.f. = 1, 43, F = 19.96, P < 0.001).
There was a significant interaction between spring wheat cultivar and year (d.f. =1, 43, F
=4.26, P = 0.045). Reeder had a greater yield in 2004 and Conan had a greater yield in
2005 (Table 6.8). No differences in seed number were observed between years (d.f. = 1,
42, F =192, P = 0.17) or cultivars (d.f. = 1, 43, F = 2.54, P = 0.11). This was

unexpected given that Reeder is historically greater yielding than Conan (Lanning et al.
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2006). However, in this study Reeder had a greater WSS infestation. Greater yield
reduction by larval feeding in Reeder than in Conan could explain this difference in final
grain yield between these two cultivars.

Table 6.7 Mean (+ SE) yield and number of seeds in fallow wheat and wheat planted in
trap crop stubble (recrop) in 2005.

. Type
Crop Yield Fallow Trap stubble
Reeder Seed weight (Mg/ha) 3.83 £ 0.24a 331+£0.2a
Number of seeds 583.33 £ 35.67a 496.5 + 34.68b
Conan Seed weight (Mg/ha) 4.10 £0.25a 3.58+0.17b
Number of seeds 597.50 £39.04a  509.95 + 28.78b

Means within rows followed by the same letter are not statistically different at P<0.05.

Table 6.8 Mean (+ SE) yield and number of seeds in two different spring wheat cultivars
planted in an alternating wheat-fallow system.

Year
Crop Yield 2004 2005
Reeder Seed weight (Mg/ha) 6.08 £0.58 3.83+£0.24
Number of seeds 699.33 £ 63.91 583.33 £35.67
Conan Seed weight (Mg/ha) 495 +0.21 4.10+0.25

Number of seeds 561.92 + 24.60 597.50 + 39.04
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Discussion

The results of this study show the potential of winter wheat traps as a
management tool for WSS that is effective in both attracting ovipositing females and in
reducing the number of larvae in the field when harvested for forage.

Infestation was greater in the winter wheat than in the spring wheat crop and
survival was lower. Therefore, winter wheat not only received more WSS eggs than the
spring wheat crop but also led to greater larval mortality when swathed. Moreover, the
percentage of overwintering larvae in the winter wheat traps was very low compared to
the infestation levels observed before the crop was removed from the field. There were
no differences in WSS survival between resistant (Rampart) and susceptible crops
(Norstar and Neeley). These results suggest that susceptible winter wheat cultivars may
be planted as traps to manage WSS and that harvesting the trap after the adult flight ends
is effective in removing most larvae from the field.

As to the forage quality of the winter wheat, the values obtained in this study were
similar to those provided by Virginia Tech Extension Service for small grains forage
(Stallings 2005) as well as to the typical nutritional values of wheatgrass hay reported by
Kuhl et al. (1993). No differences in forage quality were observed between solid
(Rampart) and hollow stemmed cultivars (Norstar and Neeley). Winter wheat cultivars
yielded higher than the spring wheat cultivars. On the other hand, crude protein was
greater in spring wheat than in winter wheat hay, although we should be cautious when
making comparisons between spring wheat and winter wheat hay in this respect given the

differences in fertilization between winter and spring wheat in the study.
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Differences observed between fallow and recrop hay showed a greater yield, and
crude protein, but a lower RFV in hay from wheat grown after summer fallow. The
overall nitrate content in the hay samples in 2004 was greater for fallow wheat than for
recrop, probably due to greater available soil nitrogen in the soil after fallow, as shown
by the difference in soil nitrogen in soil samples from plots with spring or winter wheat
compared to the fallow. All cultivars exceeded levels considered to be safe for pregnant
cattle (> 1500ppm NOs3) when grown in fallow in 2004. Recrop winter wheat hay did not
show high levels of nitrate during this study. However, cereal hay should always be
tested for nitrate content and as observed in this study, nitrate content varies substantially
between years.

The overall nitrate content in the hay samples was greater in 2004 than in 2005,
even though soil nitrate was similar for the two years. Therefore, these differences are
probably related to different environmental conditions during growth. Differences in
nitrate content between spring wheat hay and winter wheat hay are probably due to a
difference in developmental stage when they were harvested. Greater nitrate levels are
usually present in immature plants (vegetative to the boot stage in small grains) and
decrease as plants mature (milk to dough stage in small grains) (Cash et al. 2002).

In general, no major differences in WSS mortality or yield and forage quality,
which could indicate a better trap crop, were observed among winter wheat cultivars.
Other studies have reported a greater straw yield for Norstar compared to Rampart and
Neeley (Chapter 3) but I did not observe any yield differences between Rampart and

Norstar in this study.
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The results obtained in this study suggest that the winter wheat cultivars tested,
common grain crops in Montana that are recommended for trap cropping to manage
WSS, exhibit the potential for use as hay. A small yield reduction associated with
planting a spring wheat crop on trap crop stubble was observed likely related to a small
reduction in soil water stored after a crop when compared to fallow. Further economic
analysis is needed to determine a “break even” point comparing the yield losses caused
by the WSS to the losses caused by water consumption of the trap crop. This would be
particularly important in areas of the northern Great Plains where the risk of crop failure
due to drought is high.

Planting winter wheat as trap crop to manage WSS and harvesting it for forage
may reduce damage in the crop (Chapter 5) as well as reducing future populations by
destroying and removing most of the larvae developing in the trap crop. Moreover, when
large WSS infestations justify planting a winter wheat trap crop, the use of the crop as
hay may contribute to agricultural sustainability on the northern Great Plains by
providing an extra supply of forage, particularly when drought leads to a shortage of
other types of hay. Integrating the cropping system to a livestock operation by producing
forage as well as grain could also provide a great opportunity for an approach towards an

integrated cropping management goal.



189

References

Berg, J. E., Bruckner, P. L., Carlson, G. R., Dyer, A., Eckoff, J., Kushnak, G. D.,
Kephart, K. D., Riveland, N. R., Stougaard, N., Wichman, D. M., Grey, W., Nash,
D., Johnston, R., and Larson, R. 2006. Winter wheat variety performance
summary in Montana.
http://plantsciences.montana.edu/crops/2007data/07WW %20Performance %20Bul
letin.pdf

Cash, S. D., Surber, L. M. M., and Wichman, D. M. 2007. Annual Forage production in
drought.
http://www.animalrangeextension.montana.edu/articles/forage/annualdrought.pdf.

Cash, S. D., Surber, L. M. M., and Wichman, D. M. 2006. Forage Yield, Quality and
Nitrate Concentration of Barley Grown Under Irrigation.

http://www.animalrangeextension.montana.edu/articles/Forage/Annual/forage_yie
1d.htm.

Cash, S. D., Funston, R., King, M., and Wichman, D. M. 2002. Nitrate toxicity of
Montana forages. Montana State University Extension Service Montguide
200205.
http://www.montana.edu/wwwpb/pubs/mt200205.pdf.

Cochran, V, Danielson, J, Kolberg, R., and Miller, P. 2006. Dryland cropping in the
Canadian prairies and the US Great Plains. American Society of Agronomy, Crop
Science Society of America, Soil Science Society of America. Dryland
Agriculture, 2nd ed., Agronomy Monograph 23.

Criddle, N. 1917. Further observations upon the habits of western wheat stem sawfly in
Manitoba and Saskatchewan. Agric. Gaz. Can. 4: 176-177.

Goosey, H. B. 1999. In field distributions of the wheat stem sawfly, (Hymenoptera:
Cephidae), and evaluation of selected tactics for an integrated management
program. M.S Thesis, Montana State University, Bozeman, Montana.

Holmes, N. D., and Peterson, L. K. 1956. Oviposition and survival of the wheat stem
sawfly Cephus cinctus Nort. (Hymenoptera: Cephidae), in various hosts, p 459. In
Proceedings 10" International Congress of Entomology. Montreal, Canada,
August 17-25.

Hokkanen, H. M. T. 1991. Trap cropping in pest management. Annu. Rev. Entomol. 36:
119-138.



190

Kuhl, G. Simms, D., and Bandyk, C. 1993. Nutritional composition of feedstuffs for beef
cattle Kansas State University Agricultural Experiment Station and Cooperative
Extension Service L-884 April 1993.

Lanning, S. P., Carlson, G. R, Eckhoff, J., Kushnak, G. D., Kephart, K. D., Stougaard, R.
N., Wichman, D. M., Nash, D. Dyer, A., Grey, W., Lamb, P., and Talbert, L. E.
2006. Spring wheat variety performance summary in Montana.
http://plantsciences.montana.edu/crops/2007data/SWO7bulletin.pdf

Morrill, W. L., Weaver D. K., and Johnson G. D. 2001. Trap strip and field border
modification for management of the wheat stem sawfly Cephus cinctus Nort.
(Hymenoptera: Cephidae). J. Entomol. Sci. 36: 34-35.

National Agricultural Statistics Service (NASS), Agricultural Statistics Board, U.S.
Department of Agriculture. 2007. Prospective Plantings.
http://usda.mannlib.cornell.edu/usda/current/ProsPlan/ProsPlan-03-30-2007.pdf..

OMAFRA, Staff. 2003. Excerpt from Agronomy Guide for Field Crops (Chapter 3).
Ministry of Agriculture, Food and Rural Affairs. Publication 811, Agronomy
Guide For Field Crops.
http://www.omafra.gov.on.ca/english/crops/pub811/3nitro.htm#nitrate Ontario.

Pedigo, L. P. 2002. Entomology and Pest Management. 4th edition. Prentice Hall, Upper
Saddle River, NJ.

Runyon, J. B., Morrill, W. L., Weaver, D. K., and Miller, P. R. 2002. Parasitism of the
wheat stem sawfly (Hymenoptera: Cephidae) by Bracon cephi and B. lissogaster
(Hymenoptera: Braconidae) in wheat fields bordering tilled and untilled fallow in
Montana. Econ. Entomol. 95: 1130-1134.

SAS Institute. 1998. The SAS System version 9.1 for Windows. SAS Institute, Cary,
N.C.

Seamans, H. 1928. The value of trap crops in the control of the wheat stem sawfly in
Alberta. 5™ Annual Report of the Entomological Society of Ontario, 59-64.

Stallings, C. C. 2005. Tests available for measuring forage quality. Extension Dairy
Scientist and Coordinator of Forage Testing, Virginia Tech. Pub. 404-124.

Surber, L. M. M., Stowe, M. T., Bowman, J. G. P., Cash, S. D., Hensleigh, P. F., and
Blake, T. K. 2001. Variation in forage quality characteristics of barley. Proc.
West. Sect. Anim. Sci. 52: 353-356.



191

USDA Market News Service, Billings Mt Justin Lumpkin, OIC, 406-657-6285 24 hour
price information 406-657-6400.2007. USDA weekly Montana hay report,
November 2™, 2007.

http://www.ams.usda.gov/mnreports/BL_gr310.txt.

Wallace, L. E., and McNeal, F. H. 1966. Stem sawflies of economic importance in grain
crops in the United States. Agricultural Research Service United States
Department of Agriculture (in Cooperation with Montana Agricultural
Experimental Station), Technical Bulletin 1350.

Zadoks, J. C., Chang, T. T., and Konsak, C. F. 1974. A decimal code for growth stages of
cereals. Weed Res. 14: 15-21.



192
CHAPTER 7
TREATMENT OF PLANTS WITH (Z)-3-HEXENYL ACETATE, INCREASES

ATTRACTIVENESS OF HOST PLANTS TO WHEAT STEM SAWFLY

Abstract

The attractiveness of wheat plants, Triticum aestivum L., treated with the
synthetic host volatile attractant (Z)-3-hexenyl acetate to ovipositing wheat stem sawflies,
Cephus cinctus Norton, was evaluated in greenhouse choice tests. Significantly more
eggs were deposited in plants treated with (Z)-3-hexenyl acetate at two different
concentrations (1.79 and 17.9mg) than in control plants. Analysis of headspace volatiles
revealed that treated plants emitted greater amounts of (Z)-3-hexenyl acetate and that the
greatest amounts were emitted during the first six hours after treatment. After 24 hours,
plants treated with the highest concentration of (Z)-3-hexenyl acetate emitted greater
amounts of this compound than control plants. Twenty four hours after treatment, there
was still a small amount of (Z)-3-hexenyl acetate volatilizing from dry leaves as well,
which could explain why treated plants were also emitting more (Z)-3-hexenyl acetate
than control plants at this time. No differences were found in total volatiles emitted from
treated and control plants, suggesting that exposure to synthetic (Z)-3-hexenyl acetate
does not elicit the emission of other volatile compounds, like for wound responses, in
wheat plants. Results suggest that females use (Z)-3-hexenyl acetate as a host cue to
detect suitable oviposition hosts. The study provides the basis for further work on

behavioral responses to blends of attractive compounds that could be applied in the field
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to increase attractiveness of trap crops, or used in combination with other semiochemicals

such as pheromones to manipulate the behavior of this insect.

Introduction

Plants produce an array of volatile compounds with several physiological and
ecological roles. A group of such compounds, the green leafy volatiles (GLVs) consisting
of six carbon aldehydes, acetates, and alcohols, can be produced constitutively in plants
in small amounts and are usually released in greater amounts after mechanical or
herbivore damage. They are abundant in the plant kingdom, and are produced via the
lipoxygenase pathway, which oxidizes catabolic products from fatty acids (Holopainen
2004, Dudareva et al. 20006).

GLVs play an important role in signaling between plants and insects (Visser
1986, Bernays and Chapman 1994, Schoonhoven et al. 1998), possibly within-plant
(Orians 2005, Frost et al. 2007, Heil and Silva Bueno 2007) and between plants, as
wound signaling (Baldwin et al. 2006, Dudareva et al. 2006). It has also been suggested
that they mediate a defense response to prevent the spread of bacteria and fungi
(Hamilton-Kemp et al. 1998, Shiojiri et al. 2006), and induce several important plant
defense pathways.

For example, plants exposed to some of these volatiles have been shown to be
induced or primed for resistance to herbivore or pathogen attack (Bate and Rothstein

1998, Engelberth et al. 2004, Farag et al. 2005, Kishimoto et al. 2005, Yan and Wang
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2006) and to elicit a local and systemic increase in volatile organic compounds (VOCs)
involved in defense responses (Farag and Pare 2002).

Recent studies stress the importance of understanding the interactions of plants
with insects, which can yield new ways of exploiting plant defense for pest management
(Turlings and Ton 2006, Picket et al. 2006). This could be achieved via genetic
engineering to increase the natural defense systems of plants through the enhanced
production of GLVs (Shiojiri et al. 2006), or by breeding more attractive cultivars that are
better at signaling to plants and parasitoids (Degenhardt et al. 2003). Successful examples
of semiochemical manipulation in the field include the use of intercropping regimes and
stimulo-deterrent control systems, which encourage aggregation of the pest away from
the crops by attractants such as pheromones (Hokkanen 1991), unattractive intercrops
(Khan et al. 2002), and by trap crops producing large quantities of host attractants
(Agelopoulos et al. 1999, Cook et al. 2007). Also, this strategy can make use of the
herbivore-induced volatiles that mediate behavior of beneficial organisms, aiding in
biocontrol of the pest (Khan et al. 2002). Oviposition stimulants have not yet been used
commercially for pest control but such a method is suggested by the work of Unnithan
and Saxena (1990). In their study, oviposition by the sorghum shootfly, Atherigona
soccata (Rondani) (Diptera: Muscidae), on non-host plants (maize, Zea mays L.) was
achieved by applying an acetone extract of Sorghum spp. L.

The use of a stimulo-deterrent control strategy has been suggested to manage the
wheat stem sawfly (WSS), Cephus cinctus Norton, a major pest of wheat in the northern

Great Plains of North America. This insect displays oviposition preference for certain
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wheat cultivars varying in the amounts of volatiles emitted. One of the behaviorally
active compounds emitted by wheat, (Z)-3-hexenyl acetate (Piesik et al. 2008), has been
associated with increased attractiveness in cultivars that naturally emit greater amounts of
this compound (Weaver et al. unpublished data). Therefore, WSS in wheat, as a system,
provides an interesting model to study the interaction of herbivores and hosts mediated
by semiochemicals.

Research on host plant attractants and repellents continues to be an important
facet in our understanding of insect chemical ecology that will allow us to exploit volatile

emissions by plants to manipulate insect behavior for pest control purposes.

Objective

Because female WSS are attracted to volatiles emanating from host plants in
laboratory bioassays, I tested the hypothesis that treatment with a behaviorally active
synthetic host volatile compound could augment the attractiveness of wheat plants to
female adult WSS. In particular, I investigated the role of (Z)-3-hexenyl acetate as
oviposition attractant by applying it to wheat plants in a lanolin paste and assaying
oviposition responses in a cage bioassay. To further understand the effect of the treatment

on the plant, I analyzed the emission of VOCs by treated stems.
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Materials and Methods

Biological Material-Sawflies

Adult WSS were reared from field-collected sawfly-cut wheat stems, or “stubs”,
containing larvae in diapause. These were held at 0-4°C for >100 days to facilitate
completion of obligate larval diapause. After this, the stubs were placed in sealed plastic
Tupperware® boxes (70 x 35 x 20cm) and held at room temperature (22-27° C), until the
adults emerged four to five weeks later. The boxes were opened daily and the emerging
adults were removed and placed in 2-liter Mason® glass jars until they were used for
experiments. Glass jars contained moistened filter paper and were supplemented with a
sucrose solution delivered from a glass vial with a cotton wick. All bioassays were

conducted with adults within 24 hours after eclosion.

Biological Material-Plants

Experiments were performed in controlled conditions at the Plant Growth Center,
Montana State University. Spring wheat seeds of the cultivar ‘Reeder’ were sown in
tapered, square pots (13 x 13 x 13.5cm) in a greenhouse with supplemental light (GE
Multi-Vapor Lamps-model MVRI1000/C/U, GE Lighting, General Electric Co.,
Cleveland, Ohio, USA). The photoperiod was 15L: 9D. Daytime temperature was 22 +
2°C and the overnight temperature was 20 + 2°C. The relative humidity was ambient,
typically ranging from 20% to 40%. Soil used consisted of equal parts of Montana State
University Plant Growth Center soil mix (equal parts of sterilized Bozeman silt loam soil:

washed concrete sand and Canadian sphagnum peat moss) and Sunshine Mix 1
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(Canadiansphagnum peat moss, perlite, vermiculite, and Dolmitic lime) (pH = 6.15, ECe
=0.85dS/m).

The plants were watered three to four times weekly, and fertilized with Peters®
General Purpose Fertilizer (J. R. Peters Inc., Allentown, Pennsylvania, USA) at 100ppm
in aqueous solution twice each week. Fertilizing commenced when plants reached a
developmental stage of Zadoks 13 (three unfolded leaves) (Zadoks et al. 1974).

Plants were used for experimentation when they reached a developmental stage of
Zadoks 49 (boot stage, where the head is fully developed and can be easily seen in the

swollen section of the leaf sheath below the flag leaf).

Treatment with (Z)-3-Hexenyl Acetate in Lanolin

Two different volatile collection experiments were conducted. One experiment
was performed to measure the recovery of (Z)-3-hexenyl acetate and VOC release from
plants treated with synthetic (Z)-3-hexenyl acetate (Bedoukian Research Inc., Danbury,
Connecticut, USA). The other experiment was conducted to compare the emission of (Z)-
3-hexenyl acetate from treated dry plant material and from control plants.

To analyze VOC emissions after treatment with (Z)-3-hexenyl acetate, 12 plants
were randomly assigned to a treatment, either a control (four plants), or a low (four
plants) or a high concentration (four plants) of (Z)-3-hexenyl acetate. The (Z)-3-hexenyl
acetate was applied to plants in a lanolin paste as a single exposure on the main stems, in
concentrations of 1.79mg (low concentration) and 17.9mg (high concentration) per 20ul
of lanolin (Sigma-Aldrich Chemical Co. Inc., Milwaukee, Wisconsin, USA). Controls

consisted of 20ul lanolin. The same methods were used to analyze the release of (Z)-3-
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hexenyl acetate from dry plant material (dried wheat leaves). All experiments were
replicated twice.

The kinetics of the release of (Z)-3-hexenyl acetate was characterized by trapping
the volatiles from live plants, as well as from dry plant material treated with (Z)-3-
hexenyl acetate in lanolin, in six-hour intervals for 30 consecutive hours after treatment.
The lanolin paste was applied in a thin strip across the leaf surface in the flag leaf as
reported by Preston et al. (2004). Experiments began at 1pm.

For choice tests, plants were assigned randomly to either control, a low
concentration of 1.79mg, or a high concentration of 17.9mg of (Z)-3-hexenyl acetate in

201 of lanolin as described above.

Volatile Collection

Volatile collection and analysis followed methods described in Piesik et al.
(2008). Briefly, wheat volatiles were collected by pulling air through traps in 6-hr
intervals for a total of 30hr after a single treatment event. The main stem of each plant
was enclosed in a glass volatile collection chamber (40-mm-diameter and 800-mm-long)
attached to a volatile collector port on one end and open on the other end to fit the plant.
A volatile collector trap (6.35-mm-OD, 76-mm-long glass tube; Analytical Research
Systems, Inc., Gainesville, Florida, USA) containing 30 mg of Super-Q (Alltech
Associates, Inc., Deerfield, Illinois, USA) adsorbent was inserted into each volatile
collector port. Purified, humidified air was delivered at a rate of 1.0 liter min’' over the

plants, and the flow and pressure were maintained by a regulated vacuum pump.
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Traps were eluted with 200 pl of hexane and transferred to a glass insert in a 1.5-
ml glass vial. After elution, 10ng of the internal standard, 1-nonene (Sigma-Aldrich
Chemical Co. Inc., Milwaukee, Wisconsin) in hexane, was added to each trap. Samples
were analyzed by GC-MS for (Z)-3-hexenylacetate content under the following
conditions: fused silica-column (30m x 0.25mm) with a 0.25-pum DB-5 stationary phase
held at 50°C for 4 min after injection (250°C), increased at 5°C min™' to 160-C, followed
by 25°C/min ramp to 280°C for 7min, with He carrier gas maintained at a flow rate of
1.2ml min”. A temperature of 300°C was maintained for the transfer line to the MSD.
Eluted compounds were detected by a mass selective detector Agilent 5973 (150°C) in

electron-impact ionization mode scanning masses 10-300.

Choice Experiments

Oviposition behavior on plants treated with (Z)-3-hexenyl acetate was
investigated in choice tests. Two pots with four plants each were randomly assigned to
either a treatment with (Z)-3-hexenylacetate or a control. Plants were held in the
greenhouse for 18 hours after treatment before conducting the choice experiment. After
this time, plants were exposed to WSS for another 24 hours in screen mesh cages.
Treated pots were kept in a different greenhouse with equal environmental conditions to
avoid any potential plant signaling between control and treated plants. However, it
appears that ‘eavesdropping’ requires that plants be in close proximity, within 15cm, to
each other (Karban et al. 1997, Karban and Maron 2002). After this time, a treated and a
control pot were simultaneously presented to a group of 10 females in a 46.5 x 46.5 x

91cm screen cage with 530-um mesh openings (BioQuip products, Rancho Dominguez,
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California, USA). In another experiment, treatment consisted of a low concentration of
(Z)-3-hexenyl acetate in lanolin and choice tests were conducted immediately after
treatment. The corner of the cage in which each pot was placed was randomized. Pots
were at a distance of 25cm from each other in the cages, to limit signaling between plants
in different pots. Adult WSS were added to each cage and allowed to mate and oviposit
for 24 hours. After this, the pots were removed from the cages and the number of eggs in
stems was determined by dissection. The experiment was repeated 10 times for each

concentration using a different group of insects and plants each time.

Statistical Analysis

The volatile emissions data were subjected to repeated measures analysis of
variance (ANOVA) (PROC MIXED, SAS Institute 1998) to determine any differences
between amounts of (Z)-3-hexenyl acetate, and the total volatile amounts emitted by the
treated and control plants after treatment. The variable ng.g'h”' was square root
transformed to meet the normality assumption of ANOVA. The variance-covariance
structure was modeled as compound symmetric based on BIC (Littell et al. 2006).

The patterns of emission from a control plant and from dry material treated with
(Z)-3-hexenyl acetate were also compared with repeated measures ANOVA. In this case,
the variable ng.g'h™ was transformed by taking the natural logarithm of x. The variance-
covariance structure was modeled as first-order autoregressive based on information
criteria (BIC).

Means were separated using the PDIFF option with the Tukey adjustment (Littell

et al. 2006). Unless otherwise noted, effects were considered significant at P < 0.1.
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Differences in mean number of eggs deposited in treated and untreated plants
were analyzed by ANOVA (PROC MIXED, SAS Institute 1998) with (Z)-3-hexenyl
acetate treatment as a fixed effect and replicate as a random effect. The variance-
covariance structure selected for each model was based on BIC. Each cage was used as a

replicate. The egg data were logarithm transformed to meet the normality assumption of

ANOVA.

Results

Characterizing (Z)-3-Hexenyl Acetate Emissions

Immediately after treatment, and during the first six hours of volatile collection,
plants treated with a high concentration of (Z)-3-hexenyl acetate had greater emissions of
(Z)-3-hexenyl acetate than plants treated with a low concentration of the synthetic
compound, and control plants emitted the lowest amount (d.f. = 2, 9, F = 359, P <
0.0001) (Table 7.1).

Further analysis was conducted on volatiles emitted after the first six-hour
interval, for the following 24 hours after treatment with (Z)-3-hexenyl acetate. This
analysis revealed that there was a treatment effect for the amount of (Z)-3-hexenyl acetate
emitted by plants (d.f. =2, 21, F=2.94, P =0.08), as well as a time effect (d.f. =3, 58, F
=6.79, P <0.001), with no interaction between treatment and time (d.f. = 6, 58, F = 0.42,
P = 0.86). Plants treated with a high concentration of (Z)-3-hexenyl acetate emitted

greater amounts of (Z)-3-hexenyl acetate than control plants (P < 0.1) (Table 7.2).
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Table 7.1 Amount of (Z)-3-hexenyl acetate emitted by plants treated with two
concentrations of synthetic (Z)-3-hexenyl acetate immediately after treatment (Mean +
SE). The low concentration of the compound was applied at 1.79mg, and the high
concentration was 17.9mg of (Z)-3-hexenyl acetate in 20ul of lanolin.

Treatment (Z)-3-hexenyl acetate Emitted
ng.h’! ng g’ .h!
Control 2.50 £0.48a 0.13 £0.02a
Low 27.49 £13.70b 1.10 £ 0.47b
High 243.58 £75.42¢ 13.26 £ 4.59¢

Means with different letters within columns are significantly different (P< 0.1).

A trend showing that plants treated with a low concentration emitted greater
amounts than control plants was also apparent, but it is likely that more replicates are
needed to detect significant differences between these two treatments. Regardless of the
treatment, greater emissions of (Z)-3-hexenyl acetate were detected during the afternoon
(Fig. 7.1, 24-30 hours after treatment). Lower emissions were detected at night (Fig. 7.1,
12-18 hours after treatment).

The total amount of VOCs emitted immediately after treatment, when subtracting
the amount of (Z)-3-hexenyl acetate (because I could not differentiate between the
synthetic compound and the one produced by the plant) did not differ among treatments
(d.f. =2,20, F=0.24, P = 0.79) (Fig. 7.2). Six hours after treatment, when most of the
exogenous (Z)-3-hexenyl acetate had volatilized there were no differences either (d.f. = 2,
21, F =0.70, P = 0.48) (Fig. 7.2). There was no time effect (d.f. = 3, 59, F = 2.05, P =
0.17) or interaction between time and treatment either (d.f. = 6, 59, F = 0.18, P = 0.98).
This result suggests that the treatment with (Z)-3-hexenyl acetate did not elicit any

defense response in plants that resulted in the release of other VOC.
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The analysis of (Z)-3-hexenyl acetate emission from dry material treated with the
lanolin paste indicated that there was an interaction between treatment and time after
treatment (d.f. = 8, 59, F = 6.02, P < 0.0001). The pattern of (Z)-3-hexenyl acetate
emission from treated, dry material was different than the pattern of emission of healthy
treated and healthy control plants. Emissions of (Z)-3-hexenyl acetate from dry material
decreased rapidly after treatment while in living plants the emissions were greater during
morning and afternoon than at night (Table 7.2). Twenty-four hours after treatment there
was still a small amount of (Z)-3-hexenyl acetate volatilizing from dry material, which
could explain why healthy, treated plants were also emitting more (Z)-3-hexenyl acetate

than healthy control plants (Fig. 7.1).

Table 7.2 Amount of (Z)-3-hexenyl acetate (ng.h™") emitted by dry material treated with
two concentrations of synthetic (Z)-3-hexenyl acetate and collected in 6 hour intervals
(Mean + SE). The low concentration of the compound was applied at 1.79mg, and the
high concentration was 17.9mg of (Z)-3-hexenyl acetate in 20ul of lanolin.

Hours after Treatment
treatment High Low Control
0-6 124.25 £ 22.15a 35.68 + 39.55abc 0.95+£0.21g
6-12 37.37+£9.97b 7.05 £2.72d 0.44 £ 0.07gh
12-18 15.99 +4.79cd 3.05 £ 1.43efg 0.37 £0.10h
18-24 12.58 + 4.48cde 1.57 + 0.48fgh 0.45 £ 0.04gh
24-30 8.56 + 3.69def 1.27 £ 0.47fgh 0.97 £0.23¢g

Means with different letters are significantly different within treatments (P< 0.05).
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Choice Experiments

Main stems treated with low (d.f. =1, 9, F =5.15, P=0.008) and high (d.f. =1, 9,
F =4.59, P =0.06) concentrations of (Z)-3-hexenylacetate had a greater number of eggs
than main stems in untreated plants (Fig. 7.3). When plants were exposed to WSS
immediately after the treatment with (Z)-3-hexenyl acetate I also observed a greater
number of eggs in treated plants when compared to control plants (d.f. = 1,9, F=3.93, P
=0.08) (Fig. 7.3).

For the total number of eggs in each cage, a greater proportion was in plants
treated with a low (d.f. = 1, 20, F = 6.94, P = 0.02) and a high (d.f. = 1,20, F=3.87, P =
0.06) concentration of (Z)-3-hexenyl acetate when compared to control plants (Fig. 7.4).
No differences were observed in the proportion of eggs deposited in control plants and in
plants treated with a low concentration immediately before exposure to WSS adults (d.f.

=1,18, F=1.05, P =0.32) (Fig. 7.4).
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Figure 7.1 (Z)-3-hexenyl acetate (ng g 'h™") emitted by plants treated with a low (1.79mg)
or high (17.9mg) concentration of synthetic (Z)-3-hexenyl acetate in 20ul of and
collected in 6-hour intervals (Mean + SE).
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Figure 7.2 Total volatiles (ng) emitted by plants treated with a low (1.79mg) or high

(17.9mg) concentration of (Z)-3-hexenyl acetate in 20ul of lanolin and collected at 6 hour
intervals (Mean + SE). No significant differences were found across treatments (P> 0.05).
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Figure 7.3 Mean number of eggs (£ SE) in choice tests with treated and control plants.
Treated plants received a low (1.79mg) or high (17.9mg) concentration of (Z)-3-hexenyl
acetate in 20ul of lanolin and were exposed to sawflies after 18 hours, or immediately
afterwards. ** indicates significant differences at P < 0.05; * indicates significant
differences at P < 0.1, and n.s. indicates no significant differences (P > 0.1).
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Figure 7.4 Mean proportion of eggs (£ SE) in treated and control plants from choice tests.
Treated plants received a low (1.79mg) or high (17.9mg) concentration of (Z)-3-hexenyl
acetate in 20ul of lanolin and were exposed to sawflies 18 hours after treatment, or
immediately after treatment. ** indicates significant difference at P < 0.05; * indicates
significant difference at P < 0.1, and n.s. indicates no significant differences (P > 0.1).
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Discussion

Plants treated with lanolin applications of a volatile compound that is attractive to
female WSS contained more eggs than untreated plants in laboratory choice tests.
Analysis of the headspace volatiles of treated and control plants confirmed that treated
plants emitted greater amounts of (Z)-3-hexenyl acetate. These results agree with
previous studies conducted with this insect and those evaluating its interaction with wheat
(Piesik et al. 2008, Chapter 4) and suggest that females use (Z)-3-hexenyl acetate as a cue
to detect suitable oviposition hosts. This study provides further evidence of the potential
use of semiochemicals to manage the behavior of this insect pest.

There was no increase in total volatiles after treatment with (Z)-3-hexenylacetate
in a lanolin paste. This result agrees with a study by Farag et al. (2005) in maize, which
showed no induction of the wound-induced compounds linalool and methyl jasmonate
after application of synthetic (Z)-3-hexenyl acetate. However, Arimura et al. (2000)
found induction of defense related genes by (Z)-3-hexenyl acetate in lima beans,
Pheaseolus limensis L., and Engelberth et al. (2004) found a small increase in total
volatiles following the exposure of maize seedlings to this compound. The fact that I did
not observe an increase in total volatiles in wheat plants is encouraging because it
suggests that application of this compound does not induce the plant to produce other
volatile compounds. This result suggests that if this compound were used in the field to
increase attractiveness of plants, perhaps in trap crops, it would not be costly to the plants
in terms of fitness due to an induction of defenses. Also, the WSS parasitoids Bracon

cephi (Gahan) and Bracon lissogaster Muesebeck (Hymenoptera: Braconidae), that are
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thought to use plant volatiles as host seeking cues may be attracted by this compound as
well, which could lead to an increase in parasitoid search efficacy as reported by Khan et
al. (1997).

The differences in oviposition observed between treated and control plants were
significant but slight. However, this study provides the basis for further research on
application of volatile compounds to modify oviposition behavior of this insect pest. It is
likely that ovipositing females respond to a blend of volatile compounds emitted by host
plants (Bruce et al. 2005). Thus, to increase attractiveness of hosts further, plants need to
be treated with the right blend of attractive compounds. Also, WSS are known to use
other cues as well as volatiles to locate their hosts (Chapter 3). Therefore, delivery of
natural or induced semiochemicals by plants may not be strong enough to reduce
populations below economic levels (Pickett et al. 2005). However, in combination with
other tactics such as the use of less attractive cultivars or crops, plus attractive crops, and
possibly enhancing parasitoid cues, the exploitation of semiochemicals has been shown to
be effective (Cook et al. 2007).

The volatilization of (Z)-3-hexenyl acetate occurred mainly during the first six
hours after treatment. The effects of treating living plants and treating dry material with
this volatile compound were not very long lived because 24 hours later there was only a
slightly greater emission of (Z)-3-hexenyl acetate in treated plants, even though the
amounts applied were 1.79 and 17.9 mg per plant. Plant volatiles have been applied

experimentally with good results in an aqueous solution using a non-ionic surfactant



211
(Bruce et al. 2003), as well as in slow release formulations (Martel et al. 2005), and these
preparations should be evaluated for future use in wheat fields.

The results of this study encourage further research on physiological and
behavioral responses of WSS to plant volatiles to further understand oviposition
preferences and manipulate behavior. In particular, further research will focus on the
responses of females to blends of attractive compounds at the ratios that they are emitted
by plants. This information could be used to identify a combination of compounds
attractive to the pest and to the associated parasitoids. This blend could be applied in the
field to increase attractiveness of trap crops or could be used in combination with other

semiochemicals such as pheromones in the framework of semiochemically assisted trap

cropping.
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CHAPTER 8

CONCLUSIONS

This project attempted to develop a management practice based on trap crops that
would offer consistent and reliable control of the wheat stem sawfly, Cephus cinctus
Norton, (WSS) and that could be integrated with the management practices used in the
WSS-wheat system.

By increasing our understanding of the WSS ovipositing behavior, I have
confirmed that females do not avoid infested hosts, and that semiochemical cues are
likely to interact with other factors in the decision making process when selecting a
suitable host.

The trap strip trial, conducted at a commercial field scale, demonstrated the
effectiveness of winter wheat to attract more sawfly eggs than the protected main spring
wheat crop when this consisted of a relatively unattractive spring wheat crop, Conan. For
a spring wheat crop that is highly attractive to WSS (i.e. Reeder), the winter wheat trap
was more attractive when environmental conditions led to a delay in the spring cultivar
elongation, which resulted in a limited period of susceptibility to the pest. The field trial
confirmed the potential of individual stems in a trap crop to attract and concentrate
multiple eggs and divert damage away from the main crop. Moreover, swathing the trap
crop after oviposition resulted in high levels of mortality of the larvae developing in

winter wheat traps.
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Agronomic and logistical considerations associated with implementing WSS trap
crops, such as soil-water consumption from the trap crop and differences in planting dates
between crop and trap, as well as in fertilizer requirement, are likely to limit the practical
use of trap cropping. Therefore, further studies on the economic feasibility of trap
cropping should be conducted to determine a “break even” point comparing the yield
losses caused by the WSS to the losses associated with planting the trap crop and with
water consumption of the trap crop. The potential of using the trap crop as hay could
provide a tangible economic benefit that may increase adoption of this management
practice in wheat fallow cropping systems.

The drastic difference in infestation observed between different wheat cultivars
suggests that a stimulo-deterrent diversionary strategy (push-pull) system shows great
potential for the management of this pest. Further studies testing attractiveness of other
crops could provide interesting results and other trap alternatives. Also, the results
obtained in this study encourage further research on oviposition behavior manipulation
using synthetic semiochemicals, which could further enhance the effectiveness of trap
crops in the field. Electroanntenography coupled with gas chromatography to determine
activity of the blend of compounds emitted by host plants is also recommended to further
understand and to manipulate WSS behavior.

This study reports the potential of resistant wheat cultivars as WSS trap crops,
which provides the opportunity of integrating trap strips to the main management tactic
used at present to manage this insect pest. I have not yet determined the effect of trap

crops on the natural enemies of the WSS, Bracon cephi and Bracon lissogaster.
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However, the results from this study suggest that the trap crop is not likely to negatively
impact parasitoids. By diverting larvae from the crop, the winter wheat trap leads to a
reduction in WSS cannibalism in the spring wheat, which has been positively associated
with parasitism levels. Assessing the impact of trap cropping on these biological control
agents is necessary to verify the potential of incorporating trap cropping into an

integrated pest management strategy for WSS.



