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ABSTRACT

Wheat stem sawfly, Cephus cinctus (Norton) (WSS) is the most damaging pest of
wheat in the Northern Great Plains. Insecticides are not widely used to control this insect,
and cultural control methods provide inconsistent management of this pest. However,
biological control by the parasitoids Bracon cephi (Gahan) and Bracon lissogaster
Muesebeck has been shown to reduce damage caused by WSS. In addition, increased
agroecosystem diversity has benefitted biological control agents in many other systems.
Therefore, this study assessed the effect on populations of WSS and associated
parasitoids by the inclusion of pulse and cover crops near wheat fields. Field trapping,
dissection of postharvest crop residue, and rearing of insects out of crop residue were
used to survey WSS and parasitoid populations in pairs of wheat fields throughout the
major wheat producing regions of Montana. One wheat field in each pair was seeded next
to a fallow field, and the other was seeded next to a field of either pulse or cover crop.
Postharvest stem dissection samples show that wheat fields next to pulse or cover crops
had a mean increase of 51 parasitoids per m? than wheat fields next to fallow. A
corresponding 3% reduction in stem cutting was also observed in postharvest samples
from wheat fields adjacent to flowering pulse or cover crops. Land-use data from
CropScape™ were used as well to evaluate other land-use impacts around each wheat
field such as wheat, fallow, grassland/pasture, flowering crops, and developed space. The
regression equation Y = 18.96X + 6.08, where X = proportion of fallow land within 2
km of the wheat field and Y = square root of WSS abundance in a 7.5 m sample of crop
residue from rows of wheat, can be used to predict WSS abundance in wheat fields.
Replacing fallow fields with flowering pulse or cover crops in the Northern Great Plains
may be an important integrated pest management tactic to reduce WSS damage. Cultural
practices such as crop diversification are key to developing consistent biological control
for WSS.
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LITERATURE REVIEW

Overview

The wheat stem sawfly (WSS), Cephus cinctus (Norton), is an insect native to the
northern Great Plains of North America. The species was first described in 1872 by E.
Norton, from adults collected in Colorado grasslands (Norton 1872; Beres et al. 2011c¢).
Albert Koebele later found larvae of C. cinctus feeding in stems of grass near Alameda,
California, and reared them to adults in 1909 (Ainslie 1920). Wheat stem sawfly was first
reported as a pest of spring wheat in Saskatchewan and Manitoba by J. Fletcher in 1895
(Beres et al. 2011c).

The cultivation of historic grassland into farmland gave WSS an excellent
opportunity to expand its host range from native grasses such as western wheatgrass,
Pascopyrum smithii (Rydb.) A. Love, bluebunch wheatgrass, Pseudoroegneria
spicata (Pursh) A. Love, and basin wildrye, Leymus cinereus (Scribn. & Merr.) A. Love
(Ainslie 1920; Criddle 1922; Wallace and McNeal 1966; Cockrell et al. 2017), to
introduced forage species such as timothy, Phleum pratense L., smooth brome, Bromus
inermis Leyss., and crested wheat grass, Agropyron cristatum (L.) Gaertn (Ainslie 1920;
Criddle 1922; Cockrell et al. 2017). Cultivated cereals such as rye, Secale cereal L.,
barley, Hordeum vulgare L., and especially spring wheat, Triticum aestivum L. also
became widely used host plants (Criddle 1922; Wallace and McNeal 1966; Cockrell et al.

2017). There were 258,000 acres of cultivated farmland in Montana in 1909 and by 1919
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there were 3,400,000 acres (Morrill 1983). As wheat continued to spread across the

landscape, populations of WSS (Lesieur et al. 2016) continued to adapt to this new host.

The range of damaging populations of WSS increased, as did overall abundance in wheat

fields over the next three decades, and by 1948 WSS was regarded as the most serious

pestiferous threat to wheat in Montana (Morrill 1983). Wheat stem sawfly continues to be

the most serious pest of wheat in Montana and was responsible for annual crop losses that

exceeded $80 million in 2012 alone (Table 1).

Table 1: Annual damage to wheat caused by WSS across Montana from 2008-2012

(excerpted from Bekkerman 2014).

2012 2013 2014 2015 2016 2017

Spring Wheat
Acres harvested (mil.) 2.666 2.592 2980 2.540 2.060 2.290
Estimated Infested acres (mil.) 0.710 0.690  0.794 0.677 0.549 0.610
Estimated Yield 34 34 34 34 34 34
Estimated Forgone yield (mil. bu) 4231 4.122  4.675 3.985 3.232 3.593
Estimated Forgone yield % 4.61 4.61 4.61 4.61 4.61 4.61
Estimated Forgone yield per acre 1.6 1.6 1.6 1.6 1.6 1.6
Market price 8.52 6.70 6.08 4.80 4.76 6.21
Estimated Forgone revenues (§ mil.)  36.04 27.62  28.43 19.13 15.38 22.31

Winter Wheat
Acres harvested (mil.) 1.815 1.607 2.980 2.220 2.060 1.590
Estimated Infested acres (mil.) 0.702 0.621  0.794 0.858 0.831 0.615
Estimated Yield 48 49 49 49 49 49
Estimated Forgone yield (mil. bu) 5467 5.006 6.923 6.861 6.644 4914
Estimated Forgone yield % 6.31 6.31 6.31 6.31 6.31 6.31
Estimated Forgone yield per acre 3.0 3.1 3.1 3.1 3.1 3.1
Market price 805 7.05 5.86 4.59 3.88 4.76
Estimated Forgone revenues ($ mil.)  44.04 3529  40.57 31.49 25.78 23.39
Total (mil.) 80.08 6291 68.99 50.62 41.16 45.70
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Other factors that contributed to the proliferation of WSS were rust resistant
wheat varieties (McGinnis 1950), the drought of the 1930s (Morrill 1983), and soil
conservation efforts including the use of the Noble blade (Beres et al. 2011a; 2011c). In
the early 20" century, WSS outbreaks were often stifled by wheat rust epidemics (Platt
and Farstad 1949; Holmes 1982; Beres et al 2011c¢). The pathogenic rust would kill the
wheat, leaving WSS unable to complete its life cycle. The development of rust resistant
cultivars, in tandem with the drought of the 1930s, allowed new populations of WSS to
thrive (Morrill 1983).

Intense soil erosion due to tillage during drought years prompted farmers to adopt
low disturbance tillage practices (Shanower and Hoelmer 2004; Beres et al. 2011¢) and
narrow strip cropping (McGinnis 1950; Morrill 2001; Weaver et al. 2004). This allowed
for excellent overwinter survival of WSS and a greater area of crop edge to infest, which
in turn led to greater populations. Wheat stem sawfly are most devastating on field edges
because they are primarily moving from a field of wheat in the previous season to an
adjacent field in wheat the current season (Beres et al. 2011; Weiss and Morrill 1992;
Holmes 1982).

Historically, winter wheat was not a suitable host for WSS. However, by 1985,
heavy losses due to WSS infestation were evident in Montana winter wheat fields
(Morrill 1985; Morrill and Kushnak 1996). This was primarily due to changes in annual
emergence, effectively 1 month earlier, by WSS adults. There was a significant decrease
in spring wheat acreage between 1921 and 1945. Winter wheat replaced spring wheat on

many of the acres, so WSS benefitted from adapting the completion of the life cycle to
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the earlier maturation of winter wheat (Morrill and Kushnak 1996). Another adaptation
that played a role in the switch to earlier adult emergence and oviposition was within-
stem cannibalism by larvae. In high competition situations due to dense populations,
several WSS may lay an egg in a single wheat stem (Buteler et al. 2009). The larva that
hatches first typically is the individual that survives because it will consume competing
eggs or larva that it encounters. This internecine competition, coupled with the increasing
acreage of winter wheat, selected for earlier emergence of adults, and allowed WSS to
take advantage of abundant winter wheat as a host (Morrill and Kushnak 1996; Buteler et

al. 2009).

The Wheat Stem Sawfly

Biology

Post-diapause development of WSS begins as temperature approaches 10° C and
relative humidity approaches 43% in the early spring. Ideal conditions for post-diapause
development are from 20°-25° C and 60-75% RH (Perez-Mendoza and Weaver 2006a).
Under these conditions, larvae break diapause and begin to pupate. The pupal stage
usually lasts about 20 days (Fulbright et al. 2017). Adult WSS emerge as temperature and
humidity rise in the spring. Emergence usually begins in mid- to late May in Montana
and may last through mid-July (Fulbright et al. 2017). Wheat stem sawfly adults usually
live only 5-8 days (Fulbright et al. 2017), which is adequate for mating and oviposition.
Males generally appear first, emerging 2-4 days before females (Carcamo et al. 2005).
Wheat stem sawfly are arrhenotokous (Mackay 1956), so mated females can choose to

fertilize their eggs, leading to female, diploid offspring, or can oviposit unfertilized eggs
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which will be haploid males (Fulbright 2017). The earlier emergence of males allows
female eggs to be deposited earlier in the season, providing more time for development
(Fulbright 2017).

Wheat stem sawfly lay eggs in the lumen of wheat plants, generally the uppermost
internode in northern spring wheat (Holmes and Peterson 1960) or they use the lower
internodes in late-seeded southern spring wheat (Sing 2002). Female WSS commonly lay
one egg per host stem, but if there is a large WSS population or limited hosts, several
individuals may lay eggs in a single stem. However, only one individual will survive due
to cannibalism (Buteler et al. 2009, 2015; Holmes 1982).

Mated females, with fertilized eggs, prefer to deposit these in larger, more
vigorous stems, while male eggs tend to be deposited in smaller stems (Morrill et al.
2000a, 2000b). Females are larger than males, so a larger, more nutritious host is
necessary for female development (Céarcamo et al. 2005). In addition, females laid in
larger stems tend to live longer and lay more eggs than those laid in relatively smaller
stems (Morrill et al. 2000b; Holmes and Peterson 1960; Wall 1952; Carcamo et al. 2005).
Females usually lay 30 -50 eggs throughout their life (Criddle 1922; Perez-Mendoza et al.
2006b; Fulbright et al. 2011; Holmes et al. 1982), but stem diameter and cultivar have a
large effect on female egg load (Céarcamo et al. 2005). Abiotic conditions that affect the
health of the host wheat plant also can reduce the fitness of emerging WSS by reducing
egg load, weight, and longevity (Platt and Farstad 1949; Holmes 1982; Morrill 1983;

Carcamo et al. 2005; Perez-Mendoza and Weaver 2006a; Beres et al. 2011c).
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Larvae hatch 5-7 days after oviposition and begin to feed as soon as their
mouthparts are sclerotized. The larvae feed within the stem, burrowing their way up and
down for about a month and the later instars breach the nodes when feeding (Holmes
1954). Multiple eggs may be laid within the same stem, but cannibalism allows only one
larva to survive, which occurs because large larvae feed in more than one internode
(Holmes 1954; Buteler et al. 2009; 2015). As the wheat matures and dries to 41-51%
moisture, the larvae make their way to the bottom of the stem. Once there they girdle the
stem by cutting a v-shaped notch around it and plugging the stem with frass (Fulbright
2017). This causes lodging, which leads to the bulk of yield loss due to harvest
inefficiency (Beres et al. 2007). Ainslie (1920) reported yield losses of more than 60% in
some fields. The plugged stub provides an excellent, protected environment for the larvae
to overwinter. A “stub” is the area of the stem just above the crown in which the WSS
overwinters. Securely located within this structure near the crown of the stem, the larva
creates a thin hibernaculum and enters diapause in order to overwinter. The following
spring the larva will pupate and emerge from the stub as an adult (Beres et al. 2011;

Fulbright et al. 2011; Weiss and Morrill 1992).

Crop Damage

WSS is the most injurious pest of wheat in the northern Great Plains, causing
more than $80 million of damage annually in Montana (Bekkerman 2014; Blodgett et al.
1997) and $350 million annually across the northern Great Plains and Canadian Prairies
(Beres et al. 2011a; 2011c; 2012). Stem mining by WSS larvae can cause a 3-30%

(Morrill et al. 1992; Wallace and McNeal 1966) reduction in seed head size and weight
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(Munro 1945; McNeal et al. 1955; Holmes 1977; 1982; Weiss and Morrill 1992), as well
as a 0.6-1.2% reduction in protein (Weiss and Morrill 1992). This is caused by reductions
in photosynthesis and nutrient transport within the host plant from larvae feeding on the
vascular bundles. Photosynthetic capacity can be reduced 10-20% due to larval feeding
on vascular tissue altering source-sink relationships (Macedo et al. 2005; Delaney et al.
2010; Beres et al. 2011).

Injury due to larval feeding may begin reducing flag leaf photosynthetic activity
as soon as 28 days post infestation, and by 40-42 days after oviposition there is a
significant reduction, leading to further yield loss (Delaney et al. 2010, Macedo et al.
2005; 2006; 2007). The flag leaf and head supply the bulk of carbon needed during the
grain fill stage (Evans et al. 1975). Delaney et al. (2010) suggest that the leaf
photosynthetic reduction is caused by a combination of reduced stomatal conductance
and increased intercellular leaf CO», leading to reductions in chlorophyll fluorescence
parameters. Stem mining alone will only cause a 10% reduction in photosynthetic rate,
however additional drought or nutrient stress will have a synergistic effect with herbivory
leading to photosynthetic reductions as high as 25-30% (Macedo et al. 2005; 2006; 2007;
Delaney et al. 2010).

When the plants are under stress due to feeding by WSS, their metabolic
homeostasis is altered, rendering them incapable of tolerating injury (Macedo et al.
2005). In addition, under ideal conditions, some cultivars can receive 10 to 76% of the
grain weight from resources contributed by the wheat head (Evans et al. 1975). Without

drought or nutrient stress, the plant can use photosynthetic resources from the head to
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overcome those lost from the flag leaf (Macedo et al. 2006). However, if the WSS larva
dies, there will be no reduction of photosynthetic rate at all (Delaney et al. 2010). Plant
genetic background i.e. solid vs hollow stem also makes a difference in the magnitude of
this photosynthetic reduction (Macedo et al. 2006; Delaney et al. 2010). Bekkerman and
Weaver (2018) show 67.92 and 388.71 kg/ha yield loss from WSS infestation in solid and
hollow stemmed winter wheat respectively.

The relationship in yield between infested and uninfested stems is extremely hard
to quantify because uninfested stems tend to be smaller with lighter kernels. This makes
it difficult to make a valid comparison of yield between infested and uninfested stems,
because the plants that are preferred for oviposition are also the ones that will yield the
highest (Seamans et al. 1944; McNeal et al. 1955; Holmes 1977; Buteler and Weaver
2012; Bekkerman and Weaver 2018). Buteler (2008) observed that WSS infested stems
where the larva did not complete development were often the highest yielding stems.
Infested stems often have the highest yield potential, and yield loss is stopped
immediately after mortality of the larvae, allowing these plants to yield close to their
potential. Bekkerman and Weaver (2018) use a copula function to examine a large data
set to calculate loss parameters that can, in part, account for this. This makes it possible
to have a more accurate comparison of lost yield across infestation parameters, ranging
from uninfested (generally low yield potential) to infested but parasitized (usually high
yielding). They found that a 1% increase in the proportion of infested stems that are cut

results in an 8% reduction in seed weight. In contrast, a 1% increase in the proportion of
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infested stems in which the WSS does not live to cut the stem will lead to an 11%
increase in seed weight.

The main source of yield loss is the lodging of cut stems. Thin stands, high wind,
and precipitation can all exacerbate crop loss by causing a higher proportion of cut stems
to fall over (Wallace and McNeal 1966; Weiss and Morrill 1992; Beres et al. 2007,
2011c). Once on the ground, stems are very difficult to collect, and there is a large loss of
grain. Ainslie (1920) reported grain losses of greater than 60% due to the cutting and

subsequent lodging caused by WSS.

Control

Control of WSS relies on using several cultural methods in conjunction. There is
no “silver bullet” that will keep damage from this pest at acceptable levels. When used
together, crop rotation, trap crops, resistant cultivars, and improving habitat for natural

enemies may be able to lessen the damage done by WSS.

Tillage. Most early methods used in attempts to control WSS involved destroying
the stub, because WSS spend most of their life within the stem and the larvae are in the
stub from harvest through spring growth the following season (Criddle 1917; 1922).
Tillage was the most widely adopted method, which does cause measurable mortality of
WSS larvae (Ainslie 1920). If soil is removed from the stubs, the larvae are exposed to
ambient conditions without insulation from desiccation or very cold winter conditions,
which causes high mortality (Weiss and Morrill 1992; Criddle 1917; 1922; Wallace and

McNeal 1966). Unfortunately, regular tillage can result in severe soil erosion and this



10
practice has not been widely used since the adoption of no-till weed control through
herbicide applications (Long et al. 2014a; Beres et al. 2011; Shanower and Hoelmer
2004). Another drawback of using tillage to manage WSS is that it also kills beneficial
insects. Wheat stem sawfly can dig themselves out of the soil if buried, but parasitoids
cannot. This means that while tillage has a limited effect on WSS survival, it does

significantly increase mortality of the parasitoid population (Runyon et al. 2002).

Trap Crops. Trap crops are another early method of WSS management. Criddle
(1919; 1922) suggested a narrow strip of rye, wheat, or brome grass be sown between the
previous season’s stubble and the current cereal crop. This trap crop should be seeded as
early in the season as possible so the trap crop will be more advanced than the cereal
crop. At the beginning of WSS flight, when plants are small, WSS will prefer to oviposit
in larger, more developed stems. Therefore, WSS will preferentially oviposit in the
earlier seeded trap crop (Ainslie 1920; Criddle 1919; 1922; Holmes and Peterson 1960).
It was also recommended to mow or till trap crops before larvae can reach the bottom of
the stem and cut in order to reduce survival into the next season (Criddle 1919; 1922).
However, this should not be done in smooth brome because this grass attracts many
parasitoids that should be conserved (Criddle 1922).

A more recent strategy for trap cropping has been planting cultivars that are more
attractive or resistant to WSS around the border of a more susceptible, higher yielding
variety (Beres et al. 2009; Buteler et al. 2010; 2012). Morrill et al. (2001) show that an
earlier maturing winter wheat border protecting spring wheat was effective at limiting

WSS infestation of the crop. It was also found that higher yielding hollow-stemmed
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cultivars can be protected by planting a border of a semi-resistant solid-stemmed cultivar.
Beres et al. (2009) also investigated the effect of planting solid-stemmed varieties as trap
crops with less significant results. Climatic conditions resulted in the solid-stemmed
variety not consistently achieving adequate pith expression for resistance. This, combined
with increased WSS infestation, limited the retention of adult WSS in the solid-stemmed
wheat. A slight increase of yield was observed in wheat protected by the trap crop.

Buteler et al. (2010; 2012) investigate the role of semiochemicals in WSS
oviposition preference, and the impact on trap crop selection. They found that cultivars
have a large range in the amount of volatile chemicals produced and released. (£)-3-
hexenyl acetate is a compound of particular interest because WSS prefer cultivars that
emit higher amounts (Weaver et al. 2009). Stem height and diameter are also factors in
host plant preference by WSS (Holmes and Peterson 1960; Buteler et al. 2010; 2012). At
earlier growth stages (Zadoks 33) stem height is the only significant variable of host
preference. However, later in development (Zadoks 49) there is no relationship between
stem height or diameter and oviposition preference. Once plants exceed an acceptable
size, other factors such as the amount and combination of semiochemicals released play a
larger role in host preference (Buteler and Weaver 2012). More research on the impact of
plant volatile cues on WSS host preference is vital to developing more effective trap crop
strategies. Buteler et al. (2009) have identified several wheat cultivars which have
potential to be excellent trap crops, but more research is needed on WSS preference of
these cultivars as well as cultivar semiochemical production in order to use trap crops

more effectively in the field.
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Plant Resistance. One of the most effective, albeit variable, methods to control

WSS is seeding entire fields of solid-stemmed cultivars of wheat rather than limiting this
trait to a trap crop (Szczepaniec et al. 2015; Buteler et al. 2015; Bekkerman and Weaver
2018). Wheat stems expressing greater amounts of pith show mechanical resistance
against feeding and boring of WSS larvae (Wallace and McNeal 1966). Pith dries early in
plant maturity, and probably contributes to desiccation and death of C. cinctus larvae
(Holmes and Peterson 1962; Holmes 1960). As the stem matures, the moisture and
nitrogen content is reduced much more quickly in the upper internodes. This leads to the
downward movement of WSS larvae as the season progresses (Holmes 1960). The
amount of light received by the plant drives pith development in the lumen. Narrow row
spacing and overcast weather can greatly reduce the amount of pith in the stem, limiting
the plant’s resistance (Beres et al. 2017; Holmes et al. 1960; Holmes 1984; Holmes and
Peterson 1962; Platt 1941; Shanower and Hoelmer 2004).

Morrill et al. (1994) demonstrated that larval tunnels are shorter and fewer nodes
are tunneled in solid stems relative to hollow stems. This is significant because node
damage greatly decreases plant efficiency in transporting carbohydrates and other
materials to the developing kernels, resulting in greater yield loss (Macedo et al. 2005).
This claim was also supported by data showing that head weight was significantly less for
infested hollow-stemmed varieties when compared to infested stems from solid-stem
varieties (Morrill et al. 1994). A multi-decrement life table also showed that solid-stem
cultivars may provide around 34% irreplaceable mortality in the presence of other factors

(Buteler et al. 2015).
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The first solid stemmed cultivar, “Rescue” was released in the late 1940°s,
reducing C. cinctus infestation by an average of 59% (Platt and Farstad 1946; Platt et al.
1948). Solid-stemmed wheat cultivars were developed with improved milling quality,
yield, and disease resistance, however there is still gap in quality between solid and
hollow stemmed wheat that makes some producers hesitant to plant solid-stemmed
cultivars (McNeal et al. 1959; Luginbill and Knipling 1969; Weiss and Morrill 1992;
Beckerman and Weaver 2018). However, Sherman et al. (2015) demonstrate that solid-
stem cultivars could have the same potential yield as hollow stemmed cultivars with
additional breeding. Yield studies over multiple years and locations showed that
differences in the gene QOss.msub-3BL, which controls 75% of stem-solidness, were not
sufficient to reduce yield. The historically used S-615 allele for stem solidness can also
be replaced with the ‘Conan’ allele instead, which only shows intermediate solidity at
harvest, yet a high level of resistance that doesn’t necessarily have to limit yield potential
(Varella et al. 2016; Sherman et al. 2015; Talbert et al. 2014).

The ‘Conan’ allele at Oss.msub-3BL has improved resistance and greater potential
yield than the S-615 allele in ‘Rescue’ and other solid-stemmed varieties for several
reasons. The first is that the timing of pith development is critical for WSS resistance.
Wheat plants containing the ‘Conan’ allele rapidly develop robust pith early in the
growing season and have greater pith moisture as well. The advanced timing of stem
solidness increases the rate of neonate WSS mortality in contrast to wheat with the S-615
allele (Talbert et al. 2014; Varella et al. 2016). More pith moisture early in development

also decreases WSS egg hatch (Holmes and Peterson 1964).
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Plants with the ‘Conan’ allele lose pith moisture at a greater rate than those with
the S-615 allele. The timing of this moisture reduction also coincides with the timing of
increased larval tunneling. Dry pith has more mechanical resistance to tunneling than
moist pith, therefore higher rates of larval mortality are evident in stems with less
moisture during this time period (Varella et al. 2016). Stems with the ‘Conan’ allele are
said to have an intermediate level of solidness in relation to stems with the S-615 allele,
because solidness was normally evaluated post-anthesis. However, this is probably a
benefit because the ‘Conan’ allele causes rapid pith retraction during stem maturation.
This allows the plant to convert resources used in pith maintenance back into seed
development at grain fill, thereby increasing the yield potential of these plants over those

with the S-615 gene while losing little resistance to WSS (Varella et al. 2016).

Cultural Control Seeding at a higher density around field borders has been
recommended to prevent lodging and increase oviposition at the field border relative to
the interior (Wallace and McNeal 1966). Higher rates of parasitism have also been
observed in densely sown fields of hollow-stemmed wheat (Beres et al. 2011b).
However, this practice can have detrimental effects in drought years, and does not
adequately manage the WSS population (Wallace and McNeal 1966; Beres et al. 2011b).
Solid stemmed cultivars are detrimentally affected by higher seeding density even in
years with adequate rainfall. Beres et al. (2011b) found that pith expression and stem
diameter decrease at sowing densities over 150 seeds m™. However, these solid stemmed

cultivars have optimal yield and retain enough pith expression at 250 seeds m™.
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Swathing before stem cutting can limit the loss of stems to lodging, but this is not
an ideal management practice. An extra field operation is needed, increasing costs for
producers. The combine header must be at a low height to pick up swathed grain, which
increases wear and tear on equipment in addition to reducing numbers of natural enemies
(Nansen et al. 2005; Bekkerman and Weaver 2018). The 5-30% yield reduction due to
decreased head weight as a result of stem mining is also not recovered. Swathing does not
reduce infestation and has a negligible effect on the survival of WSS. This practice may
also lead to increasing WSS infestation in subsequent years due to the destruction of
parasitoid cocoons during the swathing and harvesting operations (Holmes and Peterson
1965; Wallace and McNeal 1966; Bekkerman and Weaver 2018).

Swathing is a good strategy for recovering fallen stems in wheat fields with
densely distributed WSS populations but should not be the main management tool. It is
popular with producers because it enables them to plant hollow-stemmed wheat with
higher potential yield, while still recovering stems that would be cut by WSS at harvest.
However, this strategy does not reduce WSS losses in the long run. Bekkerman and
Weaver (2018) demonstrate that, in a 10-year period beginning with first year cutting at
>10%, planting hollow-stem cultivars and swathing nets less income per hectare relative
to utilizing solid-stem cultivars. In the first three years, this swathing-based strategy will
earn the producer more money, however over the 10-year period planting solid-stem
cultivars nets ~$56.79/hectare more. Additionally, solid-stemmed wheat fields will

average 12% cutting over the 10-year period, corresponding to a 67.25 kg/hectare yield
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reduction. When planting hollow-stemmed cultivars the cutting rate will be 74% with an

associated yield loss of 269.0-403.5 kg/hectare.

Chemical Control. Research has been conducted on the use of insecticides to

control WSS, but their life history makes the effective use of insecticides difficult. The
continual emergence of adults for up to 6 weeks makes contact insecticides ineffective,
because many applications would have to be made in order to reduce the number of eggs
laid (Wallace 1962). In addition, adults do not feed on plant tissue rendering insecticides
requiring ingestion inoperative. Furthermore, the entire juvenile life cycle is completed
within the stem of the wheat plant, making systemic insecticides the only viable option
(Wallace 1962; Holmes and Peterson 1963). Wallace (1962) found that an in-furrow
application of heptachlor applied at seeding provided control against WSS. However,
subsequent research found that this treatment is only effective against relatively lesser
WSS populations, and that heptachlor only reached the lower internodes (Wallace and
McNeal 1966; Holmes and Peterson 1963). Heptachlor also persists in the environment
for long periods and poses a significant human health risk, causing the EPA to ban its use
in 1988 (Anonymous 1997).

More recently, the Montana Department of Agriculture has issued a special local
need pesticide registration (Section 24(c)) for phorate (Thimet®20-G) an
organophosphate soil and systemic insecticide to control WSS larva. Recent data have
shown that the use of Thimet®20-G caused 64-100% reduction of stem cutting, and a
363.2 and 410.2 kg/hectare yield increase for spring and winter wheat respectively

(Wanner and Tharp 2015; Montana Department of Agriculture 2015). However, due to its
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high toxicity to fish, birds, and mammals, Thimet®20-G cannot be applied more than
once per crop per season, and it must be incorporated into the soil and applied 85 days
before harvest (Montana Department of Agriculture 2015). These label requirements,
plus an application rate of 5.6 kgha™!, have constrained adoption by Montana wheat
producers. Thus, the Section 24(c) registration for the use of granular phorate will

probably not be renewed when it ends in 2019.

Biological Control. In addition to host plant resistance, biocontrol from braconid

wasp parasitoids is the most promising method of suppression of damaging WSS
populations (Holmes et al. 1963). Nine species of parasitoid use larval WSS in feral
grasses, but only two, Bracon cephi (Gahan) and B. lissogaster Muesebeck have made the
switch to wheat (Nelson and Farstad 1953; Somsen and Luginbill 1956). Both species are
protelean host-specific idiobionts with two generations, however the second generation
generally has much lower reproductive success (Ainslie 1920; Nelson and Farstad 1953;
Somsen and Luginbill 1956).

Criddle (1923) reported that parasitism of larval WSS in uncultivated grasses
frequently approached 100%, but parasitism in wheat was usually less than 2%.
Parasitoids have become more successful in wheat since then, ranging 15-98% parasitism
across the state of Montana (Morrill et al. 1998; Runyon et al. 2002; Weaver et al. 2002;
Peterson et al. 2011), however parasitoids have not provided consistent control across the
cereal growing regions of the northern Great Plains (Morrill et al. 1998; Weaver et al.

2004, Peterson et al. 2011, Buteler et al. 2015). Although, in areas where parasitoids are
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present in high numbers, adequate WSS control may be achieved (Morrill et al. 1998;
Runyon et al. 2002; Buteler et al. 2008)

Rates of parasitism are greatly enhanced in cool, wet growing seasons, due to the
wheat plant remaining green and succulent for a longer period (Holmes et al. 1963). As
the plant begins senescence and desiccation at ripening, it becomes difficult for
parasitoids to locate and oviposit on mature WSS larvae (Morrill et al. 1998; Shanower
and Hoelmer 2004; Holmes et al. 1963). Wheat plants emit parasitoid attracting, volatile,
semiochemicals when being fed on by WSS larvae (Perez 2009). Younger plants emit
higher levels of these volatiles, making them more noticeable to female parasitoids
looking for a host on which to lay eggs. These younger plants may produce more
volatiles because they can put more resources toward secondary metabolites, while more
mature plants are using their resources for reproduction (Piesik et al. 2006a; 2006b; Peck
2004). In addition to increased amounts of plant volatiles, cool, wet periods soften the
wheat stem, making it easier for the parasitoid ovipositor to penetrate the lumen and
locate large WSS larvae (Holmes et al. 1963). In fact, parasitism has been seen to
increase by 50% shortly after rain showers (Nelson and Farstad 1953).

Parasitism is an invaluable form of WSS suppression for farmers because of the
amount of irreplaceable mortality. Because these are native species, they are present
throughout the majority of the state, further increasing their value as biological control
agents. Peterson et al. (2011) reported that irreplaceable mortality due to parasitism
ranges from 22-35%. Buteler et al. (2015) found a slightly lower percentage of

parasitism, but this was attributed to much greater WSS infestation. Greater numbers of
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WSS infested stems cause parasitoids to become less efficient in host location, and if
more than one larva has infested a stem, vulnerable immature parasitoids may be
consumed by WSS larvae (Holmes et al. 1963; Weaver et al. 2005; Buteler et al. 2015).

Releasing adult parasitoids to establish or augment the population in fields with
heavy infestations increases WSS mortality (Morrill et al. 1998). However, mass rearing
these insects is difficult because WSS develop within the wheat stem, which greatly
complicates the process of rearing large quantities of parasitoids (Pallipparambil 2006;
Rand et al. 2016). However mass production could be more successful with additional
research on sequential rearing of these parasitoids under controlled conditions such as an
environment chamber or greenhouse (Portman et al. 2018).

There are also cultural practices that can help conserve parasitoids. Runyon et al.
(2002) show that adopting no-till management is beneficial to braconid parasitoids
because heavy tillage will often kill more parasitoids than WSS. Harvesting with the
combine header no lower than 15 cm can also help conserve parasitoids by minimizing
their destruction during harvest (Holmes et al. 1963; Meers 2005; Beres et al. 2011a).
Delayed seeding or planting late maturing varieties may increase the second-generation
success of parasitoids (Holmes et al. 1963). Later crop maturity allows more time for the
second generation of parasitoids to locate and parasitize WSS larvae before the stem is
too dry and oviposition is more difficult (Morrill and Kushnak 1996). Larval WSS
descend into stubs and form hibernacula sooner when the host plant matures rapidly,
making it more difficult for the later parasitoids to find hosts for their offspring (Holmes

et al. 1963), while a later maturing crop may make this less likely.
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Bracon cephi (Gahan) and
Bracon lissogaster Muesebeck

Bracon cephi is an external larval parasitoid which lives on the integument of its
host, a WSS larva. Yellow, oblong eggs are laid on or near the host, with only one egg
laid per host. Eggs hatch after one to two days, and there are 5 instars in B. cephi, with
the first three instars being delicate and translucent with measurable head capsules. The
later stage larvae have button-like disc heads and are a light, brownish color. The larvae
have well-developed, strongly sclerotized mouthparts (Nelson and Farstad 1953).

After hatch, the mobile first instar immediately locates and attaches to the
integument of its host, where it begins to feed. When feeding is complete, only the
integument of the host is left (Runyon 2001; Nelson and Farstad 1953). Fully grown
larvae then spin a cocoon inside of the wheat stem, fastened to the lumen wall with a
disc-like plate at each end. This process takes 1-2 days. First generation larval cocoons
are usually flimsy and misshapen, as they don’t need to survive in them long. Offspring
of the first generation are often smaller, with atypical body development. This may be
because their host was too small to provide sufficient food to fuel their development. The
larval stage lasts around ten days (Nelson and Farstad 1953).

Overwintering individuals stay in their cocoon as fifth instars, and do not pupate
until the following spring. B. cephi larvae overwinter much higher up the stem than WSS,
making them more vulnerable to freezing and cold weather (Holmes et al. 1963). The
larvae tolerate colder temperature with large concentration of glycerol in their

hemolymph, which lower their supercooling point, as well as allowing them to live if
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they do freeze (Salt 1959). The main cause of mortality between generations spanning the
winter is being destroyed by harvesting equipment (Holmes et al. 1963; Meers 2005) or
by tillage on organic fields (Runyon et al. 2002; Adhikari et al. 2018). As temperature
and humidity increase in the spring, the larva becomes more active inside its cocoon,
becoming a prepupae with a constriction behind the third thoracic segment. Two days
later, the larva becomes a delicate, white pupae with pink eyes. This stage generally lasts
six days at 25° C and 70% relative humidity (Nelson and Farstad 1953).

It takes a few hours for pupae to transform into adults. Once in the adult stage, B.
cephi are inactive in the cocoon to allow the cuticle to harden. Usually, the adult escapes
the stem by chewing a small, circular exit hole through the cocoon and wheat stem.
Sometimes, the adult exits the end of the cocoon into the stem lumen, escaping from the
stem at another point. This tactic sometimes results in the parasitoid becoming trapped in
the lumen, and it is unable to escape and dies (Nelson and Farstad 1953).

Female parasitoids are usually longer lived than males. Males usually live from 10-
14 days, while females can live more than 4 weeks and are often still alive when the second
generation emerges. Adult B. cephi feed on moisture droplets as well as the nectar of nearby
flowers, which probably increases their longevity (Nelson and Farstad 1953). Nelson and
Farstad (1953) suggested that females have a preoviposition period of three weeks in the
first generation to allow eggs to mature, however Holmes et al. (1963) claims that this
period may be less than 12 days.

Female B. cephi locate potential hosts from volatile semiochemicals released by

the wheat plant (Piesik et al. 2006; Peck 2004). Once the stem is located, the female
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parasitoid walks up and down the stem, using her antennae to sense vibrations of the
feeding WSS larva (Mankin et al. 2000; Mankin et al. 2004). The female inserts her
ovipositor when the host is located and stings the larva. The venom injected during the
sting paralyses the host larva, and an egg is laid on or near the immobilized larva.
Oviposition can last longer than an hour, making it unlikely that females lay more than 4
eggs per day. Adult B. cephi do not develop their full complement of eggs at once,
instead opting to mature eggs in batches of 6-10 (Nelson and Farstad 1953; Reis 2018).
There are generally two generations of B. cephi each season, but the second is often
incomplete. Completion of the second generation depends on the length of the growing
season as well as how late into the season the first generation continued to oviposit
(Holmes et al. 1963).

The biology of Bracon lissogaster Muesebeck is very similar to that of B. cephi.
One key difference however is that B. lissogaster can be gregarious. Somsen and
Luginbill (1956) recorded as many as four larvae on a single WSS host. The method of
oviposition also differs, with the female locating the host larva and stinging it multiple
times with a pumping motion. After the venom is injected, the female lays 1 to 4 sticky
eggs that will adhere to the immature host if it is still moving slightly. The eggs require
approximately two and a half days to hatch and the early instars do not have sclerotized
mouthparts. B. lissogaster adults are slightly shorter lived than B. cephi, living a
maximum of 35 days in the lab on a diet of sugar water (Somsen and Luginbill 1956;

Reis 2018).
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Impact of Body Size on Parasitoid Fitness

Body size is often very important to individual parasitoids (Godfray 1994) and
can affect everything from physiological processes such as metabolism, to fitness traits
such as mate selection and fecundity (Shine 1988; Honek 1993; Godfray 1994;
Blanckenhorn 2000; Blanckenhorn and Demont 2004; Roff 1980). Larger bodied
organisms have smaller surface area to volume ratios as well, boasting a better ability to
conserve heat in colder climates such as the northern Great Plains where unseasonal
freezes and periods of colder than average weather are not uncommon (Lamb 1992).
Extra food resources such as larger hosts or nectar from nearby flowering plants can
increase fat reserves in parasitoids, thereby increasing longevity and fecundity (Salt 1941,
Landis et al. 2000; Gurr et al. 2017; Reis 2018).

Locations at greater altitudes and latitudes have shorter seasons with less time to
forage, grow, and develop, resulting in smaller body size (Blanckenhorn and Demont
2004). However, B. cephi and B. lissogaster are multivoltine species with much shorter
generation turnaround enabling them to grow more quickly, despite the constraints of a
short season. The short generation time of multivoltine species gives an advantage over
species with only one generation in areas with short growing seasons because it allows
for more rapid population growth in a short amount of time (Roff 1980; Rowe and
Ludwig 1991). Body size which increases with available growth time within a single
species, and reproductive success, are closely tied (Godfray 1994). In addition, the
probability of survival to adulthood increases when time to maturity decreases. Balancing

body size with time to maturity is imperative to species in areas with short growing
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seasons such as the northern Great Plains (Chown and Gaston 1999; 2010; Blanckenhorn
and Demont 2004).

The size of adult parasitoids is driven by the quality of the host an individual was
reared on (Nicol and Mackauer 2003). Host choice and, for B. lissogaster, clutch size by
the ovipositing parent have large impacts on the size and fitness of an individual
(Godfray 1994). Longevity, egg reserves, and host searching efficiency are all positively
correlated with body size (West et al. 1996; Visser 1994). In addition, Salt (1941) found
that larger body size helps females oviposit on hosts that have a protective covering.
Overall, parasitoid female fitness increases with adult size (Godfray 1994; Visser 1994).

Charnov’s theory of conditional sex allocation is an important factor in female
parasitoid fitness. The theory states that parasitoid wasps oviposit male eggs in relatively
small hosts, and female eggs into larger hosts (Charnov 1979; Charnov et al. 1981)
because the female larvae require more resources to develop and are more important to
reproduction. Larval resources of parasitoids are restricted, and strongly influenced by
the size and quality of their host, especially in solitary parasitoids. It has been shown in
laboratory experiments that female parasitoids receive a larger benefit than males from
increased body size (van den Assem et al. 1989; Heinz 1991; Harvey et al. 1994). Larger
females lay more eggs, and more body mass also allows parasitoids to live longer,
increasing their overall reproductive success (King 1987; Godfray 1994; Visser 1994;
Ellers et al. 1998). In addition, increased body size leads to increased fat reserves. Fat is
used for body maintenance, as a flight energy source, and as fuel for oogenesis (Ellers et

al. 1998; Ellers and van Alphen 1997; Ellers 1996; Cockbain 1961; Beenakkers 1969;
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King and Richards 1969). In general, larger female parasitoids should be more effective

as biological control agents of WSS.

Importance of Biodiversity to Biological Control

Recent trends in world agriculture have been resulting in expansion of field size
and an increase in monocultures (Key 2018; Rada and Fuglie 2018). The simplification of
agricultural landscape, loss of natural habitats, and increase in agrochemical inputs has
led to a sharp decrease of biodiversity within these agroecosystems (Bianchi et al. 2006;
Robinson and Sutherland 2002; Benton et al. 2003; Landis 2017; Gurr et al. 2016).
Within field intensification of management (i.e. increased inputs and simplified crop
rotations) has also led to a decrease in biodiversity in agro-ecosystems (Benton et al.
2003; Concepcion et al. 2008). Biodiversity has been linked with natural pest control, and
farmers have lost many sources of beneficial insects by reducing plant diversity within
their agroecosystems (Ives et al. 2000; Wilby and Thomas 2002; Bianchi et al. 2006;
Gurr et al. 2003). Multiple studies have also shown that herbivorous pests are often better
controlled by diverse predator and parasitoid communities (Landis 2017; Quispe et al.
2017; Gurr 2016; Cardinale et al. 2003; Losey and Denno 1998). Snyder and Ives (2003)
found that more complex communities of predators and parasitoids provide better control
of pea aphids and Schmidt et al. (2003) have shown that cereal aphids are better
controlled when both ground-dwelling and flying predators are feeding on them.

Montana farms have historically used a wheat-fallow cropping system. In the last
couple of decades, farmers have begun to switch to more diverse systems, which utilize

pulse and cover crops in their rotation. While the trend in worldwide agriculture is
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cropland simplification, the trend in Montana has actually been adding diversity (Long et
al. 2014a; b). In 2017, Montana became the nation’s leading producer of pulse crops with
1,535,905 acres seeded. This was a 256% increase since 2013, another landmark year in
which Montana became the nation’s top producer of peas (Montana Department of
Agriculture 2018). Most of these extra pulse crop acres replaced fields that would have
otherwise been fallow, increasing landscape cover and complexity (Long et al. 2014a; b).
This shift in cropping systems may have a beneficial effect on WSS biological control, as
natural enemies tend to be more susceptible to the negative effects of low habitat
diversity than herbivores (Rand and Tscharntke 2007; Perovi¢ 2018). Another shift in
Montana cropping systems that may have a beneficial effect on WSS management is the
transition from continuous wheat-fallow strip cropping to block managed wheat-fallow or
wheat-pulse rotations (Fig. 1). Wheat stem sawfly infestation has a very distinct edge
effect and this management change greatly reduces the edge area of fields (Criddle 1922;

Holmes 1982; Weiss and Morrill 1992; Long et al. 2014a; b).



27

MT agricultural production 2001-

Total Production Cereal (C) Pulse (P)

1000
800
|
o
300
L
o

800
I
600
250
L

@« 2] 7 =]
@ @ o© 84
- [ o
8 5 | = B
Q © %} %
1] ® o [=]
= L 9 4 £ w4
S S ¥ o -
g 8] 7 2
b o
(= |
8
8 i ~
™~ f=
w
= o o
T T T T T T T T T T T T T T T T T T
2002 2004 2006 2008 2010 2012 2002 2004 2006 2008 2010 2012 2002 2004 2006 2008 2010 2012
Fallow (F) Cereal-Fallow Strips (S) Cereal and Fallow Sychronicity

300
I

300
I
o

Cereal

WY

T T T T T T T T T T T T T T T T T T
2002 2004 2006 2008 2010 2012 2002 2004 2006 2008 2010 2012 2002 2004 2006 2008 2010 2012

250
L

250
I

200

Kilohectares

150 200

L L

Kilohectares
150

I

Kilohectares

100 200 300 400 500 600 700

.

100
L

dline

2001-2012 Tre

50
i

7
2001-2010 Trendline L

0
I
0
I
0
L

Figure 1: Kilohectares of a) total agricultural production, b) cereals, c¢) pulses, d) fallow,
e) strip cropping, and f) cereal and fallow synchronicity in Montana from 2001-2012.
The sharp decline in cereal acres (b) and increase in fallow acres (d) in 2011 was due to
an exceptionally wet spring which made some fields impossible to plant. (adapted from
Long et al. 2014a).

Crop plants are generally more desirable to herbivorous pests than non-cultivated
plants, which cause herbivores to congregate in the crop (Root 1973). Low diversity plant
communities generally give an advantage to feeding specialist herbivores, which tend to
perform better in highly disturbed environments (Gurr et al. 2017). In contrast, natural
enemy populations tend to be disrupted by disturbance events such as insecticide
applications and tillage, forcing these populations to keep recolonizing crop fields from

source populations in a less disturbed area. If there are no source populations close
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enough to recolonize the field, then disturbance events can eradicate natural enemies
from the field (Root 1973; Wissenger 1997; Tscharntke et al. 2012; 2016; Letourneau et
al. 2012; McCabe et al. 2017; Wilson et al. 2017; Perovi¢ et al. 2018).

Diversity at the first trophic level also benefits natural enemies, providing shelter,
nectar, alternate prey, and pollen, which would assist natural enemies in surviving the
frequent disturbances in agroecosystems (Gurr et al. 2017). Indeed, Adhikari et al. (2018)
found that the rate of parasitism of WSS in organic winter wheat was higher than in
conventional winter wheat, leading to a significant reduction in infestation and cutting.
This was attributed to greater crop diversity and weed abundance within the organic
cropping systems.

Non-crop habitat gives natural enemies a place to escape disturbance events such
as insecticide applications, tillage, or harvest (Landis et al. 2000; Chakraborty et al. 2017;
Gurr et al. 2017). Negative effects of these events on natural enemies will be reduced if
they can simply leave the field and return when it is safe for them. Alternate habitat also
may provide natural enemies with alternative prey for subsistence if they successfully
eliminate crop pests, or when pest numbers are low such as after insecticide treatment
(Chakraborty et al. 2017; Gurr et al. 2017; Landis et al. 2000; Adhikari et al. 2018).
However, this is not the case for the two braconid parasitoids of WSS, B. cephi and B.
lissogaster. They are specialist parasitoids and cannot use any hosts other than larval
WSS. Pulses and most species grown in cover crops are not hosts of WSS, the

parasitoids’ main food source, so increased acreage of these crops in the landscape will
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not provide alternative prey, and probably will directly reduce the amount of prey
available.

Although they reduce host availability, increases in the acreage of flowering pulse
crops, as well as the slow adoption of cover crops increase parasitoid access to the
ephemeral nutritive resource of plant nectar. In addition, increased plant biodiversity
within the system may also provide additional shelter, protection, and food resources for
the parasitoids (Landis et al. 2000; Gurr et al. 2017; Perovi¢ et al. 2018; Adhikari et al.
2018). In general, it is recognized that spatial surroundings of habitat patches can have a
large effect on local diversity and abundance of organisms (Clough et al. 2005). As
acreage of flowering pulse and cover crops increases, parasitoids will have shorter
distances to travel between hosts and floral resources, facilitating more efficient
biological control (Wackers 2008; Perovi¢ et al. 2018). Laboratory experiments
performed by Wickers (1994) showed that starved wasps had reduced flight activity
relative to satiated wasps, so greater amounts of floral resources on the landscape may
increase the time parasitoids are able to search for hosts. While decreased amounts of
grass hosts in the landscape may reduce the amount of available prey for parasitoids, the
influx of extra floral resources may increase the efficiency of these parasitoids in
suppressing WSS. Improving habitat for better biological control of WSS by parasitoids
is of paramount importance to wheat production in Montana. Due to the life history of
WSS, generalist predators do not often prey upon them, making specialist parasitoids

their most effective enemy.
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Benefits of Floral Resources to Adult Parasitoids

Predators and parasitoids often benefit from non-host food sources such as pollen,
nectar and honeydew (Balzan and Wickers 2013; Jamont et al. 2013; Géneau et al. 2013;
Landis et al. 2000). Non-crop habitats often have alternative sources of food such as
nectar and pollen. Increasing the amount of this habitat near agricultural lands may
benefit parasitoid populations (Maier 1981; Bianchi et al. 2006) through increased
longevity and fecundity (Baggen and Gurr 1998; Siekmann et al. 2001; Wackers 2001;
Costamagna and Landis 2004; Lee et al. 2004; Gurr et al. 2017; Portman et al. 2018), as
well as a higher ratio of female parasitoids (Gurr et al. 2017). Increased rates of egg
maturation have also been noted in parasitoids with access to floral resources (Coombs
1997; Leius 1961; Schmale et al. 2001; Syme 1975). In addition, parasitoids have been
found to be more active in areas with blooming flowers than in nearby areas without
flowers (Van Emden 1962; McCabe et al. 2017; Quispe et al. 2017). Parasitoids use these
non-crop resources, then spread into nearby crop fields and provide pest control
(Tylianakis et al. 2004; Bianchi et al. 2006).

However, not all flowers give the same benefit to natural enemies. Parasitoid
morphology, floral architecture, flower color, floral area, flowering time, and nectar
chemistry all impact how much, if at all, natural enemies will benefit from additional
flowers on the landscape (Landis et al. 2000; Gurr et al. 2017; McCabe et al. 2017).
Plants that have extrafloral nectaries can be even more beneficial than those with flowers
only. While flowers are an ephemeral source of nectar, extrafloral nectaries provide

nectar over a longer period (Quispe et al. 2017). Natural enemies are also more likely to
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access extrafloral nectar than nectar from deep, or narrow flowers. Quispe et al. (2017)
found that refuge plants with extrafloral nectaries attracted more predators and
parasitoids than other refuges next to maize crops. Herbivorous insects may also benefit
from non-crop resources, so producers must be aware of the composition of flora in their
system and any associated risks (Baggen et al. 1999; Wickers 2004; McCabe et al. 2017;
Perez-Alvarez et al. 2018).

The flowering pulse and cover crops work differently in the Montana wheat-
fallow agroecosystem that favors WSS than a typical field border or flower strip
deployed in crop fields, which aim to benefit generalist predators. One of the benefits of
increased plant diversity in most agroecosystems is the addition of alternate prey for
natural enemies to survive on when pest populations are low. But, the two species of
specialist braconid parasitoids can only utilize WSS as a host, so alternative prey is not a
factor in this system. The effect of adjacent pulse and cover crops that this research is
most focused on is the addition of nectar and pollen into the system. Nectar is scarce in
the wheat-fallow cropping system, as flowers are restricted to non-crop habitat and are
rare even in these areas. The addition of flowering pulse and cover crops could greatly
increase the amount of nutrients available to adult parasitoids.

While pulse and cover crops will hopefully benefit populations of braconids,
another benefit is the presence of more non-host plants on the landscape for WSS. This
has potential to disrupt WSS populations through increased fragmentation of their habitat,
making it more difficult to locate hosts for oviposition, while also benefitting natural

enemies through nectar provisioning and additional shelter. Increased areas of these pulse
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and cover crops on the landscape will increase fragmentation or the dominant wheat-
fallow areas and reduce the distance parasitoids must travel between foraging for nectar
and searching for WSS larval hosts by adding more foraging locations on the landscape.
Wheat drives this agroecosystem, and the objective of this study is to measure the
indirect effects of the addition of flowering forb species to the environment on WSS and

1ts natural enemies.

Habitat Fragmentation and Complexity

Crop rotation has been shown to increase yield and reduce pest pressure within
agroecosystems (Bullock 1992; Miller et al. 2002; Kirkegaard et al. 2008). These effects
can be particularly pronounced when the main insect pest, like WSS, is highly specialized
with a low dispersal ability (Flint and Roberts 1988). Crop rotations increase diversity as
well as the distance insect pests must travel to locate host crops. Increasing the distance
insect herbivores must search lessens energy reserves and survival rate of the insects once
they locate the crop (Vankosky et al. 2017).

Indeed, Banks (1998) found that herbivores with low dispersal ability have
difficulty locating and reaching host plants in highly fragmented habitats. However, the
effects of increased crop diversity may also impact the parasitoids of WSS. Reducing
host availability for WSS will indirectly reduce host availability for their braconid
parasitoids. Feral and natural grass populations may help conserve parasitoid populations
with increasing crop diversity by providing hosts for small populations of WSS (Gurr et

al. 2017). More species of hymenoptera parasitize WSS in feral and native grasses, and B.
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cephi and B. lissogaster are more successful in these grasses than in cultivated crops
(Shanower and Hoelmer 2004).

The cropping systems within the wheat growing regions of Montana have been
diversifying in recent years. However, instead of reducing wheat on the landscape, the
acres being replaced by pulse crops have primarily been fallow (Long et al. 2014a; b). A
reduction in fallow acres surrounding wheat may also reduce WSS populations through a
decrease in host apparency. The specialist aphid Therioaphis trifolii (Monell) with low-
dispersal ability was found at very high densities on red clover (77ifolium pretense L.)
surrounded by bare ground (Haynes and Crist 2009). The authors posited that the aphids’
reluctance to move over bare ground may have played a part, but the relatively high
dispersing clover leaf hopper (Ceratagallia agricola Hamilton) was also present at much
higher densities in clover surrounded by bare ground than when surrounded by alternate
vegetation (Schroeder 2007).

Prokelisia crocea (van Duzee) is a planthopper that is monophagous to prairie
cordgrass (Spartina pectinata Bosc). Patches of cordgrass surrounded by mudflats have
much higher densities of P. crocea than patches surrounded by smooth brome (Cronin
2007; Reeve et al. 2008). The absence of vegetation around these host patches may make
them more apparent to herbivores. Herbivorous insects with low dispersal ability, such as
WSS, are greatly affected by habitat fragmentation (Banks 1998). An increase in the
acreage of non-host crops in Montana should result in a reduction of WSS populations by

decreasing host availability, increasing search distance, and reducing host apparency.
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Using Pheromone Traps to Estimate Larval Density

Pheromone trapping is an oft used tool for monitoring pest populations in
agriculture (Riedl and Croft 1974; McNeil 1991) and forestry (Shepherd et al. 1985;
Ramaswamy et al. 2012). Weslien et al. (1989) found strong correlations between trap
capture of adult spruce bark beetles (Ips typographus (L.)) and tree damage and mortality
caused by larval beetles. Additionally, Silvain and Ti-A-Hing (1985) found extremely
strong correlations between adults captured in pheromone traps and relative larval
abundance of fall armyworm (Spodoptera frugiperda) in pasture grasses. Pheromone
traps may be able to be used in a similar fashion to monitor WSS outbreaks at a field
level. 9-acetyloxynonanal is a promising semiochemical attractant for trapping adult
WSS, however no field studies have been performed to evaluate the ability of these traps
to estimate subsequent larval infestation (Bartelt et al. 2001; Cossé et al. 2002). We will
attempt to correlate trap capture data to stem dissections of postharvest crop residue to
evaluate the efficacy of field trapping for surveying WSS and braconid parasitoid

populations.

Research Objectives

Bracon cephi and B. lissogaster are effective natural enemies of WSS
populations. Practices that can improve the ability of these parasitoids to suppress WSS
populations are of paramount importance to wheat farmers in the northern Great Plains.
Therefore, the main objective of this research was to observe whether pulse or cover

crops grown adjacent to wheat provide any benefits to the populations of these two
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specialist braconid species. This may be through increases in adult longevity, fecundity,
or by increased access to hosts for their offspring, made possible through the increased
nutrition provided by the floral or extrafloral nectar of pulse or cover crops. The
populations of WSS and these braconid parasitoids found in paired wheat fields grown
next to fallow and grown next to pulse or cover crop were compared. Field pairs were
managed similarly to those in Runyon et al. (2002) to control for climatic differences.
Differences in wheat cultivar and management were minimized between paired fields.
Size and relative abundance of WSS and braconid populations were evaluated for each
field comparison in an attempt to answer key research questions.

1. Do wheat fields adjacent to pulse or cover crops have more abundant WSS
parasitoids compared to wheat fields grown adjacent to fallow wheat?

2. Do WSS parasitoids emerging from wheat that was grown next to flowering pulse
or cover crops have increased body size compared to WSS parasitoids emerging
from wheat that was grown next to fallow wheat?

3. Can trap capture reflect actual larval WSS and parasitoid abundance in the field?

4. Do different compositions of land cover types around wheat fields influence WSS
and parasitoid populations?

Several recent studies have used paired fields to understand and characterize the
effects of landscape management on farmland biodiversity. These studies have primarily
focused on two land management strategies in paired fields (Concepcion et al. 2008;
Kishinevsky et al. 2017; Kleijn et al. 2006) or examined the effect of a landscape

heterogeneity gradient on paired fields with different management schemes (Concepcion
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et al. 2008; Clough et al. 2005; Holzschuh et al. 2007; Kleijn et al. 2004; Puech et al.
2015; Schmidt et al. 2005; Wilson et al. 2017).

Kishinevsky et al. (2017) used paired pomegranate orchards to study the effects of
planting companion plants on natural enemy populations. Each pair of orchards had one
with the companion plants and one without. Concepcion et al. (2008) used field pairs to
study the effects of agroenvironmental schemes on the diversity and abundance of
vascular plants, birds, bees, spiders, grasshoppers, and crickets at both local and
landscape levels. Seven field pairs were selected in each of three agricultural regions in
Spain. Within each pair, one field had had an agroenvironmental schemes implemented
for at least 5 years and the other had been conventionally managed. Differences between
field pairs were analyzed to discern the effect of agroenvironmental schemes at a local
level. Additionally, the landscape diversity within each of the three regions was added to
the analysis to provide insight on the effect of agroenvironmental schemes at different
levels of landscape diversity.

The best way to measure the effects of natural enemy conservation management
strategies would be to survey identical field pairs with and without the application of the
management strategy in question (Head et al. 2005; Kleijn et al. 2006; Concepcion et al.
2008; Kishinevsky et al 2017). However, comparisons of fields with and without
conservation measures can have many confounding variables. Therefore, all variables
other than the conservation or land management strategy must be as consistent as

possible between fields. This includes factors such as landscape heterogeneity
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(Concepcion et al. 2008), regional species pools, and land-use history (Kleijn and
Sutherland 2003); as well as agricultural inputs and abiotic factors (Head et al. 2005).
Thus, as study area increases, so does environmental heterogeneity which makes
separation of effects of confounding variables difficult to distinguish from the effects of
the conservation measure (Holzschuh et al. 2007; Kleijn et al. 2004; Kleijn et al. 2006).
However, Adhikari et al. (2018) have conducted a study in Montana using paired wheat
fields assessing the difference between WSS and braconid parasitoid populations in
neighboring conventional and organic fields. Obviously, these fields are not managed in
the same manner, but they controlled for differences in climate, local insect species pools,
and land-use history by having paired fields close together. Runyon et al. (2002) studied
the effect of tillage on WSS and parasitoid survival by looking at matched field pairs
which were managed identically except for the difference in tillage. This study used
similar methods to discern the effects of crop and landscape diversity on populations of
WSS and their parasitoids. Using paired fields, differences in insect population,

management, climate, and abiotic factors can be reasonably controlled.
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MATERIALS AND METHODS

Sites

Sites were chosen throughout the main wheat growing regions of Montana (Fig.
2). Each site had a pair of wheat fields, one next to fallow and one next to either a pulse
or cover crop. Both wheat fields were managed similarly by the producer and were as
close as possible to reduce confounding factors. There were 5 wheat next to cover crop or
fallow comparisons and 5 wheat next to pulse or fallow comparisons (Table 2, 3). All
wheat fields were farmed under dryland conditions except for the wheat field next to
fallow at the Conrad 3 site in 2017, which was irrigated.

Table 2: Site descriptions for wheat fields next to fallow. WW=winter
wheat, SW=spring wheat.

Site County Wheat Variety Seeding Date  Herbicides

Moccasin 2016 Judith Basin Wolf WW Oct. 20,2015 Carnivore, Class
Act, Interlock

Moccasin 2017 Judith Basin Wolf WW Oct. 25,2016 Carnivore, Class
Act, Interlock

Conrad 3 2016 Pondera Corbin SW May 3,2016  2-4D

Conrad 3 2017 Pondera Warhorse WW  Sep. 15,2016 2-4D

Dutton 2016 Pondera Keldin WW Sep. 11,2015 Class Act, RT3,
Edition Tank Mix,
Olympus, Preference

Dutton 2017 Teton Keldin WW Sep. 13,2016 Edition Tank Mix,
Olympus,
Preference, Class
Act

Conrad 4 2016 Pondera Warhorse WW  Sep. 14,2015 Goldsky, LV6, Ally

Conrad 4 2017 Pondera Warhorse WW  Sep. 12,2016 2-4D, Goldsky, Ally

Brady 2016 Pondera Judee WW Sep. 15,2015 Goldsky, 2-4D, Ally

Brady 2017 Pondera Judee WW Sep. 18,2016 Goldsky, 2-4D, Ally

Conrad 12016 Pondera Judee WW Sep. 20,2015  Ally

Conrad 12017 Pondera Judee WW Sep. 17,2016 Powerflex

Conrad 2 2016 Pondera Judee WW Sep. 26,2015 Huskie

Conrad 2 2017 Pondera Judee WW Sep 28,2016  Huskie



Table 2 Continued

Joplin 2016
Joplin 2017

Box Elder 2016
Box Elder 2017
Chester 2016
Chester 2017

Continued
Liberty
Liberty

Hill
Hill
Liberty
Liberty
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Corbin SW

Vida SW

Judee WW
Judee WW
Vida SW
Vida SW

Apr. 22,2016
May 4, 2017

Sep. 12, 2015
Sep. 18,2016
Apr. 20, 2016
May 1, 2017

Glyphosate, Bromac
Advanced
Glyphosate, Bromac
Advanced

Bronate, 2-4D

Bronate, 2-4D
2-4D
2-4D



Table 3: Site description information for wheat fields next to pulse or cover crops. WW= winter wheat, SW= spring

wheat, D= Durum Wheat.

Pulse or
Cover Crop
Site County Wheat Variety  Seeding Date  Herbicides Mix Seeding Date
Moccasin 2016  Judith Basin  Wolf WW Oct. 20,2015 Carnivore, Peas, Apr. 26,2016
Class Act, Triticale,
Interlock Collards,
Radish,
Sorghum,
Pearl
Millet,
Buckwheat
Moccasin 2017  Judith Basin  Wolf WW Oct. 25,2016 Carnivore, Peas, May 26, 2017
Class Act, Collards,
Interlock Radish,
Sorghum,
Pearl
Millet,
Buckwheat
Conrad 32016  Pondera Corbin SW May 3,2016  2-4D Lentils May 2, 2016
Conrad 32017 Pondera Warhorse WW  Sep. 15,2016 2-4D Hyline Pea  Apr. 28, 2017
Dutton 2016 Pondera Keldin WW Sep. 11,2015 Class Act, CDC Apr. 5, 2016
RT3, Greenland
Edition
Tank Mix,
Olympus,
Preference
Dutton 2017 Teton Keldin WW Sep. 13,2016 Edition Sawyers Apr. 9, 2017
Tank Mix,

Olympus,

114



Table 3 Continued

Conrad 4 2016

Conrad 4 2017

Brady 2016

Brady 2017

Conrad 1 2016

Pondera

Pondera

Pondera

Pondera

Pondera

Warhorse WW

Warhorse WW

Alzada D

Judee WW

Corbin SW

Sep. 14, 2015

Sep. 12,2016

Apr. 18,2016

Sep. 15,2016

Apr. 22,2016

Preference,
Class Act
Goldsky,
LVeé, Ally

2-4D,
Goldsky,
Ally

Goldsky, 2-

4D, Ally

Goldsky, 2-
4D, Ally

2-4D

Canola,
Camelina,
Flax, Oats,
Radish,
Daikon,
Safflower,
Purple Top
Turnip
Canola,
Camelina,
Flax, Oats,
Radish,
Daikon,
Safflower,
Purple Top
Turnip,
Sunflower
Camelina,
Flax, Oats,
Forage Pea,
Purple Top
Turnip
Camelina,
Flax, Oat,
Forage Pea,
Purple Top
Turnip
Oat, VNS
Common
Vetch,
Clover,
Flax,

Apr. 6,2016

Apr. 10,2017

Apr. 13,2016

May 5, 2017

May 4, 2016

It



Table 3 Continued

Conrad 1 2017

Conrad 2 2016

Conrad 2 2017

Joplin 2016

Joplin 2017

Box Elder 2016

Box Elder 2017

Pondera

Pondera

Pondera

Liberty

Liberty

Hill

Hill

Judee WW

Judee WW

Judee WW

Corbin SW

Vida SW

Judee WW

Judee WW

Sep. 17,2016

Sep. 26, 2015

Sep. 28, 2016

Apr. 19,2016

May 3, 2017

Sep. 12, 2015

Sep. 18,2016

Powerflex

Huskie

Huskie

Glyphosate,
Bromac
Advanced
Glyphosate,
Dicamba, 2-
4D
Bronate, 2-
4D
Bronate, 2-
4D

Lupin,
Forage Pea
Oat, VNS
Common
Vetch,
Clover,
Flax,
Lupin,
Forage Pea
Flax,
Tillage
Radish,
Oats, Feed
Barley,
Turnip,
Rye

Flax,
Tillage
Radish,
Oats, Feed
Barley,
Turnip,
Rye
Yellow
Peas

Yellow
Peas

Hampton

Hampton

May 2, 2017

May 20, 2016

May 17,2017

Apr. 21,2016

May 2, 2017

Apr. 10, 2016

Apr. 5, 2017

(4%



Table 3 Continued

Chester 2016

Chester 2017

Liberty

Liberty

Vida SW

Vida SW

Apr. 20,2016 2-4D

May 1,2017  2-4D

CDC
Richlea
CDC
Richlea

Apr. 3,2016

Apr. 21,2017

97
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Emergence Barrels

Emergence barrels were used to evaluate the parasitoid and WSS
abundance of each field. The first year, post-harvest stubble samples were
collected from each field in May of 2016, as soon as fields had dried enough to
allow access. Post-harvest stubble samples for the second year were collected in
September 2016 and placed in cold storage for the duration of winter. Twenty-
five 30 cm samples of stubble were collected from each field for the emergence
barrel experiments. The 30 cm stubble samples were taken while walking a large

“W?” pattern through the first 20 m of wheat from the field edge (Fig. 3).

Site Locations:

1: Moccasin
2: Conrad 3
3: Dutton
4: Conrad 4
5: Brady

6: Conrad 1
7

8

9

1

BLACKEEET
s JINDIA'N
RESERVATION !

e S

P
MR

: Conrad 2
: Joplin
: Chester

\ 0: Box Elder

MONTANA

Map data ©2019 Google Imagery ©2019 TerraMetrics
Figure 3: Site locations. The marker for Site 7 is behind Site 6.
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20 m from edge

25 m (or more)

Wheat Residue

25 random, 30 cm
samples along the

rlwll

- 1 m from field edge

20 m from edge

Pulse, Cover Crop, or Fallow

Wheat

Figure 4: Sampling schematic for crop residue collected for use in wheat stem sawfly
and parasitoid emergence barrels and postharvest stem samples.

Emergence barrels were constructed using 57 x 86 cm 208-liter plastic

barrel liners (Uline, Pleasant Prairie, W1, S-12589) with a cylinder of wire fencing

(15-cm squares) inside for structure. The 7.5 m of stubble were placed inside the

barrel and a lid was fastened to the top with caulk. The lid was made of two

pieces of poster board taped together and cut to the width of the barrel liner

opening (58 cm). An 8.5 cm diameter circle was cut out of the lid and a plastic jar

cap, also with a hole cut out, was caulked, top down, over the opening. A cone

was made by folding a plastic sheet into a cone and stapling it together. A string

was taped to the cone and hung through the barrel opening to assist insects in
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getting out of the barrel. Wheat stem sawfly are not strong fliers, so the string
helps insects reach the jar. Finally, an 11 cm plastic jar (Uline, Pleasant Prairie,
WI, S-9937) was screwed in to the lid to capture any emerging insects from
within the barrel. Contractor bags. (208-liter) covered the entire barrel other than
the jar to block light from entering anywhere except the opening in the barrel lid.

Once the barrels were constructed, the 7.5 m of wheat stubble was placed
in the container and sprayed with approximately 4.8 ml of water to increase
humidity and facilitate insect emergence. Insects began to emerge around 3 weeks
after removal from the soil or cold storage. Once emerged the insects sensed the
light coming from the top of the barrel and flew towards it. After they passed
through the plastic cone around the jar lid, insects became trapped in the jar.

Barrels were checked daily, and insects from each barrel were collected in
a 50 ml centrifuge tube (Falcon™, Syringa Lab Supplies, Boise, ID). Centrifuge
tubes were then placed in a -30° C freezer overnight to kill the insects. Wheat
stem sawfly were sexed and counted then put in 1.5 ml safe-lock tubes with 95%
ethanol. Parasitoids were sexed, weighed on a microbalance (Explorer, Ohaus,
Parsippany, NJ), and the hind tibia was measured using a digital micrometer

(Digital Micrometer H-2780, Mitutoyo®, Kawasaki, Japan).

Postharvest Samples

Postharvest abundance of WSS and parasitoids was evaluated by
collecting crop residue from each field and splitting the stems in the lab. The

samples were collected in September, shortly after harvest of the crop. Crop
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residue collection was done using the same procedure as for emergence barrels
(Fig. 3). Samples were placed in cold storage the same day they were collected.
The samples were processed by splitting each stem or stem fragment with an X-
ACTO (High Point, NC) knife with a #4 blade and recording whether WSS or
parasitoid cocoons were present in the stem. Other factors such as stem solidness,
cutting, WSS larval tunneling, presence of fungal hyphae, and parasitoid exit
holes were also recorded. Cocoons and hibernacula were also saved in covered

petri dishes and stored at -30° C.

Field Trapping

Yellow sticky cards (Rebell Yellow Trap, Great Lakes IPM, Vestaburg,
MI) were used to capture WSS and braconid parasitoid adults throughout the
growing season. Yellow sticky cards were clamped to 0.6 m sections of 2 cm
rebar with two #4 Bulldog clips (X-ACTO, High Point, NC), and coated in
Tangle-Trap® (Grand Rapids, MI). Two traps per site in 2016 and 4 traps per site
in 2017 used pheromone bubble lures (ChemTica International, Santo Domingo,
Costa Rica) with 9-acetyloxynonanal to attract WSS. The remaining traps were
unbaited to provide a control to compare the baited traps to. The yellow sticky
cards were fastened to the rebar 25 cm above the ground in order to intercept

flying insects as they traveled into the wheat canopy.

2016

During the 2016 field season, there were 10 traps placed along the wheat

fields bordering pulse or cover crops and 6 traps along the wheat fields next to
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fallow. Traps were put out to coincide with WSS and parasitoid emergence (13-17
June). The first trap was placed a minimum of 75 m from the field edge for both
field types. After the first trap, the remaining traps were placed every 25 m along
the field border. A WSS pheromone lure was placed on the traps on either end of
the trap line, and these two traps were both placed 1 m into the wheat crop. The
remaining 8 traps were randomly assigned to 1 m inside the wheat crop or I m
inside the pulse or cover crop.

Six traps were placed in the border between wheat and fallow fields. The
two traps on either end of the trap line were fitted with a WSS lure and placed 1 m
into the wheat field. Two traps were randomly assigned to be 1 m into the fallow
and two were 1 m into the wheat crop. The traps were spaced every 25 m. Wheat
stem sawfly lures were replaced every other week, and the traps were checked
weekly. The number of WSS and parasitoids were recorded for each trap and the
insects were removed from the trap surface. Traps were replaced every 2-3 weeks

as the Tangle-Trap® lost effectiveness.

2017

In 2017, a similar design was used with a few changes. Both wheat
bordering fallow and wheat bordering pulse or cover crop fields received 8 traps,
and all traps were placed 1 m into the wheat because of low trap capture outside
of wheat the previous season. A WSS lure was placed on each odd numbered trap

in both field types. Insects caught in the traps were counted and WSS lures were

changed each week. The traps were replaced when the Tangle-Trap® began to
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lose efficacy. If large numbers of WSS or parasitoids were captured, the sticky
cards were replaced, wrapped in wax paper to preserve sample integrity, and

brought back to the lab where insects were removed and counted.

Figure 5: Example of a trap in the field

Land-Use Data

The land surrounding each research site was categorized and analyzed to
determine the effects of alternate habitat on WSS and parasitoid populations. The
Cropland Data Layers for these areas in 2016 and 2017 were downloaded from

CropScape© (2018). Crop diversity and amount of cropland vs non-crop land
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were analyzed within concentric circles of 0.5, 1, 2, 3, and 4 km radii around the
interface of each wheat crop and the alternate field. These values were correlated
to relative WSS and parasitoid abundance within postharvest samples from the
corresponding wheat field.

The 0.5 and 1 km radii were selected because it is unlikely that WSS can
travel further due to their weak flight abilities (Criddle 1923). These radii lengths
were useful in determining the distance that WSS parasitoids travel to forage. The
2, 3, and 4 km radii were added to this because parasitoids may travel greater
distances to locate additional resources. Another reason for using these larger
areas was that many fields in this study were very large and the 500 m radius may
not have reached outside the field area. Linear regression models were fit to
interpret the extent to which different land uses surrounding wheat fields explain
WSS and parasitoid numbers within the fields. Fallow, winter wheat, spring
wheat, durum wheat, grassland/pasture, and flowering crops were land use types
of particular interest due to their potential to affect WSS and parasitoid

populations.

Statistical Analysis

Although wheat fields on the same farm were comparable, comparisons
among farms are difficult due to differences in climate, cultivar, management,
existing insect population, and soil type. These factors are important unfixed

variables that make conducting an ANOVA among fields impossible. Therefore,
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paired t-tests were conducted using “R” (R Core Team 2016) to assess the
differences in WSS and parasitoid abundance between wheat bordering fallow
and wheat bordering pulse or cover crop fields. Because there were a different
number of traps in the wheat bordering fallow fields and the wheat bordering
pulse or cover crop fields in 2016, the trap captures were averaged for each field
and used for analysis. In 2017 both wheat fields at each site were sampled with
the same number of traps and the total trap capture for each field was used for
analysis. In both years a log base 2 (x+1) transformation was performed to reduce
the variation in insect abundance between sites. Two sample t-tests were also
conducted to test for differences in adult parasitoid weight and parasitoid size
between insects collected in emergence barrels with residue from wheat fields
bordering fallow and wheat fields bordering pulse or cover crop fields using the
t.test package (R Core Team 2016). A Welch’s two sample t-test was used when

the sample data failed to meet the assumption of equal standard deviations.
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RESULTS

Emergence Barrel Results

Data from the emergence barrel experiments show no difference in WSS
or parasitoid numbers between wheat next to fallow and wheat next to alternate
pulse or cover crops (Table 4, 5). In 2016, about half of the sites comparing WSS
and parasitoid abundance in wheat next to fallow and cover crops had large
populations and half did not. Brady, Great Falls, and Conrad 1 had large WSS and
parasitoid populations. The wheat field next to cover crop at the Conrad 2 site
also had a high WSS population, but only 0.9 parasitoids per m?. Dutton was the
only site where we compared wheat bordering fallow to wheat bordering pulse
crops that had a moderately high population of WSS and parasitoids. The 6
remaining sites had very low numbers of WSS and parasitoids emerge from the
barrels (Table 4).

In 2017, there were relatively few WSS in the residue from any of the
fields. The Dutton site had the most WSS with seven in each field (Table 5).
Parasitoid abundance was more consistent throughout the sites than in 2016, but
the Moccasin and Conrad 2 sites each still had fewer than 2 parasitoids per m?
(Table 5). In both years, WSS abundance in the emergence barrels was lower than
what may be expected from data collected through trapping or stem dissection of

the same fields.
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There was no difference in parasitoid body size in the parasitoids from fields next
to pulse or cover crops compared to fields next to fallow. In 2016, there was no
difference in parasitoid tibia length between fields at any of the sites (p > 0.10) (Table 6).
At the Conrad 1 site in 2016, the male parasitoids weighed 8 ug less in wheat fields
bordering the cover crop than in those next to fallow (t = 3.78, p < 0.01) (Table 7).
However, the female parasitoids at the Dutton site followed the opposite trend and
weighed 7 pg more in the fields bordering lentils (t =-2.40, p < 0.05) (Table 7). In 2017,
male parasitoids had significantly longer tibias in the wheat field bordering chickpeas
than in those next to fallow at the Dutton site (t =-1.94, p <0.1) (Table 6). At Conrad 1
the female parasitoids had longer tibias in the wheat adjacent to fallow (t=2.44, p <
0.05). At all other sites there was no difference in parasitoid tibia length between fields (p
>0.10) (Table 6). No overall effect of pulse or cover crops was observed on parasitoid

body size.
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Table 4: The number of adult wheat stem sawfly and adult braconid parasitoids
per m? that emerged from emergence barrels in spring 2016. Stubble was
collected from 2015 wheat crop. Parasitoid sex and species information in
supplemental table 1.

WSS WSS Parasitoids

Wheat Wheat  Wheat Wheat
Site (Emergence Dates) ?ext to next Fo next to next Fo

allow growing fallow growing

wheat  crop wheat crop
Cover Crops
Brady (May 29-July 5) 6.7 16.0 22.7 4.4
Great Falls (May 30-July 5) 17.3 38.7 3.1 35.1
Conrad 1 (May 31-July 9) 12.0 0.9 13.3 8.4
Denton (June 6-21) 0.0 0.0 0.0 3.1
Conrad 2 (June 4-19) 0.0 18.2 0.0 0.4
Chester (June 7-25) 0.4 0.0 0.4 1.3
Pulse Crops
Denton (June 6-16) 0.0 0.0 0.0 2.7
Chester (June 20) 0.4 0.0 0.4 0.4
Dutton (June 1-July 8) 53 5.8 1.8 14.2
Conrad 3 (June 5) 0.0 0.0 0.0 0.9
Box Elder (June 7-20) 0.4 0.0 3.6 1.3

Joplin (June 14-18) 0.0 0.0 0.9 0.4



55

Table 5: The number of adult wheat stem sawfly and adult braconid parasitoids per m?
that emerged from emergence barrels in spring 2017. Stubble was collected from 2016
wheat crop. Parasitoid sex and species information in supplemental table 2.

WSS WSS Parasitoids
Wheat Wheat Wheat Wheat
nextto nextto nextto nextto
fallow growing fallow growing

Site (Emergence Dates)

wheat  crop wheat  crop
Cover Crops
Conrad 4 (July 7-Aug. 18) 0.4 0.0 7.6 12.4
Brady (July 10-Aug. 4) 0.0 0.0 5.8 3.1
Conrad 1 (July 5-Aug. 14) 2.2 0.0 4.9 8.9
Conrad 2 (July 24-29) 0.0 0.0 0.0 1.8
Moccasin (July 19-20) 0.0 0.0 0.9 0.4
Pulse Crops
Chester (July 5-Aug. 3) 0.0 0.0 6.2 0.0
Dutton (July 6-Aug. 15) 3.1 3.1 0.9 8.4
Conrad 3 (July 17-22) 0.0 0.0 0.0 4
Box Elder (July 3-Aug. 15) 0.9 0.0 5.8 1.3

Joplin (July 13-Aug. 11) 0.0 0.0 0.0 53
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Table 6: Average tibia length of male and female B. cephi which emerged from
barrels for sites where each field had at least one parasitoid of the same sex.
Also displays results of two sample t-tests measuring the difference in parasitoid
tibia length between wheat bordering fallow and wheat bordering pulse or cover

crop for each site. Statistical difference (p < 0.1) marked by *.
Emergence Barrel Parasitoid Tibia Length

Average Average

Parasitoid Parasitoid

Tibia Length Tibia

in Wheat Length in

Bordering Wheat

Pulse or Bordering

Cover Crop Fallow p-
Site Year M/F (mm) n  (mm) n t-stat value
Brady 2016 F 1.38 5 134 29 -0.58 0.57
Brady 2016 M 1.11 5 113 22 038 0.71
Conrad1 2016 F 1.32 14 1.33 14 0.14 0.89
Conrad1 2016 M 1.14 10 1.26 9 039 0.19
Dutton 2016 F 1.39 14 1.41 3 030 0.77
Great Falls 2016 F 1.33 50 1.36 6 0.53 0.60
Brady 2017 M 0.79 5 081 7 025 0.81
Conrad1 2017 M 0.83 15 0.88 3 0.65 0.53
Conrad1 2017 F 0.87 5 1.03 7 244 0.04%
Dutton 2017 M 0.83 11 0.73 3 -1.94 0.09*
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Table 7: Average weight of male and female B. cephi which emerged from barrels
for sites where each field had at least one parasitoid of the same sex. Also

displays results of two sample t-tests measuring the difference in parasitoid

weight between wheat bordering fallow and wheat bordering pulse or cover crop

for each site. Statistical difference (p < 0.1) marked by *.
Emergence Barrel Parasitoid Weight

Average
Parasitoid Average
Weight in Parasitoid
Wheat Weight in
Bordering Wheat
Pulse or Bordering
Compariso Yea M/ Cover Crop Fallow t- p-
n r F (ng) n_ (ug n stat  value
Brad 200 F oy 26 29 0.60
Y 6 5 055
Brady 201 M 10 5 13 22 1.17 0.29
Conrad 1 201 F 18 14 20 14 0.79 044
Conrad 1 201 M 8 10 16 9 3.78 0.00*
201 F - «
Dutton 6 29 14 22 3 5 40 0.03
Great Falls 201 F 23 50 24 6 0.20 0.85
200 M
Brady 7 9 5 11 7 0.71 0.50
200 M -
Conrad 1 5 13 15 9 3 170 0.11
201 F
Conrad 1 7 25 5 27 7 0.68 0.53
200 M -
Dutton 7 14 1 12 3 0.55 0.59

Field Trapping Results

Field trapping data show differences between years in the effect of pulse

and cover crops on WSS infestation (unreported data). In 2016, every site, with
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the exceptions of Moccasin and Box Elder, had significantly more WSS in the
wheat fields next to flowering crops than wheat next to fallow (t =-2.86, p < 0.05)
(Table 8, 9). However, the opposite trend was apparent at the cover crop sites in
2017, as all wheat fields next to a cover crop (except at Conrad 2) had fewer WSS
captured than wheat fields adjacent to fallow (Table 10). No difference in WSS
numbers was observed between wheat next to fallow and next to pulse (t =-1.06,
p>0.10) (Table 10, 11).

There were significantly more parasitoids captured in the wheat fields next
to a pulse or cover crop in 2016 (t=-1.85, p <0.10) (Table 9). One exception was
the Brady site, but it was discovered that a parasitoid release (approximately 500
females of both braconid species) was made by MSU County Extension staff the
previous year on the fallow field. This inoculation of parasitoids on the landscape
may have impacted results. Thus, a new wheat field adjacent to fallow was
selected for the Brady site in 2017, and the results were different, with more
parasitoids trapped in the wheat field bordering cover crop (Table 10). Along with
the Brady site, the Conrad 1 and Conrad 2 sites had more parasitoids caught in
wheat bordering a cover crop than in wheat bordering fallow in 2017. However,
no overall difference was observed in parasitoid numbers (Paired t-test, t = 1.06, p
> 0.10) or proportion of parasitoids (Paired t-test, t = 1.23, p > 0.10) between
wheat fields next to fallow and next to a pulse or cover crop in 2017 (t=1.06, p >

0.10) (Table 11).
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To assess if field trapping adult WSS and parasitoids is an effective monitoring
technique, the log2 (x+1) transformed values for WSS and parasitoid numbers in trap
catch and postharvest abundance for each wheat field were displayed on a scatterplot for
both years (Figure 5, 6, 7, 8). A linear best fit and R? value were calculated for each
correlation. In 2016, the R? value for the correlation between WSS trap capture and
abundance in postharvest samples was 0.26. The parasitoid abundance in trap captures
and postharvest samples was loosely correlated in 2016, with an R? of 0.11. The trap
captures in 2017 were more strongly correlated to the insect abundance in postharvest
samples (R? =0.59). Likewise, the correlation between parasitoid trap capture and
abundance in postharvest samples in 2017 is much stronger than in 2016 (R? =0.52). The
postharvest sampling is certainly a more robust data source that is more likely to
represent the true population, however it takes many more resources than field trapping.
If monitoring WSS and parasitoids with limited resources, field trapping may be an

acceptable alternative.
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Table 8: Average capture of one trap for wheat stem sawfly and parasitoids in
each field in the 2016 season, as well as the percentage of total trap capture that

were parasitoids.

2016 Average Trap Catch
Percent
WSS WSS in Parasitoids Percent parasitoids
in wheat Parasitoids  in wheat parasitoids in wheat
wheat  next to in wheat next to in wheat next to
nextto alternate nextto alternate next to alternate
Site fallow  crop fallow crop fallow crop
Cover Crop Sites
Brady 7.2 17.7 6.1 3.2 45.8 15
Conrad 1 3.8 35.3 0.6 12.3 13.6 26
Conrad 2 4.4 7.6 0.3 0.1 6.4 1
Conrad 4 8.3 34.1 16.3 22.7 66.3 40
Moccasin 0.4 0.3 0 0.7 0.0 70
Pulse Sites
Chester 0 0.9 0.2 0.7 100.0 44
Dutton 33.6 48.6 1.5 1.4 43 3
Conrad 3 0.2 3 0.3 0.3 60.0 9
Box Elder 0.7 0.6 0 0.1 0.0 14
Joplin 3.5 2.5 0.2 1.4 5.4 36

Table 9: Comparisons of log2 average total trap captures for the 2016 field
season. The wheat bordering fallow and wheat bordering crop columns report the
untransformed wheat stem sawfly and parasitoid abundance for each group of
fields. Parasitoid percentage is calculated as the percent of total wheat stem
sawfly and parasitoids captured that are parasitoids for each field. Paired t-tests
were done for each comparison. Brady was left out of the analysis due to a
parasitoid release near the fallow field in the previous season, which skewed
results. Statistical difference (p < 0.1) marked by *.

Wheat

Wheat bordering

bordering alternate
Comparison fallow crop t-stat p-value
WSS all sites 5.66 13.73 -2.86 0.02*
WSS pulse sites 6.37 9.33 -1.59 0.17
WSS cover crop sites 4.23 19.33 -2.54 0.06*
Parasitoid all sites 2.34 3.92 -1.85 0.10*
Parasitoid pulse sites 0.40 0.68 -1.56 0.18
Parasitoid cover crop sites 4.66 7.80 -1.41 0.25
Percentage parasitoids all sites 30.6% 27.6% 0.25 0.81
Percentage parasitoids pulse sites 36.6% 23.2% 094 0.39
Percentage parasitoids cover crop sites 21.6% 34.3% -0.62 0.58
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Table 10: Average capture of one trap for wheat stem sawfly and parasitoids in
each field in the 2017 season, as well as the percentage of total trap capture that

were parasitoids.
2017 Trap Catch

WSS WSS in Parasitoids

n wheat in wheat

Parasitoids
in wheat

Percent

Percent

parasitoids in  parasitoids in

wheat nextto  nextto next to wheat next to  wheat next to
next to alternate fallow alternate fallow alternate crop

Site fallow crop crop

Cover Crop Sites

Brady 15.5 7.5 0.4 0.7 23 8

Conrad 1 9.6 7.9 1.1 1.5 10.3 16

Conrad2 4.4 4.3 0.5 0.6 9.7 12

Conrad4 474 27.7 22.9 7.2 32.5 21

Moccasin 0.4 0.2 0.0 0.0 7.1 0

Pulse Sites

Chester 0.4 0.4 0.1 0 15.2 0

Dutton 19.9 18.0 8.1 8.1 29.0 31

Conrad 3 1.8 2.5 0.2 0.1 11.1 2

Box Elder 2.3 2.3 0.1 0.1 3.3 3

Joplin 1.3 1.9 0.1 0.1 4.8 3

Table 11: Comparisons of log2 total trap captures for the 2017 field season. The
wheat bordering fallow and wheat bordering crop columns report the
untransformed wheat stem sawfly and parasitoid abundance for each group of
fields. Parasitoid percentage is calculated as the percent of total wheat stem
sawfly and parasitoids captured that are parasitoids for each field. Paired t-tests
were done for each comparison. Statistical difference (p < 0.1) marked by *.

Wheat

Wheat bordering

bordering alternate
Comparison fallow crop t-stat p-value
WSS all sites 10.3 7.3 1.29 0.23
WSS pulse sites 5.1 5.0 -1.06  0.35
WSS cover crop sites 15.5 9.5 3.08 0.04*
Parasitoid all sites 3.4 1.9 1.06  0.32
Parasitoid pulse sites 1.8 1.6 1.77  0.15
Parasitoid cover crop sites 5.0 2.0 0.27  0.80
Percent parasitoids all sites 12.5% 9.6% 1.23  0.25
Percent parasitoids pulse sites 12.7% 7.7% 1.54 0.20
Percent parasitoids cover crop sites  12.4% 11.4% 0.26 0.81
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Figure 5: Average wheat stem sawfly trap capture per trap and postharvest
sampling regression for 2016. Values underwent a Log2 (x+1) transformation.
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Figure 6: Average wheat stem sawfly trap capture per trap and postharvest sampling
regression for 2017. Values underwent a Log2 (x+1) transformation.
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Figure 7: Average parasitoid trap capture per trap and postharvest sampling regression
for 2016. Values underwent a Log2 (x+1) transformation.
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Figure 8: Average parasitoid trap capture per trap and postharvest sampling regression
for 2017. Values underwent a Log2 (x+1) transformation.
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Postharvest Stem Samples

In 2016, comparison of data obtained from postharvest dissection
indicated that WSS numbers in wheat next to a cover crop or pulse were reduced
by 1.5 (Paired t-test, t = 2.44, p < 0.01) and 2.9 (Paired t-test, t = 3.83, p <0.01)
WSS per 7.5 m wheat row respectively. The largest differences came at the
Conrad 4 and Conrad 1 sites with reductions of 3.5 (Paired t-test, t =2.74, p <
0.05) and 4.7 (Paired t-test, t = 3.10, p < 0.05) WSS per 7.5 m wheat row. The
only site with significantly more WSS next to the alternate crop was Conrad 3
with 1.2 more WSS in the wheat next to pulse (Paired t-test, t =-2.94, p < 0.05)
(Table 14).

The data for parasitoid abundance in 2016 postharvest stem dissection
samples were less conclusive. The only cover crop site which had a significant
increase in parasitoid abundance in the samples from the field of wheat next to
cover crop than the one next to fallow was Conrad 4 (Paired t-test, t =-3.07, p <
0.05). There was no difference between parasitoid abundance in stem dissections
from wheat fields next to cover crop and wheat fields next to fallow (Paired t-test,
t=-1.06, p > 0.10). On average, no difference was observed in parasitoid
numbers between wheat next to pulse and next to fallow (Paired t-test, t =-0.44, p
> 0.10). More parasitoids were recorded in postharvest samples from the wheat
field next to pulse at Dutton (Paired t-test, t = -3.65, p < 0.01), Conrad 3 (Paired t-

test, t =-3.46, p <0.01), and Joplin (Paired t-test, t =-3.12, p < 0.05). But the
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opposite trend was observed at both Box Elder (Paired t-test, t = 1.88, p < 0.10)

and Chester (Paired t-test, t =2.01, p <0.10) (Table 15).

Table 12: Abundance of wheat stem sawfly and parasitoids per m? in 25, 30 cm
postharvest crop residue samples in 2016. Percent parasitoid is the percentage of
parasitoids in the total number of WSS and parasitoids in each wheat field.

Percent stem cutting is the percentage of wheat stems sampled that were cut by a
WSS larva.

Parasitoid Percent Percent Stem
WSS Abundance Abundance Parasitoid Cutting

Wheat Wheat Wheat Wheat Wheat Wheat Wheat Wheat
next next to next next to next next to next next to

to alternate to alternate to alternate to alternate
Site fallow crop fallow crop fallow crop fallow crop
Cover Crop Sites
Brady 4.9 6.7 2.2 3.6 31 35 2 2
Conrad 1 66.7 14.7 7.6 3.1 10 18 9 2
Conrad4 404 22 2.7 11.1 6 83 7 0
Conrad2  62.2 68.9 3.1 0.9 5 1 9 10
Moccasin 0.4 1.3 0.0 0.9 0 40 0 0

Pulse Sites

Conrad3 0.0 13.3 0.0 8.9 0 40 0 5
Dutton 197.8  130.2 4 18.7 2 13 20 17
Joplin 61.3 0.4 0.9 6.7 1 94 8 0
Box Elder 107.1 56.9 7.6 4.4 7 7 9 7
Chester 3.1 0.0 4.9 1.3 61 100 1 0
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Table 13: Abundance of WSS and parasitoids in 25, 30 cm postharvest crop
residue samples in 2017. Percent parasitoid is the percentage of parasitoids in the
total number of WSS and parasitoids in each wheat field. Percent stem cutting is
the percentage of wheat stems sampled that were cut by a WSS larva.

Parasitoid Percent Percent Stem
WSS Abundance Abundance Parasitoid Cutting

Wheat Wheat Wheat Wheat Wheat Wheat Wheat Wheat
next next to next next to next next to next next to

to alternate to alternate to alternate to alternate
Site fallow crop fallow crop fallow crop fallow crop
Cover Crop Sites
Brady 295.6 103.1 3.1 4 1 4 30 12
Conrad 1 206.7 147.1 4.4 6.2 2 4 38 23
Conrad 4 240.0 48 4.4 32 2 40 39 6
Conrad2 62.2 192 1.3 11.1 2 6 11 34
Moccasin 0.9 0.4 0.4 1.3 33 75 0 0
Pulse Sites
Conrad3 36.4 112.9 1.3 19.6 4 15 10 20
Dutton 114.7 172.9 24 40.9 17 19 28 37
Joplin 43.1 44 1.8 53 4 11 11 7
Box
Elder 2111 158.7 2.7 1.3 1 1 63 52

Chester 7.6 0.9 2.2 4.4 23 83 2 0
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Table 14: Results of paired t-tests performed on the difference in wheat stem
sawfly numbers from the 25 paired 30 cm postharvest wheat residue samples from
the wheat field next to fallow and the wheat field next to an alternate crop for
each site in 2016. Columns reporting wheat stem sawfly abundance show the
average number of wheat stem sawfly larvae in the 25 paired crop residue
samples for each wheat field. Statistical difference (p < 0.1) marked by *.

2016 Postharvest WSS Abundance

Mean WSS~ Mean WSS Number
. . WSS -
. abundance in  abundance in of paired

Site abundance p-value

wheat next to  wheat next to samples

t-stat

fallow alternate crop analyzed
Cover Crop Sites
Brady 0.4 0.6 -0.78 0.45 25
Conrad 1 6.0 1.3 3.10 0.01* 25
Conrad 4 3.7 0.2 2.74 0.01* 25
Conrad 2 5.6 6.2 -0.29 0.78 25
Moccasin 0.0 0.1 -1.00 0.33 25
All cover crop sites 3.2 1.7 2.44 0.02* 125
Pulse Sites
Conrad 3 0.0 1.2 -2.94 0.01* 25
Dutton 17.1 11.9 1.82 0.08* 25
Joplin 5.56 0.0 5.00 0.00* 25
Box Elder 9.6 5.1 2.51 0.02* 25
Chester 0.3 0.0 2.59 0.02* 25

All pulse sites 6.5 3.6 3.83 0.00* 125
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Table 15: Results of paired t-tests performed on parasitoid numbers from the 25,
30 cm postharvest wheat residue samples from the wheat field next to fallow and
the wheat field next to an alternate crop for each site in 2016. Columns reporting
WSS abundance show the average number of parasitoids in the 25 crop residue

samples for each wheat field. Statistical difference (p < 0.1) marked by *.

2016 Postharvest Parasitoid Abundance

Mean Mean Number
parasitoid parasitoid Parasitoid of
Site abundance in  abundance in abundance p-value paired
wheat nextto  wheat nextto  t-stat samples
fallow alternate crop analyzed
Cover Crop Sites
Brady 0.2 0.3 -0.57 0.57 25
Conrad 1 0.6 0.2 1.30 0.21 25
Conrad 4 0.2 1.0 -3.07 0.01* 25
Conrad 2 0.2 0.1 1.00 0.33 25
Moccasin 0.0 0.1 -1.45 0.16 25
All CC Sites 0.2 0.3 -1.06 0.29 125
Pulse Sites
Conrad 3 0.0 0.8 -3.46 0.00* 25
Dutton 0.3 1.4 -3.65 0.00* 25
Joplin 0.0 0.5 -3.12 0.01* 25
Box Elder 0.6 0.3 1.88 0.07* 25
Chester 0.4 0.1 2.01 0.06* 25
All Pulse Sites 0.4 0.5 -0.44 0.66 125
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Table 16: Results of paired t-tests performed on wheat stem sawfly numbers from
the 25, 30 cm postharvest wheat residue samples from the wheat field next to
fallow and the wheat field next to an alternate crop for each site in 2017. Columns
reporting wheat stem sawfly abundance show the average number of wheat stem
sawfly larvae in the 25 crop residue samples for each wheat field. Statistical
difference (p < 0.1) marked by *.

2017 Postharvest WSS Abundance

Mean WSS~ Mean WSS Number
. . WSS .
. abundance in abundance in of paired

Site abundance p-value

wheat next to wheat next to samples

t-stat

fallow alternate crop analyzed
Cover Crop Sites
Brady 26.6 9.3 6.42 0.00* 25
Conrad 1 18.6 13.2 2.67 0.01%* 25
Conrad 4 21.6 4.3 12.8 0.00* 25
Conrad 2 5.6 17.3 -7.81 0.00* 25
Moccasin 0.1 0.0 0.57 0.57 25
All CC Sites 14.5 8.8 4.52 0.00* 125
Pulse Sites
Conrad 3 3.3 10.2 -4.70 0.00* 25
Dutton 10.3 15.6 -3.71 0.00* 25
Joplin 3.9 4.0 -0.12 0.91 25
Box Elder 19.0 14.3 1.56 0.13 25
Chester 0.7 0.1 3.46 0.00* 25

All Pulse Sites 7.4 8.8 -1.68 0.10* 125
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Table 17: Results of paired t-tests performed on parasitoid numbers from the 25,
30 cm postharvest wheat residue samples from the wheat field next to fallow and
the wheat field next to an alternate crop for each site in 2017. Columns reporting
WSS abundance show the average number of parasitoids in the 25 crop residue
samples for each wheat field. Statistical difference (p < 0.1) marked by *.

2017 Postharvest Parasitoid Abundance

Mean Mean Number
parasitoid parasitoid Parasitoid of
Site abundance in abundance in abundance _1 paired
wheat next to wheat next to t-stat value samples
fallow alternate crop analyzed
Cover Crop Sites
Brady 0.3 0.4 -0.40 0.69 25
Conrad 1 0.4 0.6 -0.70 0.49 25
Conrad 4 0.4 2.9 -5.06 0.00* 25
Conrad 2 0.1 1.0 -3.56 0.00* 25
Moccasin 0.0 0.1 -0.81 0.43 25
All CC Sites 0.2 1.0 -4.91 0.00* 125
Pulse Sites
Conrad 3 0.1 1.8 -4.06 0.00* 25
Dutton 22 3.7 -1.64 0.11 25
Joplin 0.2 0.5 -1.55 0.13 25
Box Elder 0.2 0.1 1.37 0.19 25
Chester 0.2 0.4 -0.93 0.36 25
All Pulse 0.6 1.3 -3.27 000¢ %
Sites

In 2017, WSS abundance in postharvest samples from the cover crop sites
followed the same trend as in 2016; more WSS in the wheat fields grown next to
fallow than next to a cover crop (Paired t-test, t =4.52, p < 0.01). This was true of
all cover crop sites except for Conrad 2. The postharvest stem dissection results
were more variable for WSS abundance at pulse sites. Stem dissections yielded
6.9 and 5.3 more WSS per sample in the wheat fields next to pulse crops than

those next to fallow at Conrad 3 (Paired t-test, t = -4.70, p < 0.01) and Dutton
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(Paired t-test, t =-3.71, p < 0.01) respectively. The only pulse site with more
WSS in the wheat field next to fallow was Chester (Paired t-test, t =3.27, p <
0.01). Overall, postharvest stem dissections yielded 1.4 more WSS in wheat fields
next to pulse than in those next to fallow in 2017 (Paired t-test, t =-1.68, p <
0.10) (Table 16).

Dissection of 2017 postharvest wheat residue from cover crop sites had
increased parasitoids in wheat fields next to cover crop compared to those next to
fallow by 2.5 at Conrad 4 (Paired t-test, t =-5.06, p < 0.01) and 0.9 at Conrad 2
(Paired t-test, t =-3.56, p < 0.01). Overall, there was a 0.8 parasitoid reduction per
7.5 m wheat residue from fields next to cover crop (Paired t-test, t =-4.91, p <
0.01). Parasitoids were more abundant in the postharvest samples from wheat
fields next to a pulse crop at all pulse sites other than Box Elder. However, the
only site with statistically greater parasitoid abundance in the wheat field next to
pulse was Conrad 3 (Paired t-test, t =-4.06, p < 0.01). When paired fields at all
pulse sites were considered, there were significantly more parasitoids in the wheat
next to pulse (Paired t-test, t =-3.27, p <0.01) (Table 17).

During stem dissection of postharvest crop residue samples, the
percentage of wheat stems that were cut by WSS larvae was also recorded. The
wheat field seeded next to cover crop had an 8 percentage point reduction in WSS
stem cutting at Conrad 1 (Paired t-test, t = 3.05, p < 0.05) and a 6 percentage point
reduction at Conrad 4 (Paired t-test, t = 2.88, p < 0.05) in 2016. Stem cutting by

WSS was reduced by 2 percentage points on average across all cover crop sites in
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2016 (Paired t-test, t = 2.52, p < 0.05). Postharvest stem dissection data also
suggest that wheat fields next to a pulse crop had a stem cutting rate of 6%
compared to 8% in fields next to fallow in 2016 (Paired t-test, t = 1.95, p < 0.10).
The only pulse site with a significantly lesser rate of cut stems in the wheat next
to pulse on its own was Joplin (Paired t-test, t = 5.07, p < 0.01) (Table 18).

Wheat stems were cut at a rate of 24% in wheat next to fallow compared
to 15% in fields next to cover crop in 2017 (Paired t-test, t =4.28, p <0.01). The
only contradiction was at the Conrad 2 site, where stem cutting rate was 23
percentage points higher in the wheat next to cover crop (Paired t-test, t = -8.48, p
<0.01). No overall trend was observed for the difference in stem cutting rate
between wheat fields next to pulse crops and next to fallow in 2017 (Paired t-test,
t=-0.15, p>0.10). There was a greater percentage of WSS cut stems next to
fallow than in the field next to pulse at the Chester (Paired t-test, t =4.76, p <
0.01), Box Elder (Paired t-test, t = 3.26, p < 0.01), and Joplin sites (Paired t-test, t
=1.82, p <0.10). But these results were contradicted when more stem cutting was
observed in the field next to pulse at the Conrad 3 (Paired t-test, t =-3.74, p <

0.01) and Dutton sites (Paired t-test, t =-3.19, p < 0.01) (Table 19).
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Table 18: Table of the proportion of wheat stem sawfly cut stems in each wheat field
in 2016. The final 2 columns are the results of paired t-tests of the difference between
the percentage of cut stems in the wheat field next to fallow and the wheat field next

to an alternate crop at each site. Statistical difference (p < 0.1) marked by *.

2016 Proportion of WSS Cut Stems

Mean Mean
Number
' percentag(? of percentag@ of £ paired
Site cut stems in cut stems in t-stat p-value ol patre
wheat nextto  wheat next to samples
fallow alternate crop analyzed
Cover Crop Sites
Brady 2 2 0.01  0.99 25
Conrad 1 9 2 3.05 0.01* 25
Conrad 4 7 0 2.88 0.01* 25
Conrad 2 9 10 -0.23  0.82 25
Moccasin 0 0 097 0.34 25
All Cover Crop Sites 6 3 252 0.01* 125
Pulse Crop Sites
Conrad 3 0 5 -3.35  0.00* 25
Dutton 20 17 0.81 043 25
Joplin 8 0 5.07  0.00* 25
Box Elder 9 7 1.27  0.22 25
Chester 1 0 1.88  0.07* 25
All Pulse Crop Sites 8 6 1.95  0.05* 125
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Table 19: Table of the percentage of stems cut by wheat stem sawfly in each
wheat field. The final 2 columns are the results of paired t-tests of the difference
between the percentage of cut stems in the wheat field next to fallow and the
wheat field next to an alternate crop at each site. Statistical difference (p < 0.1)
marked by *.

2017 Proportion of WSS Cut Stems

Mean Mean Number
percentage of  percentage of of
Site cut stems in cut stems in t-stat p-value paired
wheat nextto ~ wheat next to samples
fallow alternate crop analyzed
Cover Crop Sites
Brady 30 12 8.73 0.00* 25
Conrad 1 38 23 4.63 0.00* 25
Conrad 4 39 6 13.33 0.00* 25
Conrad 2 11 34 -8.48 0.00* 25
Moccasin 0 0 0.27 0.79 25
All Cover Crop Sites 24 15 428  0.00* 125
Pulse Crop Sites
Conrad 3 10 20 -3.74  0.00* 25
Dutton 28 37 -3.19  0.00* 25
Joplin 11 7 1.82  0.08* 25
Box Elder 63 52 3.26  0.00%* 25
Chester 2 0 476 0.00* 25
All Pulse Crop Sites 23 23 -0.15  0.88 125

WSS and parasitoid abundances in the postharvest crop residue samples
were also used in the analysis of the land-use data. Multiple linear regression was
used to analyze which land-use types had the largest impact on WSS and
parasitoid abundance in wheat fields. Land-use types from the CropScape data
layers were broken into the following groups; fallow wheat, winter wheat, spring
wheat, durum wheat, grassland/pasture, flowering crops, and developed space.

We found that the most impactful factor on WSS abundance in wheat fields was
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the proportion of fallow wheat on the landscape within a 2 km radius of the field
(Fig. 9). According to our model, the regression equation of square root
transformed WSS abundance on the proportion of fallow land on the landscape
within a 2 km radius is Y = 18.96X + 6.08 (F: 3.93, p <0.05) where Y is square
root WSS abundance and X is the proportion of fallow within 2 km

(Supplemental Table 3). No land-use factors had any significant correlation with

parasitoid numbers.

Regression of WSS Abundance on Percentage of Fallow Land
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Figure 9: The square root of WSS abundance in postharvest crop residue from
each wheat field regressed on the percentage of land within 2 km which is fallow.
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DISCUSSION

Study Objectives

The first objective of this study was to determine if parasitoid abundance
increased (or decreased) in wheat fields when flowering pulse or cover crops were
seeded on the wheat residue from the previous crop, as opposed to fallowing the
previous season’s wheat residue. Data from the emergence barrels do not show a
clear difference in parasitoid abundance between residue from wheat fields grown
next to a pulse or cover crop and wheat fields grown next to fallow (Table 4, 5).

Trap captures of adult parasitoids throughout the growing season indicate
that there were 1.6 more parasitoids caught per trap in wheat fields seeded next to
a pulse or cover crop in 2016 (Paired t-test, t = -1.84, p < 0.10) (Table 9), but no
difference was detected in 2017 (Paired t-test, t = 1.06, p > 0.10) (Table 11). Data
gathered from field trapping did not show a consistent difference in parasitoid
numbers between wheat next to fallow and wheat next to pulse or cover crops.

Our parasitoid abundance data from postharvest stem dissection provided
differing results depending on year. In 2016 there was no evidence of a difference
in parasitoid abundance between wheat fields next to fallow or next to a flowering
cover crop (Paired t-test, t = -1.06, p > 0.10) or pulse crop (Paired t-test, t = -0.44,
p > 0.10) (Table 15). The only site with significantly greater parasitoid abundance
in the wheat field next to an alternate crop versus next to fallow was Conrad 4
(Paired t-test, t = -3.07, p < 0.05). In 2017, 0.8 additional parasitoids were

observed per 30 cm crop residue in wheat grown next to cover crops (Paired t-
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test, t =-4.91, p <0.01) and a 0.7 parasitoid increase next to pulse crops (Paired t-
test, t =-3.27, p <0.01) in the dissected postharvest samples (Table 17). These
data show that, contrary to numbers provided by emergence barrels and traps,
there was an increase in parasitoid abundance in wheat fields next to flowering
Crops.

There were 1.5 more WSS on average in 30 cm crop residue from fields
next to fallow than those next to cover crop (Paired t-test, t = 2.44, p < 0.05), and
2.9 additional WSS were observed per 30 cm crop residue in the field next to
fallow than next to pulse (Paired t-test, t = 3.83, p < 0.01). Although no difference
in parasitoid abundance between wheat next to fallow and wheat next to flowering
crops was observed in 2016, a greater proportion of parasitoids to WSS was
evident in wheat fields next to flowering crops (Table 14, 15). An interesting
result of the 2017 postharvest WSS abundance analysis was that overall, wheat
fields next to pulse crops had 1.4 additional WSS per 30 cm row than their fallow
pairs (Paired t-test, t = -1.68, p < 0.10), but wheat next to cover crops had 5.7 less
WSS per 30 cm row (Paired t-test, t = 4.52, p < 0.01) (Table 16). Regardless,
wheat next to pulse and cover crops had 0.7 (Paired t-test, t =-3.27, p <0.01) and
0.8 (Paired t-test, t =-4.91, p < 0.01) additional parasitoids per 7.5 m of crop
residue respectively than paired fields adjacent to fallow (Table 17).

Wheat stem sawfly trap captures in 2016, like parasitoid trap captures,
were greater in wheat fields adjacent to a pulse or cover crop (Paired t-test, t = -

2.63, p <0.05) (Table 9). Because the numbers of both WSS and parasitoids were
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greater in the wheat fields next to pulse or cover crops in 2016, the proportion of
parasitoids within total insect capture was not different between wheat fields
grown next to fallow and wheat fields grown next to pulse or cover crop (Paired t-
test, t =0.25, p > 0.10) (Table 9). However, the trapping data that suggest WSS
were more abundant in wheat fields next to pulse or cover crops than in wheat
next to fallow were contradicted by the postharvest WSS abundance data.

In 2017 there was no statistical difference between number of WSS
trapped in wheat fields next to pulse crops versus those next to fallow (Paired t-
test, t =-1.06, p > 0.10), and 6 fewer WSS per trap were caught in wheat fields
next to cover crops compared to wheat next to fallow (Paired t-test, t = 3.08, p <
0.05) (Table 11). This was corroborated by the postharvest stem dissection data,
which suggest an increase of only 1.4 WSS per 30 cm crop residue in wheat fields
next to pulse crops than wheat next to fallow (Paired t-test, t =-1.68, p <0.10),
and a decrease of 5.7 parasitoids per 30 cm crop residue (Paired t-test, t =4.52, p
<0.01) (Table 16).

However, in 2016 the field trapping results did not match the data from
postharvest samples as well as in 2017. An additional 3 WSS per trap were
captured in fields next to pulse than in those next to fallow, and an increase of
15.1 WSS was observed in fields next to cover crop. Data from postharvest stem
samples however show a 2.5 and 1.5 WSS decrease in pulse and cover crops

respectively.
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We believe that the change in the field trapping study design between
2016 and 2017 was responsible for trapping data matching the postharvest stem
dissections more closely in 2017. In 2016, the design of putting half of the traps in
either the alternate growing crop or fallow wheat did not provide accurate data.
The traps in the pulse or cover crops caught many more WSS than those in the
fallow field. A possible explanation is that the yellow, sticky traps were more
attractive to WSS adults in the absence of alternate crops than when the pulse or
cover crop was present. Criddle (1923) recorded instances of adult WSS visiting
yellow flowers. The yellow traps may attract WSS traveling into the wheat crop
from fallow, but not be as evident to WSS leaving a pulse or cover crop. While
pulse and cover crops do not attract WSS, they provide shelter from rain, wind,
and avian predation. They also make it more difficult for WSS adults emerging
from wheat residue in the pulse or cover crop fields to locate and move into the
wheat crop, thus increasing the time adult WSS spend on the interface between
the two fields and in proximity to the traps.

In 2017, all traps were placed 1 m into the wheat field to limit any
confounding effects of comparing trap catch from a fallow field to trap catch from

a field of pulse or cover crop. These changes caused trap data to more closely
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Figure 10: Field maps for the Conrad 3 site in 2016. Light blue represents areas of
prairie grasses and dark blue represent areas of riparian grasses. Map created from
Montana Natural Heritage Map Viewer, http://mtnhp.org/mapviewer/.

resemble postharvest results in 2017 (Linear Regression, R? = 0.59) than in 2016
(Linear Regression, R? = 0.26) (Fig. 5, 6). Although data correlated more closely
in 2017, the stem dissection data were still better. The more intensive sampling
yielded more analytical power to show differences in WSS and parasitoid
abundance between fields. In addition, more information can be gathered from
stem dissections than field trapping such as rate of WSS larval mortality, fungal
mortality, and stem cutting rate.

Analysis of stem cutting rate provides a good indicator of the potential
crop damage due to WSS. In 2016, the rate of stem cutting was reduced by 2
percentage points in both wheat next to pulse (Paired t-test, t = 1.95, p < 0.10) and

cover crop (Paired t-test, t = 2.52, p < 0.05) when compared to paired fields next
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to fallow (Table 18). The only site to have more stems cut next to pulse in 2016
was Conrad 3, which is consistent with the postharvest estimate of WSS
abundance (Table 14). A large area of riparian and prairie grasses between the
wheat and fallow fields may have been why stem cutting and WSS abundance
were reduced in wheat next to fallow compared to wheat next to lentils (Figure
10). This grass may have intercepted WSS as they searched for hosts after
emerging from the fallow field, preventing WSS from infesting the wheat. The
riparian grasses are more of a sink than regular grassland because the additional
moisture in the riparian area causes the grass to be more vigorous and desirable to
WSS.

The difference in stem cutting between wheat fields did not match the
difference in WSS abundance at the Dutton site in 2016. There were significantly
more abundant WSS in the wheat field next to fallow (Table 14), but there was no
difference in the rate of stem cutting (Table 18). This may have been due to a
difference in the density of the wheat stand between the two fields (unreported
data). In the wheat field next to fallow, the denser stand of wheat with more stems
reduced the percentage of cut wheat stems. Even though there were more WSS in
the wheat field next to fallow, the proportion of WSS to available wheat stems did
not differ.

There was a much greater rate of stem cutting in the wheat field next to
cover crop at the Moccasin site in 2017. This is probably due to natural

differences in WSS populations between the two wheat fields, and the fact that the
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cover crop emerged late. There were more cut stems in the wheat next to the pea
field at Conrad 3 in 2017 as well. However, irrigation was a confounding factor at
this site, because the wheat field next to fallow was irrigated while the field
adjacent to peas was not. Additionally, more WSS mortality was attributed to
fungal pathogens in the irrigated wheat field adjacent to fallow (unreported data).
There were more cut stems in samples collected from the wheat field next to
chickpeas than in samples from the field next to fallow at the Dutton site. There
were more abundant parasitoids in samples taken adjacent to the chickpea crop,
but more WSS infestation as well.

Stem cutting rate was higher in 2017 than 2016 (Table 18, 19). Rate of
stem cutting was reduced by 8 percentage points in wheat next to cover crop
compared to paired fields (Paired t-test, t = 4.28, p <0.01). However, no
difference was observed between stem cutting rates in wheat next to pulse and
wheat next to fallow (Paired t-test, t =-0.15, p > 0.10). WSS and parasitoid
abundance data match this result. There were more WSS in the fields next to
pulse, but more parasitoids were there as well.

Parasitoids were observed aggregating on the flowers of lamb’s quarters
(Chenopodium album) growing in the field margins at both fields, but primarily at
the edge of the fallow field next to wheat. The presence of lamb’s quarters in the
margin of the fallow field may have attracted enough parasitoids to mute the
effect of the chickpea crop on the other wheat field. Considering that there were

many less WSS in the wheat field next to fallow to begin with, the extra
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parasitoids brought in by the lamb’s quarters may have reduced the damage done
by WSS in that field. There were significant reductions of WSS cut stems in the
wheat adjacent to pulse in Joplin, Box Elder, and Chester. The wheat fields next
to cover crops had 8 percentage points less cutting compared to wheat next to
fallow in 2017 (Paired t-test, t = 4.28, p <0.01) (Table 19).

Postharvest data show large differences in WSS abundance, parasitoid
abundance, and stem cutting in favor of wheat next to cover crop at the Conrad 4
site in both years (Table 14, 15, 16, 17, 18, 19). In 2017, the field next to fallow
had 39% cut stems while the one adjacent to cover crop had only 6% cutting
(Table 19). This may be attributed to a difference in WSS population size between
the two fields (Table 12, 14), but this cover crop was also beneficial to the rate of
parasitism.

Aggregations of parasitoids were seen on the leaves of sunflowers
(Helianthus annuus) seeded in the cover crop (Figure 11). Sunflowers have
bracteal extrafloral nectaries which attract more parasitoids than other nectary
morphologies (Quispe 2017). Extrafloral nectaries improve parasitoid fitness
through increased host seeking ability, longevity, and resources for oogenesis.
Extrafloral nectaries are also present in the field for longer periods than

inflorescences (Géneau et al. 2012; 2013; Pemberton and Lee 1996, Stapel et al.
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1997; Wickers 2004). The aggregation of parasitoids on sunflower was observed

over a three-week period and could have increased parasitoid success.

Figure 11: Parasitoid aggregation on sunflower
(Helianthus annuus) in the cover crop field at the
Conrad 4 site in 2017.

Safflower was another plant unique to this cover crop that may provide a
benefit to parasitoids. Reis (2018) found that access to safflower increases the
longevity of female B. cephi parasitoids. Oats (4vena sativa) may have been
another beneficial component of this cover crop mix. Wheat stem sawfly

preferentially oviposit in oats but cannot complete their life cycle within the oat
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stem (Holmes and Peterson 1961). This creates a biological ‘dead end’ and
prevented some WSS from infesting the wheat, as described by Sing (2002). The
Conrad 4 cover crop mix with sunflower, safflower, and oats was the best cover
crop for attracting parasitoids (Table 15, 17) and reducing stem cutting (Table 18,
19).

Overall, the rest of the sites had a lower rate of stem cutting in samples
collected from wheat fields next to pulse or cover crops than wheat next to fallow,
except for one. Although the Conrad 2 site had a cover crop, it was late to emerge
both years and remained essentially fallow throughout most of the WSS and first-
generation parasitoid flight. The more abundant population of WSS was then able
to infest the wheat field next to cover crop without the added predation that the
cover crop field may have provided through an increased parasitoid population.
This combination of factors caused the wheat field next to cover crop to have a
greater rate of stem cutting than the wheat field next to fallow at the Conrad 2 site
in 2016 and 2017.

The second objective of this study was to determine if parasitoids
emerging from wheat beside a pulse or cover crop had larger bodies than
parasitoids emerging from wheat grown adjacent to fallow. No trend for an effect
of pulse or cover crops on parasitoid size was evident (Table 6, 7). This suggests
no direct benefit is provided to the next generation by increased availability of
sugar resources to the parents. Comparisons were made using newly emerged

adult parasitoids with no access to food, so the only source of nutrition was the
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WSS host. Differences in quality of the host larva, and indirectly host plant
quality, were responsible for any difference in parasitoid size rather than
additional nectar availability. Increased nectar resources may increase adult
female body size and fecundity, yet any increase in carbohydrate reserves
probably will not pass to their offspring. However, it is likely that access to nectar
allows female parasitoids to develop more eggs and locate more hosts, thereby
increasing WSS control provided by individual parasitoids (Salt 1941; Landis et
al. 2000; Gurr et al. 2017; Reis 2018).

Another goal of this study was to determine whether field trapping is an
acceptable alternative to postharvest stem dissection for surveying populations of
WSS and braconid parasitoids. Postharvest stem dissections have the drawback of
being time consuming and labor intensive compared to trapping WSS and
parasitoid adults in the field. But stem dissections also have many advantages
over field trapping. There are a lot of data gained from stem dissections that
cannot be discerned from trap captures, such as parasitism rate, WSS and
parasitoid mortality, and wheat stem solidness.

Stem dissections also sample the larval WSS which are causing damage to
the wheat crop as opposed to adults caught in traps which are the parents of the
generation causing damage. This makes stem dissections ideal for studies that
require intensive WSS and parasitoid sampling. Trapping is much less time
consuming, making it an ideal method for gathering data in real time about WSS

and parasitoid adult populations. However, trapping does not capture as many
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insects in the sampled area as stem dissections. This makes trapping less suitable
for areas with low abundances of WSS and parasitoid adults.

Trap placement is critical to the success of a trapping survey, as we saw in
the difference in the correlation of trap captures and stem dissections between
2016 and 2017 (Figure 5, 6, 7, 8). In 2016, half of the traps were in the field
adjacent to wheat, which made trap catches inconsistent. Having a differing
number of traps on the interface of wheat and fallow fields and wheat and cover
or pulse crop fields also caused discrepancies in WSS (R?: 0.25) and parasitoid
(R2: 0.11) abundances between field trapping and postharvest stem dissections. In
2017 all traps were placed 1 m inside the wheat crop, and 8 traps were placed on
each wheat field. This methodology performed better and had much higher
correlation of WSS (0.59) and parasitoid (0.52) abundances between trapping and

stem dissection.

Effects of Landscape Composition

Many papers show that herbivore abundance may increase with increasing
landscape diversity (Jonsen and Fahrig 1997; Ragsdale et al. 2011). Perez-Alvarez
et al. (2018) reported that increased meadow habitat around cabbage fields in
New York state increased aphid and flea beetle abundance while decreasing
lepidopteran pest abundance. Aphids and flea beetles benefitted from the
undisturbed non-crop habitat, while lepidopteran pests suffered an increased

number of parasitoids coming from the meadows. Semi-natural and natural
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grasslands may provide a role similar to meadow habitat and provide a source of
parasitoids to attack WSS in the wheat crop but are most likely not a significant
sink to WSS because wheat is usually a more desirable host than native grasses.
However, there is a major difference between the two systems. While
lepidopteran parasitoids are specialized on lepidopteran hosts, they can still take
multiple species as hosts. The braconid parasitoids of WSS are not known to
attack any other species. So, while grasslands may provide a source of parasitoids,
they can only do so if there are WSS there as well.

Increasing crop diversity throughout the landscape is a benefit because it
reduces host availability for WSS. Rand et al. (2014) claim that in this system,
damage caused by WSS is not driven by landscape complexity so much as the
amount of wheat on the landscape. As wheat cover decreases, so does WSS
infestation, but no relationship was observed with the amount of natural
grasslands in the area. One exception was the area of riparian grass between the
wheat and fallow fields at Conrad 3 in 2016. This grass likely acted as a trap that
intercepted WSS as they searched for hosts after emerging from the fallow field.
Because of the available moisture, these grasses were green and vigorous
throughout WSS flight. However, this is unlikely to happen at a significant scale
on the landscape because the wet, riparian habitat is relatively uncommon in the
region.

All sites in this study had relatively similar proportions of wheat and

fallow wheat in the surrounding area, except for Moccasin in central Montana and
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Chester in north central Montana which had limited infestation of WSS (Table 12,
13). The site in central Montana had significantly less wheat and fallow on the
landscape than the other sites in the study, and the Chester site had less winter
wheat on the surrounding landscape than sites with more WSS infestation
(Supplemental Table 4). This corresponds with the results of our analysis on the
response of WSS abundance to different land cover compositions in which we
found that fallow acreage within a 2 km radius is the main driver of WSS
abundance (Fig. 9). The proportion of fallow wheat on the landscape positively
correlates with WSS numbers because it is a measure of the amount of habitat
available to the previous generation. It is also a source of adult WSS which infest
the current wheat crop.

The specialization of WSS as it adapted to wheat contributed to this effect.
Wheat matures much more quickly than grasses native to the northern Great
Plains. Wheat stem sawfly, a univoltine species, has quickly adapted its life cycle
to synchronize with the winter wheat system that is prevalent in the study area.
Meanwhile, bivoltine parasitoids are often unable to complete their second
generation in the more rapidly maturing wheat (Holmes et al. 1963). When the
crop matures too quickly, such as in a drought, it can cause the parasitoid
population to crash, greatly reducing available biocontrol in the following season
(Holmes et al. 1963). More natural grassland in the vicinity of the field may act as
a source for parasitoids after these drought events and help maintain a constant

parasitoid population. Natural or semi-natural grassland also increases parasitoid
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success leading to a reduction in WSS survival in grass relative to wheat (Rand et
al. 2014).

Increased wheat acreage on the landscape provides more abundant,
healthy hosts for WSS. Studies of other systems have shown that increasing
acreage of a highly suitable host crop throughout the landscape greatly increases
insect pest abundance (Beckler et al. 2004; O’Rourke et al. 2011; Carricre et al.
2012). Additionally, increased acreage of a crop in the landscape is correlated
with host plant connectivity (Fahrig 2013), which allows WSS to easily locate
nearby crops to infest when they emerge in the spring.

Carriere et al. (2012) found a similar increase in Lygus spp. density in
cotton in areas with greater amounts of cotton, uncultivated habitats, and seed
alfalfa on the surrounding landscape. Lygus spp. overwinter in uncultivated
habitats then move into seed alfalfa crops in the spring. As the population
develops, adult Lygus spp. migrate to cotton and cause severe damage. O’Rourke
et al. (2011) found that Diabrotica virgifera abundance was highly correlated with
corn field connectivity and it is likely that a similar reaction to the wheat
dominated landscape is happening with WSS. The number of WSS hosts per acre
is increased by an order of magnitude in wheat crops versus natural grasslands
(Rand et al. 2014).

In addition, the increased stem diameter and vigor of wheat compared to
natural grasses greatly improves the availability and quality of food resources

within the stem (Criddle 1922; Perez-Mendoza et al. 2006b). The plant vigor
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hypothesis proposed by Price (1991) states that plants growing more vigorously
and of a greater size than other plants within their population are favorable to
insect herbivores, particularly endophytic herbivores such as WSS. In addition,
chances of larval survival are increased on larger hosts (Price 1991; De Bruyn et
al. 2001). High-quality hosts also allow for larger bodied WSS with more
carbohydrate reserves allowing greater dispersal and the ability to create more
eggs (Morrill et al. 2000b; Céarcamo et al. 2005). The increased acreage of
monoculture wheat, a high-quality WSS host, has compounding effects over
multiple years and allows WSS populations to increase rapidly while still
retaining enough hosts to support the population (Risch et al. 1983). Replacing
fallow and wheat acres with a non-host crop reduces the connectivity and
availability of high-quality hosts for WSS, thus depressing the population.

The wheat crop can be a sink for parasitoids as well (Rand et al. 2014).
Tillage operations (Runyon et al. 2002), poor life history synchronization
(Holmes 1963), and low cutting height at harvest (Beres et al. 2011a) all reduce
parasitoid success in wheat relative to native grasses. In contrast, reducing crop
connectivity limits the ability of WSS to locate suitable hosts due to their
relatively low mobility (Hanski, 1998; van Nouhuys 2005; Carriere et al. 2012).

Criddle (1923) proposed that WSS are weak fliers and cannot disperse
more than 800 m. Since then average field sizes have drastically increased with
mechanization and are sometimes greater than 1 km in length. It is likely that

WSS have adapted to fly further than 800 m since 1923, but still most likely
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cannot disperse more than 2 km. Female parasitoids however, are able to disperse
further than WSS. Egg resorption gives female parasitoids the ability to use egg
resources to fuel their host searching and increases reproductive success at low
host densities. Additional crop diversity may also provide foraging parasitoids
with additional resources; increasing longevity, dispersal range, egg volume, and
egg load (Reis 2018). This would allow parasitoids to adapt more readily than
WSS to an environment with a more complex mosaic of habitat.

The type of habitat surrounding each field was analyzed as well.
Regression models with km? fallow wheat, winter wheat, spring wheat, durum
wheat, grassland/pasture, flowering crops, and developed space used as the
explanatory variables were applied to WSS and parasitoid abundance data from
postharvest stem dissections. Wheat fields with more fallow within a 2 km radius
tended to have increased WSS infestation (Figure 9).

This was the result of increased host availability for the previous
generation leading to larger WSS populations in the current growing season.
When the current wheat crop was surrounded by vast amounts of fallowed wheat,
it connected emerging adult WSS to habitat for their offspring, which allowed for
rapid growth of source populations which led to severe infestation of wheat in
subsequent growing seasons. No land-use variables other than fallow had a
significant impact on the WSS abundance model and were left out. Rand et al.

(2014) performed a less intensive survey of WSS abundance over a much larger
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area and found that wheat cover on the landscape was the most important driver
of WSS abundance as well.

The relationship between surrounding land-use and parasitoid abundance
was also analyzed but no significant effects were observed. It was hypothesized at
the beginning of this study, that increased areas of natural grassland surrounding
wheat fields may increase parasitoid populations. However, analysis of our data
show this is not the case. Rand et al. (2014) found no correlation between
landscape variables and parasitism rates.

These results make sense as braconid parasitoids of WSS are not known to
take any other host. Natural grassland is ideal habitat for parasitoids of WSS, but
is not advantageous to the parasitoid population outside of this habitat. Wheat
stem sawfly abundance is the driving factor in parasitoid abundance. No matter
how much grassland there is, the parasitoids must go where the WSS host is
available. This research, as well as that of Rand (2014), likely found no
correlation between land cover composition and parasitism rate because the rate
of parasitism was not affected, only the abundance of WSS, which allowed the

parasitoid population to increase as well.

Conclusions

This study shows that pulse and cover crops next to wheat certainly do not
increase WSS damage to the crop and may benefit the wheat crop in some

situations. However, more information is needed about the landscape interactions
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within the surrounding area of study sites. Getting sufficient landscape data to
create a model of how different crop and grassland species interact with WSS and
their natural enemies may provide insight into the effects of host connectivity,
floral resources, and alternate plant hosts on WSS and associated parasitoids.

The sunflower, safflower, and oat combination within the cover crop mix
at the Conrad 4 site was highly beneficial to parasitoids and reduced cutting by
WSS from 39% next to fallow to 6% next to the cover crop in 2017. Cover crop
mixes in general tended to be more effective than pulses in aiding parasitoid
success and reduced cutting from 6 to 3% on average in 2016. In 2017, the
difference was more pronounced with an average of 32% cut stems next to fallow
and only 15% cut stems next to the cover crop.

This is likely due to increased nectar availability in mixed species cover
crops that flower at different times and may possess extrafloral nectaries.
Increased crop diversity may be a powerful tool to combat WSS when used in
conjunction with other control methods such as seeding resistant wheat cultivars,
increasing harvest height, and adopting no-till. All these practices benefit
parasitoids of WSS, allowing them to become a more consistent and effective
component of the agroecosystem. Reducing habitat connectivity may decrease
WSS’s ability to locate and infest crops, while also reducing the availability of

hosts on the landscape.
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2016 Emergence Barrel Capture Supplemental

Species Count

Percent Female B.

Site Field Bracon cephi (B. cephi (B.
lissogaster) lissogaster)
Brady Wheat/Fallow 45 (6) 60 (33)
Wheat/CC 10 (0) 50 (0)
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Supplemental Table 1: The number of B. cephi and B. lissogaster adults that
emerged from emergence barrels is reported in column 3. Column 4 reports the
percentage of female adult parasitoids that emerged from 7.5 m of 2015 crop
residue in emergence barrels.
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2017 Emergence Barrel Capture Supplemental

Species Count | Percent Female
Site Field Bracon cephi B. cephi (B.
(B. lissogaster) | lissogaster)
Wheat/Fallow | 16 (1) 81 (100)
Conrad 4
onra Wheat/CC | 27 (0) 33 (0)
Brady Wheat/Fallow | 12 (0) 42 (0)
Wheat/CC 512) 0(0)
Wheat/Fallow | 10 (1) 70 (0)
Conrad 1
Wheat/CC 20 (0) 25 (0)
Conrad 2 Wheat/Fallow | 0 (0) 0(0)
Wheat/CC 4 (0) 25 (0)
Moccasin Wheat/Fallow | 0 (2) 0(0)
Wheat/CC 0(1) 0(0)
Wheat/Fallow | 12 (3) 58 (0)
hest
Chester Wheat/CC 0 (0) 0 (0)
Wheat/Fallow | 4 (0) 25 (0)
Dutton Wheat/Pulse | 18 (0) 39 (0)
Wheat/Fallow | 0 (0) 0(0)
Conrad 3 Wheat/Pulse | 9 (0) 44 (0)
Wheat/Fallow | 0 (0) 0(0)
Heartland = 0 Cat/Pulse | 0(0) 0(0)
Wheat/Fallow | 12 (1) 58 (0)
Box El
oxBlder Ry catPulse | 3(0) 0(0)
) Wheat/Fallow | 0 (0) 0 (0)
Joplin Wheat/Pulse | 10 (2) 60 (0)

Supplemental Table 2: The number of B. cephi and B. lissogaster adults is
reported in column 3. Column 4 reports the percentage of female adult parasitoids
that emerged from 7.5 m of 2016 crop residue in emergence barrels.
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Supplemental Figure 1: CropScape maps for Conrad 4 site.
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Supplemental Figure 2: CropScape maps for Box Elder site.
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Supplemental Figure 3: CropScape maps for Brady site.
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Supplemental Figure 4: CropScape maps for Ch;ster site.
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Dutton Lentil 2016
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Supplemental Figure 6: CropScape maps for Heartland site.
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Supplemental Figure 7: CropScape maps for Joplin site.
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Supplemental Figure 8: CropScape maps for Conrad 1 site.
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Matheson CC 2016 Matheson Fallow 2016
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Supplemental Figure 9: CropScape maps for Conrad 2 site.
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Supplemental Figure 10: CropScape maps for occasin site.
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Supplemental Figure 11: CropScape maps for Conrad 3 site.

Regression of square root of WSS abundance on proportion of fallow land
cover within 2 km

ANOVA
Significance

df SS MS F F
Regression 1 220.85 220.85 3.93 0.05
Residual 40 2249.92 56.25
Total 41 2470.78

Standard

Coefficients Error t Stat P-value
Intercept 6.08 2.37 2.56 0.01
Fallow 18.96 9.57 1.98 0.05

Supplemental Table 3: A multiple linear regression of WSS abundance on the
amount of fallow and winter wheat land cover for all wheat fields in both years.
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Land cover (km2) within 2 km radius

Parasitoid ~ WSS Winter Spring Flowering

Field Abundance Abundance Fallow Wheat Wheat Crops Grasslands
Conrad 4 CC 16 25 5 3.04 5.38 1.75 1.04 1.1
Conrad 4 Fallow 16 6 91 3.03 5.31 1.8 1.05 1.14
Box Elder Pea 16 10 128 1.9 3.61 2.07 1.29 3.07
Box Elder Fallow 16 17 241 4.81 3.57 1.57 1.2 3.33
Brady CC 16 8 15 3.16 2.84 2.4 0.99 1.51
Brady Fallow 16 5 11 2.58 2.33 2.44 1.75 2.12
Chester Lentil 16 3 0 2.75 0.04 5.01 2.95 0.36
Chester Fallow 16 11 7 2.73 0.04 491 3 0.29
Dutton Lentil 16 42 293 3.38 4.24 0.7 3.05 0.34
Dutton Fallow 16 9 445 3.34 4.95 0.52 1.4 2.31
Heartland Pea 16 0 1 2.47 2.48 0.67 2.2 3.12
Heartland Fallow 16 0 1 1.08 1.72 0.21 1.15 6.71
Joplin Pea 16 15 1 55 1.18 2.49 2.29 0.18
Joplin Fallow 16 2 138 6.19 0.86 6.19 2.72 0.95
Conrad 1 CC 16 7 33 4.09 3.34 1.2 2.42 0.19
Conrad 1 Fallow 16 17 150 4.49 3.53 1.44 2.04 0.17
Conrad 2 CC 16 2 155 5.57 0.51 2.96 2.34 0.25
Conrad 2 Fallow 16 7 140 55 1.18 2.49 2.29 0.18
Moccasin CC 16 2 3 0.6 6.94 2.76 0.43 0.99
Moccasin Fallow 16 0 1 1.21 6.49 2.85 0.44 0.94
Conrad 3 Lentil 16 20 30 0.51 1.01 2.11 4.5 1.41
Conrad 3 Fallow 16 0 0 0.38 1.02 2.3 4.21 1.4
Conrad 4 CC 17 72 108 3.1 5.52 1.57 0.99 1.1
Conrad 4 Fallow 17 10 540 3.01 4.85 2.38 0.9 1.16
Box Elder Pea 17 3 357 1.95 3.54 2.87 1.42 2.45
Box Elder Fallow 17 6 475 1.82 3.59 1.6 1.2 3.27
Brady CC 17 9 232 3.16 2.84 2.39 0.98 1.53
Brady Fallow 17 7 665 3.12 3.94 2.4 2.02 0.36
Chester Lentil 17 10 2 2.07 2.03 2.38 2.09 3.59
Chester Fallow 17 5 17 1.58 2.2 6.49 0.53 1.56
Dutton Chickpea 17 92 389 1.86 3.5 2.5 0.72 2.13
Dutton Fallow 17 54 258 2.14 2.93 2.15 0.71 2.89
Joplin Pea 17 12 99 0.74 0.89 6.09 2.76 0.9
Joplin Fallow 17 4 97 0.85 0.95 5.5 2.47 0.97
Conrad 1 CC 17 14 331 4.09 3.28 1.18 245 0.19



Conrad 1 Fallow 17
Conrad 2 CC 17
Conrad 2 Fallow 17
Moccasin CC 17
Moccasin Fallow 17

Conrad 3 Pea 17
Conrad 3 Fallow 17

Supplemental Table 4: Cropscape data for landcover within 2 km of each wheat

field in the study.
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