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Abstract:
The wheat stem sawfly, Cephus cinctus Norton (Hymenoptera: Cephidae), has been a significant pest
of wheat in the northern Great Plains since the inception of small grain production by homesteading
farmers. Biological constraints associated with both the larval and adult stages of the sawfly have
thwarted the development of effective chemical control of this stem-boring pest. To date, management
of sawfly relies on cultural and ecologically-based strategies. Foremost among these was the
development of sawfly-resistant wheat varieties.

Sawfly damage is estimated to have reduced profits to Montana wheat producers by $20.4 million
during the 1995-1996 growing season. Many Montana spring wheat fields are also impacted by the
grassy weed wild oat, Avena fatua L. (Poeaceae: Gramineae). Reduced yield, grain dockage and
herbicide treatment costs are the primary sources of economic loss due to wild oat infestation of wheat
fields and cost Montana farmers approximately $20 million annually.

An accurate characterization of the spatial pattern and distribution of adult and larval stages of sawfly
in sawfly-resistant spring wheat was developed to enhance existing management tools. Contrary to the
conventionally held perception that sawfly is an edge-effect pest, sawfly infestation was not found to
be predominantly focused at field margins. The influence of wild oat on sawfly spatial distribution was
also examined. Although sawfly larval mortality was 100% in all infested wild oat stems examined,
sawfly acceptance of this host plant was not rare. However, sawfly host plant preference was
significantly higher for spring wheat than for wild oat hosts based on the relative densities of each
species. Sawfly attack on the small number of spring wheat stems within wild oat patches at a higher
rate than spring wheat in weed-free areas further emphasizes sawfly host plant preference for spring
wheat. 
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ABSTRACT

The wheat stem sawfly, Cephus cinctus Norton (Hymenoptera: Cephidae), has 
been a significant pest of wheat in the northern Great Plains since the inception of small 
grain production by homesteading farmers. Biological constraints associated with both 
the larval and adult stages of the sawfly have thwarted the development of effective 
chemical control of this stem-boring pest. To date, management of sawfly relies on 
cultural and ecologically-based strategies. Foremost among these was the development 
of sawfly-resistant wheat varieties.

Sawfly damage is estimated to have reduced profits to Montana wheat producers 
by $20.4 million during the 1995-1996 growing season. Many Montana spring wheat 
fields are also impacted by the grassy weed wild oat, Avena fatua L. (Poeaceae:
Gramin ea.R). Reduced yield, grain dockage and herbicide treatment costs are the primary 
sources of economic loss due to wild oat infestation of wheat fields and cost Montana 
farmers approximately $20 million annually.

An accurate characterization of the spatial pattern and distribution of adult and 
larval stages of sawfly in sawfly-resistant spring wheat was developed to enhance 
existing management tools. Contrary to the conventionally held perception that sawfly is 
an edge-effect pest, sawfly infestation was not found to be predominantly focused at field 
margins. The influence of wild oat on sawfly spatial distribution was also examined. 
Although sawfly larval mortality was 100% in all infested wild oat stems examined, 
sawfly acceptance of this host plant was not rare. However, sawfly host plant preference 
was significantly higher for spring wheat than for wild oat hosts based on the relative 
densities of each species. Sawfly attack on the small number of spring wheat stems 
within wild oat patches at a higher rate than spring wheat in weed-free areas further 
emphasizes sawfly host plant preference for spring wheat.
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CHAPTER I 

INTRODUCTION 

The Wheat Stem Sawflv

The wheat stem sawfly (WSS), Cephus cinctus Norton, is an economically 

significant wheat pest throughout the northern Great Plains. A 1995-1996 producer 

survey indicates that WSS causes an estimated annual loss of $20.4 million to Montana 

wheat producers (Blodgett 1997).

The origin of WSS is uncertain. The first description of WSS was made from 

specimens collected in Colorado (Norton 1872). Ainslie’s (1920) chronology of WSS 

records supports the hypothesis that WSS is an indigenous graminivore that experienced a 

significant shift in host plant association away from native grasses to the abundance of 

hosts concentrated within wheat fields. Davis (1955) suggests that wheat became an 

important WSS host as small grain cultivation expanded throughout the northern plains 

following the 1862 Homestead Act. Ivie (2001) refutes the native status of WSS, 

claiming the pest was introduced to North America in contaminated wheat roots and 

straw from northeast Eurasia.

WSS belongs to the Cephidae family of the Hymenopteran suborder Symphyta. 

Larval Cephidae tunnel and feed within small twigs of woody plants and grass stems 

(Smith 1987). Benson (1946) suggests that the archtypal Cephidae adaptation to feeding 

on the pith of steppe plants was a specialization exploiting a unique feeding and habitat
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niche that facilitated survival through summer drought conditions. WSS larvae feed on 

vascular and parenchymous stem tissue of Graminae (Holmes 1954; Ainslie 1929).

Wild Oat

The grassy weed, wild oat (WO), (Avena fatua), is thought to have originated in 

Eurasia (Whitson et al. 1996) and been disseminated throughout North America by 

human activity. WO frequently inhabits Montana dryland spring wheat (SW) fields 

infested by WSS. Griddle (1923) reported that WSS eggs were found in samples of WO 

and domesticated oat, Avena sativa, collected in 1922. WO infestation reduces annual 

revenues to Montana wheat producers approximately $20 million (R.N. Stougaard, pers. 

comm.). Many Montana wheat producers are economically impacted by infestations of 

WO and WSS within the same fields.

Yield Loss Due to WSS

There are two sources of yield loss due to WSS infestation: diminished wheat 

kernel count and weight in individual infested plants, and a reduction in the number of 

mature heads successfully harvested in an infested field (Luginbill, Jr. and McNeal 

1954). WSS larval feeding causes a direct yield loss of 10.8 - 22.3% in wheat (Holmes 

1977). Grain head fill, kernel weight, average protein content (Holmes 1977), and mean 

head weight (Morrill et al. 1992) are reduced because feeding diverts nutrients and water 

from the development and maintenance of reproductive structures in host plants 

(Seamans et al. 1938; Wallace and McNeal 1966; Weiss and Morrill 1992).



3

Indirect losses occur when the WSS larva girdles the inside of a host stem at 

ground level, severing the stem and causing it to fall to the ground (Munro et al. 1947). 

Yield loss due to unharvested, WSS-cat stems has been estimated at 2.7-15.5%. Loss 

varies according to the rate of infestation and the proportion of stems lodged (Weiss and 

Morrill 1992); if wet weather causes grain in lodged heads to mold or germinate (Wallace 

and McNeal 1966); as a function of wind velocity (Munro 1945); and is impacted by 

how effectively the combine header can recover the prostrate stems (Munro 1945; Mills 

1945; Mumo et al. 1947).

WSS Status as an Edge-effect Pest

WSS is conventionally perceived to be an edge-effect pest by producers and 

scientists alike (Mills 1944; Mumb 1945; Pesho et al. 1971; Holmes 1982). The edge 

effect characterization is supported by the.observation that high levels of stem lodging 

occur on field margins and decline toward the interior of the field (Holmes 1982). Stem 

cutting and lodging in mature wheat has been accepted as an obvious and reliable gauge 

of WSS infestation (Farstad 1942; Platt and Farstad 1946; Davis 1952,1953; Luginbill, Jr. 

and McNeal 1958). Furthermore, the assumption has been made that the pattern and 

intensity of WSS infestation follows that of lodging (Mumo 1947).

Montana wheat producers have traditionally seeded wheat in long, narrow fields 

(‘strips’) oriented perpendicular to the direction of the prevailing westerly winds to 

minimize soil erosion. Field orientation, crop -  fallow rotation, no-till production using 

herbicides to manage weeds, and intensive soil cultivation were adopted to retain topsoil
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or conserve soil moisture (Weiss and Morrill 1992). The edge effect is potentially • 

enhanced in crop-fallow strips because the sources of adult WSS, neighboring fallow 

strips, are typically located on one or both sides of the cropped strip (Munro 1945). When 

the number of invading WSS adults is high, narrow strip fields may reduce the 

pronounced edge effect by favoring WSS migration across the entire strip, resulting in 

high, uniform levels of infestation (Holmes, 1982). Infestation levels of 25% or more 

produced enough adult WSS in the following spring to generate uniformly high levels of 

infestation across neighboring fields (Griddle, 1922). Runyon (2001) notes a trend in 

Montana where producers are switching from strip to block fields, thereby reducing total 

edge vulnerable to WSS infestation for the same area cropped.

Edge effects are attributed to the unique properties of the ecotone, the transitional 

zone or boundary between two distinct habitat types (Gosz 1991). Cropped fields 

typically border fallowed fields on one or both sides in the crop -  fallow rotational 

cropping system. The edge between these two habitats is abrupt, possessing few of the 

unique abiotic and biotic properties that distinguish an ecotone in the conventional sense 

(Wiens et al. 1985). The effect of wind on the more exposed stems at the edge of the 

field is likely to be higher than on those more sheltered in the field interior. This may in 

part explain the higher incidence of lodging on the field margins. The wheat field edge is 

therefore distinguished from the field interior largely because it is more vulnerable to 

vectorial forces (Hutchinson 1953) such as wind and contains the more accessible host

stems.
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Fallow fields, where WSS emerge from wheat stubble, offer few potential 

oviposition sites beyond infrequent stems of volunteer wheat or grassy weeds. 

Reproductive success is contingent upon migrating out of the effectively sterile 

emergence habitat to a habitat containing more readily encountered suitable host stems. 

Edge stems have a higher probability of encounter because they must be passed over or 

around by any WSS adults penetrating the field interior from that edge (Criddle 1922). 

Otherwise, the field edge simply marks the beginning of the wheat stems.

WSS Flight

Increased levels of infestation at field margins have been attributed to WSS’s 

reportedly poor flying abilities and lack of need to fly farther than necessary to find a host 

plant (Ainslie, 1920; Mills, 1944). Observations of WSS flying up to half a mile in order 

to oviposit in suitable host stems (Criddle, 1922) along with the documented capture of 

radioactively-labeled WSS one mile from the release point (Anonymous 1955) challenge 

the ‘poor flier’ explanation of WSS edge effect (Mills 1944). There is some confusion 

between robust flight and distance traversed; WSS repeatedly flies short distances close to 

the ground but can do so for a considerable distance (Farstad and Jacobson 1945).

An alternative to the ‘poor flyer’ mechanism driving the ‘edge effect’ may also be 

found in the interaction of climatic perturbations with restrictions on the energetic budget 

of the sawfly. Adult WSS are thought to live for 5-8 days after adult emergence (Wallace 

and McNeal 1966). During this time, they are not known to feed (McNeal 1954). Flight 

and all other activities must be fueled by endogenous energy reserves.
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Johnson (1974) found that flight duration in many insect species increased to a 

maximum relatively soon after adult emergence and diminished with age and maturation 

of the ovaries. Unfavorable climatic factors also significantly reduce WSS flight duration 

and frequency. Cloudy, cool (< 17.2 °C), and/or windy conditions halt WSS flight 

completely (Wallace and McNeal 1966). WSS adopts a characteristic resting posture in 

inclement weather conditions with the head downward and body held parallel to the leaf 

or stem perch which during rainfall allows water to collect in the wings, delaying flight 

until the wings dry (Seamans 1945).

WSS Control Methods

Chemical Control

Insecticides are generally available for the control of pervasive and economically 

significant pests (Metcalf 1982; Knipling 1979). This option is currently not available for 

effective control of WSS. Confounding features of WSS phenology and biology provide 

an ecological refuge from chemical control of this pest (Wallace 1962, Anonymous 

1997). WSS emerges and oviposits over a protracted period on a regional scale, 

beginning in late May and ending in mid- or late June. The larval stage of WSS is spent 

either feeding within the protective confines of the host stem, or protected in the 

hibemaculum (Ainslie 1929).

Foliar treatment of adult WSS with insecticides is not cost-effective because it 

requires either repeated applications or a highly persistent compound (Holmes and 

Hurtig 1952, Anonymous 1955, Luginbill, Jr. and McNeal 1955). Application of
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insecticidal dusts ranging from chlordane, DDT, toxaphene, parathion, BHC and DDD 

were not found to be effective in reducing WSS damage (Munro ei al. 1949). A 

greenhouse study, based on field observations linking 2,4-D applications to increased 

larval WSS mortality, found that treatment was effective if applied exactly at the time of 

oviposition, but efficacy declined rapidly with increased time between oviposition and 

herbicide application (Gall and Dogger 1967). The authors did not determine the 

mechanism of 2,4-D activity against WSS eggs or early instar larvae. Treatment with 2,4- 

D is impractical because the frequency and cost of application during the 4-6 week WSS 

flight and oviposition period is prohibitive.

Systemic pesticides functionally penetrated the protective barrier of the larval 

WSS host stem when applied with the seed or in-furrow (Wallace 1962, Skoog and 

Wallace 1964). Treatment with systemic insecticides has not been widely adopted 

against WSS because control was not reliable: chemicals did not persist at effective rates 

over the entire oviposition period, and insecticide was not effectively translocated to the 

preferred nodes for oviposition and feeding.

Ecologically-based Control

The history of WSS control is unique because the lack of effective insecticides has 

forced producers to develop a number of ecologically-based control methods. Trap strips 

that are strategically placed around crop fields to absorb maximum oviposition pressure 

and to take advantage of the perceived WSS oviposition edge effect (Farstad 1942). 

Shallow fall tillage of harvested wheat fields has been used to expose the hibemaculum 

and enclosed WSS larva to dessication and freezing (Mills 1944). The dry, impenetrable
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pith of R̂XS1-Iesistant wheat varieties compromises late instar larval water relations and 

mechanically impedes tunneling and construction of the hibemaculum (Holmes and 

Peterson 1962). Inclusion of reported non-host species rotations such as flax, barley and 

oat is thought to significantly reduce local WSS populations (Callenbach and Hansmeier 

1945). Temporal escape of crops from WSS infestation can be mediated by late seeding 

SW  (Jacobson and Farstad 1952; Weiss et al. 1987; Morrill and Kushnak 1999).

The interaction of WSS population dynamics with environmental stochasticity has 

the potential to compromise most of these ecologically-based WSS management 

approaches. As Morrill and Weiss (1992) note, only seeding to WSS resistant varieties 

and non-host rotations remain in favor, although producers risk economic penalties with 

often lower valued crops or marketing difficulties. Significant research efforts in recent 

years have focused on the re-evaluation of WSS cultural control methods (Goosey 1999; 

Morrill and Weiss 1992; Morrill et al. 2001; Weiss et al. 1987) for inclusion in a more 

integrated management approach.

Trap Crops

Trap crops have been suggested by many researchers as a cultural control 

method for WSS. A trap strip is a narrow area bordering the crop field that is seeded to a 

JKSX-accepted host plant species. Temporary traps are effective because the phenological 

stage of trap stems is advanced relative to the crop field stems. Crop field stems are 

rejected because they have not elongated to the degree required for WSS acceptance for 

oviposition. Permanent trap crops are areas seeded to perennial grasses such as smooth 

brome (Bromus inermis). WSS readily oviposits in the stems but larvae are reported to be
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unable to reach maturity in these hosts (Mills 1944). In some cases a bare-earth strip 10- 

20 feet wide separates the trap strip from the cropped field (Farstad 1942). Adult WSS 

are retained in the trap strip because host stems are at an optimal developmental stage for 

ovipositon compared to the crop field, or because the bare earth strip deters movement 

between the trap strip and the crop. The trap strip is generally cut or disked under once 

the WSS flight period has ended but before the larvae have left the upper regions of the 

stem to construct the hibemaculum (Farstad 1942).

Holmes (1978) advocated the use of trap strips based on the finding that female 

WSS emerged in a higher proportion from the stubble at the margins of wheat fields than 

from the interior (Holmes and Peterson 1963). The trap strip is effective when it targets 

female WSS offspring and eliminates them from the breeding population before they can 

reproduce. Control with trap strips is most reliable when trap plants are seeded at a high 

enough density to retain the number of WSS attacking the field and when trap strip host 

stems are at an appreciably advanced developmental stage compared to those in the crop 

(Griddle 1923, Morrill et al. 2001). Trap strip control is not widely favored because it 

reduces profits: harvestable acres are lost, soil moisture reserves are diminished in non

productive cultivation, and seed, fuel, and labor are generally input without return. 

However, Morrill et al. (2001) report the successful harvest of a trap strip seeded with 

IF1S11S1-Tesistant winter wheat which was used to protect a field of D71Sl1S1-Susceptible SW.

The use of trap strips is recommended only where infestations are low to moderate, a 

priori information not readily available to farmers. When the number of emerging adults 

is high, migration continues across the trap and bare earth into the crop (Holmes 1982).
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ETiSff-Tesistant Wheat Varieties

Seeding fields to EFffff-resistant wheat varieties is considered one of the best 

methods currently available to reduce yield loss. Farstad (1940) found that wheat stem 

solidness in the amount and consistency of the stem pith conferred mechanical resistance 

to WSS larval feeding. Stem solidness, even in solid-stem varieties, is not consistently 

expressed. Variability has been attributed to environmental factors. Reductions in light 

intensity associated with prolonged overcast conditions and shading by closely spaced 

conspecifics had the greatest impact on stem solidness (Platt 1941). In contrast, 

increased WSS infestation rates occurred in SW  fields sowed at a low seeding rate with 

wide row spacing (Luginbill and Munro 1958, Miller et al. 1993). Unfortunately, stem 

solidness in ETffff-resistant SW  varieties is best expressed when rows are widely spaced 

and the seeding rate is relatively low (Luginbill and Munro 1958, Miller et al. 1993).

Management Thresholds for WSS

WSS control methods are largely prophylactic rather than reactive in nature, 

targeted at reducing the economic impact of an unknown density of reproductive adults 

invading cropped fields in the spring. Because the level of WSS infestation and resulting 

yield loss are difficult to assess, the net fiscal benefit of instituting any of the currently 

available WSS management practices has not been directly measured. As a result, 

credible economic injury levels and economic thresholds for JTffff-infested wheat do not 

presently exist.

The development of a WSS threshold has been hampered by two primary sources 

of uncertainty universally encountered in the generation of thresholds. Uncertainty
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arises in: I) estimating the pest population density, especially if sampling accuracy is 

confounded by the non-random spatial distribution of the organism, and 2) defining the 

precise shape and dynamic behavior of the crop loss function (Auld and Tisdell 1987). 

My study addresses aspects of uncertainty arising from population estimation. Small plot 

and greenhouse experiments to quantify direct yield loss due to WSS infestation are being 

conducted by the sawfly research group at Montana State University -  Bozeman. These 

studies were undertaken to address fundamental uncertainties regarding the shape and 

dynamic behavior of a WSS yield loss function.

The results from the fore-mentioned studies will provide essential information for 

the future development of a credible economic threshold for WSS. Wheat producers 

affected by WSS infestation would benefit from the development of a predictive WSS bio- 

economic model based on this newly available and accurate economic and biological 

information. However, because indirect yield loss attributable to stem lodging from WSS 

infestation is strongly influenced by unpredictable climatic factors such as wind, rain, and 

hail just before or during harvest. Accurate economic impacts are difficult to estimate 

from pest densities and direct yield losses alone.

WO Control

Effective WO management uses a bifurcated strategy with two primary objectives 

to: I) prevent seed production, and, 2) foster controlled seed germination thereby 

depleting existing seed reserves (Anonymous 1995). The first objective is attained by 

bolstering crop competitive ability, assuring that essential resources such as space, light,
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moisture and nutrients are utilized by established crop plants and not appropriated by 

weeds (Carlson and Hill 1985).

Crop competitiveness, increased through a variety of cultural and chemical 

control methods, is especially important during the ‘critical period’ (Nieto et al. 1986) 

when crop yield loss due to weed competition cannot be reversed by subsequently 

instituted management practices. Soil incorporated herbicides such as the meristematic 

inhibitors trifluralin (Treflan ™) and triallate (Far-Go ™) kill germinated WO before they 

emerge (Dewey et al. 1999). Foliar herbicides including the lipid synthesis inhibitors 

sethoxydim (Poast™) and tralkoyxydim (Achieve™) and the amino acid synthesis 

inhibitor metsulfuron (Ally ™) (Dewey et al. 1999) are applied to seedling stage WO 

before SW  emergence, significantly reducing interspecific competition for resources.

Cultural control measures that increase crop competitiveness include optimizing 

the timing of crop sowing, choosing more competitive crop rotations or cultivars, and 

increasing the crop seeding rate (Chancellor and Peters 1976). Fertilizing JFO-infested 

fields helps in accomplishing both management objectives. Early fertilization increases 

WO germination, thereby depleting the seedbank, and allows for safe and effective 

herbicide treatment before SW seedling emergence (Anonymous 1995). Additionally, 

fertilizer applications may increase the competitive ability of the standing crop 

(Chancellor and Peters 1976).
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Mechanisms of Plant Resistance to Herbivorv

Definitions

Plants have evolved both indirect and direct mechanisms to counteract 

herbivorous attack. Tolerance traits such as compensatory growth are indirect means of 

reducing the impact of herbivory on plant fitness. Resistance traits reduce herbivory 

directly and impact herbivore fitness (Tiffin 2000). In this context herbivore fitness 

defines the food quality of a plant (Crawley 1983). Antixenotic resistance traits affect 

herbivore behavior by potentially reducing herbivory through avoidance. Antibiotic 

resistance traits impact herbivore fitness through plant-herbivore incompatibility.

Antibiotic defenses are either constitutive, present at all times, or induced, 

synthesized in response to stress such as herbivore feeding or fungal attack (Litvak and 

Monson 1998). Host plant antibiosis is manifested in the food quality of host plants 

which are: nutritionally devoid and lacking in the full compliment of dietary components, 

including water, necessary for growth and development of the herbivore; nutritionally 

unavailable, either mechanically incompatible with the insect’s feeding habit or 

physiologically inedible due to enzymatic digestive inhibition; or, contain compounds 

which function as contact or stomach toxins.

Potential Sources of JVO Resistance to WSS

Although A. sativa resistance to WSS has been reported in the literature (Griddle 

1923; Holmes and Peterson 1964, Wallace and McNeal 1966), the specific mechanism of 

resistance has not yet been identified. A review of related literature suggests that A.
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sativa and WO resistance to WSS may be serendipitous, an additional benefit of a suite of 

traits evolved to increase oat fitness across two trophic levels: allelopathy for competitive 

advantage with other plant species at the same trophic level, and elicited responses to 

counteract parasitic phytopathogens.

WO Allelopathy

Allelopathic compounds in WO may contribute to WSS mortality. WO produces 

several phenolic compounds with known allelopathic activity: the coumarin scoleptin, 

and the phenolic acids jp-coumaric acid, vanillic acid, and ferulic acid (Schumacher gf al. 

1983). Crop-associated weeds such as WO benefit from the competitive advantage 

afforded by allelopathy when both species are at the seedling stage and engaged in 

intense competition to establish and dominate. Phenolics in seedling stage WO root 

exudates inhibited root and coleoptile growth (Perez and Ormeno-Nunez 1991) and 

reduce leaf and root dry weight (Schumacher et al. 1983) in SW  seedlings. Wheat midge 

resistant wheat lines were found to synthesize two phenols, ̂ -coumaric acid and ferulic 

acid, in high constitutive levels which were augmented by rapid induction in response to 

larval feeding. These compounds suppress larval development and result in high levels 

of mortality in lines which synthesize phenols at toxic concentrations (Ding et al. 2000).

The identification, quantification and characterization of phenolics in A. sativa 

has been focused on the edible groats (Collins 1986) and in WO on seedling root 

exudates. WSS researchers at Montana State University are currently working to 

determine the identity and concentration of phenols in WO interior stem parenchyma and 

vascular tissues and their potential role in larval WSS antibiosis.
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A. sativa Elicited Responses to Pathogens

A. sativa accumulates avenacin, a saponin, in an induced response to attack by 

phytopathogenic fungi including take-all disease of wheat and barley (Maizel et ah, 

1964), Puccinia coronata spp. crown rusts (Mayama et al. 1981), and the root-infecting 

fungus Gaeumannomyces graminis (Bowyer et al. 1995). Saponin enzymatic activity 

against fungal membranes confers oat resistance (Bowyer et al. 1995). Wheat is 

susceptible to these pathogens because it does not produce saponins. The degree to 

which JVO saponins may affect JVSS larval membrane integrity has not yet been 

evaluated.

A. sativa Constitutive Antibiotic Capabilities

A. sativa has evolved resistance traits significantly limiting its nutritional value to 

specific herbivores. A. sativa leaf sap has deleterious effects on insect herbivores. 

Hypermodulation of digestive proteinases in response to A. sativa leaf proteinase 

inhibitors is thought to cause significant growth depression, weight loss, and mortality in 

the lesser migratory grasshopper, Melanoplus sanguinipes (Hinks and Hupka 1995). JVO 

stem tissue has not been evaluated to determine if proteinase inhibitors are present, or if 

they are present at sufficient concentrations to affect larval JVSS in a similar fashion.

High concentrations of glutamic acid in phloem sap were correlated with low suitability 

in A. sativa varieties for the bird cherry-oat aphid, Rhapalosiphum padi L. (Weibull et al.

1990).
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Field Data Collection

This study was conducted over a three year period (1997-1999) at a series of 

farms in Sun River, Chester, Ledger and Big Sandy, MT. All were located within the 

dryland wheat production area in north central Montana referred to as the Golden 

Triangle (Figure I).

Chester
Ledger

Big Sandy

Sun River

Figure I. Approximate location of study plots, 1997-1999.

Study plots consisted of ten hectare areas located within fields of solid stem, 

ITSS'-resistant varieties of SIV. Plots were placed in both narrow, rectangular strip fields 

and wide, square block fields. Most plots were smaller than the entire field but whenever 

possible, spanned the width of the field on the east-west plane. Two plots were located in 

re-cropped fields; all others were in cropped fields that had been fallowed the season 

before. The majority of cooperators practiced low- or no-till cropping, augmented by
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herbicide treatment for monocot weeds and volunteer crop in their summer fallow. One 

plot only was located in a certified organic wheat field. Due to rotational constraints and 

in one case, crop failure, none of the fields were sampled for more than one year. Adult 

sweep samples and larval stem samples were taken at two fields on each of two farms in 

1998 to determine how localized WSS infestation patterns were.

Plot boundaries and sample points were established and spatially registered with a 

differentially correcting, backpack-mounted GPS before the onset of adult WSS 

emergence and oviposition. Sweep samples for adult WSS density were collected only in 

the 1998 and 1999 plots. Densities were determined by taking five sweeps with a 

sweepnet along the 5 m approach to each sample point for the entire grid. Larval ■ 

abundance was assessed through the dissection of all SW and WO stems pulled from a 

0.10 m2 round quadrat placed at each sample point. Samples in 1997 were taken at 50 m 

resolution, 25 m in subsequent years. The number and developmental stage of all stems 

of all plant species collected were recorded. All stems were systematically dissected in 

the laboratory and examined for the presence of larval WSS or their frass.

Objectives

The primary objectives of this research were I) to characterize the spatial pattern 

and distribution of WSS adult and larval stages in solid-stem SW  fields and, 2) to 

determine how these patterns and distributions are impacted by the presence of WO. The 

rationale for this study was to enhance existing ecologically-based WSS management 

strategies with spatially explicit characterizations of WSS, WO and SW  distributions.
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This study utilizes a suite of novel analytical methodologies to assess how a weed 

species modifies the spatial pattern of herbivore oviposition in a closely related crop. 

Previous weed-crop-herbivore studies have focused primarily on the potential of weedy 

species to increase biodiversity and thereby beneficial organisms in otherwise 

homogeneous crop fields (Schellhom and Sork 1997; Root 1973). The implications of 

host preference and oviposition site selection on larval performance have been addressed 

largely from a behavioral perspective (Thompson 1988; Sadeghi and Gilbert 2000). 

However, with the exception of Holland et al. (1999), these studies seldom examined 

how host plant preference influences herbivore spatial distribution. The statistical 

analyses used in this project provide a case study to evaluate how host plant preference 

modifies the spatial pattern of herbivore oviposition both at the field and weed patch 

spatial scale.
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CHAPTER 2

WHEAT STEM SAWFLY (Cephus cinctus Norton) INVASION OF SPRING 
WHEAT FIELDS FROM FALLOW FIELD EMERGENCE SITES: EVALUATION 

WITH A SIMPLE PASSIVE DIFFUSION MODEL

Introduction

The wheat stem sawfly (WSS), Cephus cinctus Norton (Hymenoptera: Cephidae), 

is a facultative graminivore (Criddle 1917). The species is thought to have transferred 

from native grasses to wheat with the expansion of small grain cultivation throughout the 

northern U.S. plains and Canadian praires following the 1862 Homestead Act (Davis 

1955). Ivie (2001) hypothesized a recent introduction from northeastern Asia. Larval 

WSS feed on the interior vascular and parenchymous stem tissues of wheat and non-crop 

grass hosts (Ainslie 1929). Economically significant damage occurs when the host wheat 

stem is girdled at ground level from the inside by the WSS larva, which severs the stem 

and causes it to fall to the ground or ‘lodge’ (Munro et al 1947).

WSS Edge Effect

WSS has been conventionally regarded as an edge effect pest. Higher levels of 

stem lodging are commonly reported at field margins, thereby supporting the edge effect 

characterization (Mills 1944; Munro 1945; Pesho et al 1971; Holmes 1982). Stem 

lodging in mature wheat has in turn been accepted as an obvious and reliable indicator of 

infestation by the damaging, cryptic larval stage of WSS (Farstad 1942; Platt and Farstad
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1946; Davis 1952,1953; Luginbill, Jr. and McNeal 1958). Furthermore, it has been 

assumed that the pattern and intensity of WSS infestation closely follows that of lodging 

(Munro 1947).

WSS Invasion of Cropped Fields from Fallow

WSS finds few potential oviposition sites beyond infrequent stems of volunteer 

wheat or grassy weeds when it emerges from wheat stubble in fallow fields.

Reproductive success is contingent upon migration out of the effectively sterile 

emergence habitat to one containing more readily-encountered and numerous host stems 

for oviposition. Stems on wheat field margins have a high probability of encounter 

because they must be passed over or around by any WSS penetrating the field interior 

from that edge (Griddle 1922). Increased levels of infestation at field margins have also 

been attributed to the WSS’s reported poor flying ability (Ainslie 1920; Mills 1944).

WSS Association with Bunchgrasses

The observed WSS edge effect in wheat fields may be a carryover of archtypal 

resource exploitation associated with feral bunchgrass hosts (Griddle 1917). Griddle 

(1917) noted that WSS was evident and highly successful in Elymus spp. Researchers 

monitoring two stands of basin wildrye (Elymus cinereus Scribn. & Merr) found that over 

a two-year period, 62-88% of the plants were infested with WSS (Youtie and Johnson 

1988). Suitable host stems are immediately available to WSS emerging from perennial 

bunchgrasses. Under similar emergence circumstances, flight to new oviposition sites is
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necessitated only when local populations grow too large to be supported in the natal 

bunch or patch. Stanton (1983) cites several examples of similar restricted-area host 

searching behaviors associated with patch edge recognition in species that utilize hosts in 

both agricultural and non-cultivated settings.

Insect Dispersal-Density Relationships

Prevalent Analyses. Plant and Cunningham (1991) categorized analyses to 

describe the change in insect density with distance from a known center of dispersal as 

statistical, empirical, or fundamental. Empirical and fundamental analyses postulate 

explicit process models for dispersal; statistical analysis selects best-fit models. Models 

are generally used to evaluate the dispersal of a known number of insects released at a 

specific location and subsequently recaptured at a measured time and distance from the 

release point (Southwood 1966).

Passive Diffusion. The simplified one-dimensional or passive diffusion model 

assumes that movement at the scale of the individual is effectively random, Brownian 

motion, that is not influenced by conspecifics or external forces (Kareiva 1983). Under 

these specific circumstances, the spatial distribution of individuals dispersing in a 

random-walk from a central location will assume a bivariate normal distribution,centered 

at the point of release with densities declining incrementally with distance from the 

release point (Skellam 1951).
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Empirical and Mechanistic Diffusion Models. Empirical exponential or normal 

models have been fit to insect density data as a function of distance from a release point. 

Taylor (1978) provides a comprehensive review of studies utilizing a variety of empirical 

models fit to dispersal data. Fundamental models, also termed mechanistic or process 

models, use parameters to represent specific aspects of insect biology such as mortality, 

emigration, intraspecific interference, and flight velocity (Rudd and Gandour 1985), and 

in some cases, biological response to environmental quality (Kareiva 1982). Rudd and 

Gandour (1985) suggested fitting dispersal data to a simple two parameter non-linear 

diffusion model to directly calculate the diffusion coefficient from the estimated 

parameters. The diffusion coefficient typically describes the rate at which insects 

disperse from a source point in distance per time increment.

Adapting Diffusion Model to Analysis of WSS Invasion. Field data collected in 

this study did not include explicit details of release points, source densities, or time 

elapsed in the dispersal process, Regression analysis was used to evaluate if the observed 

WSS dispersal was normally distributed and consistent with the probability distribution of 

the diffusion model (Kareiva 1983). Assessing the fit of data to generalized forms of 

equations provided an empirical description of the phenomenon only, and does not 

represent a fundamental discovery of biological or ecological processes associated with 

dispersal (Taylor 1978).
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WSS Spatial Pattern

Influence of Life Stage. Adult WSS, 7 -1 2  mm in length, bright yellow with 

black markings (Griddle 1929), are obvious to the casual observer especially when they 

are present in high densities at the peak of the emergence period. Noticeable 

accumulations of individuals on field margins can be attributed to male WSS reproductive 

behavior (Morrill, pers. comm.). However, crop damage is caused by the cryptic larval 

stage and is most evident when stems lodge near harvest time. Stems on the edge of the 

field experience the highest frequency and longest duration of WSS encounter. Edge stem 

lodging may occur first due to earliest encounter, or more dramatically due to 

environmental conditions such as increased wind velocity at the edge of the field 

compared to the field interior. Therefore, the most readily observed features of WSS 

infestation may not accurately illustrate the true nature of their dispersal and distribution.

TnfInRnce of Metapopulation. The spatial distribution and abundance of adult WSS 

migrating into a field is directly impacted by the number and quality of population 

sources and attractive refugia surrounding the field. Adjoining fallow fields are thought - 

to be the primary source of newly emerged adults. Roadside grass and grass bordering 

field headlands are also potential sources of emerging WSS. The concentration of 

alternative hosts in these areas may also attract adult WSS moving across the landscape in 

search of oviposition sites. WSS investigating fields cropped in other small grain crops 

such as winter wheat, barley or oat may be funneled into adjoining spring wheat fields as
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they search for younger or more preferred host plants. Anecdotal reports from producers 

suggest that WSS may be physically driven into fields by the force of prevailing wind and 

as a result be present at detectably higher levels on the windward side of the crop field.

Influence of Crop Field Size. Migration of adult WSS from both sides of a field, as 

expected in crop/fallow strip cultivation, might result in distribution curves for adults and 

larvae that are higher on both ends than in the center to reflect higher densities in 

locations closest to the two source points. The expected pattern of distribution for insects 

invading from a single, dominant source, as expected in block cultivation, would follow 

that of a diffusion process with a decline in density with increased distance from the field 

edge.

Evaluation with the Diffusion Model. A significant fit to the empirical form of 

the diffusion model suggests that the dispersal of individuals is random although densities 

are expected to be highest at sample locations closest to a release or emergence source 

(Rudd and Candour 1985; Kareiva 1983). Non-random dispersal driven by interspecific 

or environmental interactions would result in a pattern of distribution of individuals 

across the field that was not simply a function of distance from the source.

Objectives

The obj ective of this study was to measure how WSS movement into spring wheat 

(SW) fields from external emergence locations affects the spatial distribution of adult and
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larval IVSS. The relationship between the distance of dispersal from the field edge and 

fluctuations in WSS density was evaluated with a simple empirical form of the passive 

diffusion model to assess if movement is random or directed. Adult and larval 

distributions are considered separately without any a priori assumptions about edge 

effects and current dryland production practices in solid stem SW.

Materials and Methods

Study Site Locations

This study was conducted over a three year period (1997-1999) at five farms in 

Sun River, Chester, Ledger and Big Sandy, MT. All were located within the dryland 

wheat production area in north central Montana referred to as the Golden Triangle 

(Figure 2.1).

Chester
Ledger

Big Sandy

Sun River

Figure 2.1: Approximate location of study sites, 1997-1999.
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Study Plots

Study plots consisted of ten hectare areas located within fields of solid stem, WSS- 

resistant varieties of SW. Plots were placed in both narrow, rectangular strip fields and 

wider, square block fields. Most sampled areas were smaller than entire block fields but 

in the case of strips, sampling spanned the width of the cropped strip to include at least 

two edges. Two plots were located in re-cropped fields (Chester 1997, Sun River 1998 

(2); all others were in cropped fields that had been fallowed the season before. The 

majority of cooperators practiced low- or no-till cropping, augmented by herbicide 

treatment for grassy weeds and volunteer crop in their summer fallow. One plot only was 

located in a certified organic wheat field (Big Sandy 1997 (I)). Due to rotational 

constraints and in one case, crop failure, none of the fields were sampled for more than 

one year. Plot boundaries and sample points were established and spatially registered 

with a differentially correcting, backpack-mounted GPS before the onset of adult WSS 

emergence and oviposition.

Sampling Protocols

Sweep samples for adult WSS density were collected only in the 1998 and 1999 

plots. Densities were determined by taking five sweeps with a sweepnet along the 5 m 

approach to each sample point for the entire sample grid. Larval WSS abundance was 

assessed through the dissection of all stems pulled from a 0.10 m2 round quadrat placed at 

each sample point. Samples in 1997 were taken on a 50 m grid, and 25 m grids in
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subsequent years. The density and developmental stage-of all stems of all plant species 

collected were recorded. All stems were dissected in the laboratory, and examined for the 

presence of larval WSS or trass.

Statistical Analysis

Both linear and non-linear regression analyses were performed to determine if 

there was a detectable relationship between WSS abundance and distance from the edge 

of the field. Adult and larval data were analyzed separately. Counts were logio(n+i) 

transformed before linear analysis. This transformation is suggested when data values 

cover a wide range and include frequent zero values (Steel and Torrie 1960; Varley et al 

1973).

Linear regression. All data were qualitatively assessed with scatterplots followed 

by linear regressions of WSS density on distance from field edge for each field: densities 

from all points from the north, south, east and west edge; and densities from all points in 

the closest half of the field to the north, south, east and west edges. The nearest half-field 

regressions were performed to determine if the adjoining fallow field most strongly 

influenced the pattern of WSS migration into and infestation of the cropped field. The 

three linear models evaluated were:

y = a + bx Equation I

y = a + bx2 Equation 2

y = a + bx3 Equation 3
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Assessment with the non-linear diffusion model. Conformity of non-transformed 

counts of larval and adult WSS densities to the generalized empirical model of diffusion 

were assessed with Rudd and Candour’s (1985) equation:

This equation describes the current insect density (yz) as a function of time after release 

and distance from the release point (x,) on the source population. The coefficient of 

diffusion, D, was directly calculated by using B from Equation 4 (above) in Rudd and 

Candour’s (1985) formula:

D is usually expressed in units traveled such as meters, per increment of time, such as 

minutes, days, or weeks. In our case, both the release or source point and the time frame 

of the diffusion process was not known. Thus, D was fit as a unit-less measurement for 

comparing the relative rate of WSS diffusion for each field. The calculated value of D 

from Equation 5 was then used as a fixed variable to evaluate the fit of the data to a 

simple one-dimensional, passive diffusion model to test the diffusion process hypothesis 

(Kareiva 1982):

Equation 4

D = 1ABt Equation 5

N'(x,t) -  N0
exp (-x2/4Dt) Equation 6

V4J7Dt

This equation is very similar to Equation 3, predicting the density of individuals at 

a specific distance (TV (x, t)) and after a known time from release of the source population 

(t). This model was also used to estimate a density of source point individuals (No). The
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^parameter was set to I because the sample was a single event in time. The true distance 

from release source, in this case the emergence location, was also unknown for all 

individuals, so distance of the sample point from the edge of the field was substituted for 

the actual value of x with the assumption that this is a reasonable approximation. 

Analyses were performed for adult and larval WSS separately at the full and half field 

scale for each research plot.

Results

Adult WSS

Adult WSS data from the majority of sites fit the non-linear passive diffusion 

model (Equation 4) (Table 2.1). Male WSS densities were consistently higher in sweep 

samples taken on the field margins and dropped significantly by the 25 or 50 m sample 

interval from the edge of the field (Figures 2.2-2.5). Female densities, higher at sample 

points on the fallow edge of fields, declined more gradually than male densities (Figures 

2.6-2.9). Male WSS were generally less abundant than female WSS within field interiors. 

A diffusion gradient of male WSS was detected from both the fallow and winter wheat 

fields located on either side of the Ledger 1998 (2) (Figures 2.10-2.11) and the Sun River 

1999 fields (Figures 2.12-2.13). Female movement was more often unidirectional from 

the fallow edge, with the exception of the Sun River 1999 field (Figures 2.14-2.15).

The fit of the male data to the diffusion model was generally better, as indicated 

by higher R2 values (0.14 - 0.84), than that for females (0.04 - 0.53) (Table 2.2). Kareiva
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(-1983) and Rudd and Candour (1985) suggest that high R2 values resulting from this 

analysis indicate that the populations better conform to the model’s assumption of 

random movement. The computed values of the diffusion coefficient, D, indicate that the 

rate of diffusion is not the same for the two sexes, even within the same field (Table 2.2). • 

There was no marked similarity in the pattern of WSS density and dispersal for fields 

sampled in the same year on the same farm, or sampled in different years on the same 

farm. In 1998 the spatial distribution and abundance of adult WSS was determined from 

two fields in Ledger and two in Sun River. Adults were sampled on the same farms in 

1999, but on only one field per farm. WSS densities in samples taken on the field 

margins (‘edge’ units < I m from cropped edge) were compared to densities from 

samples taken within the field interior (‘interior’ units > 25 m from cropped edge), for 

each study plot. Mean adult WSS density was in excess of 50% higher in edge unit 

sweeps versus tfie mean for all samples taken in plot interiors (Table 2.1). Edge samples 

contained adult WSS slightly more frequently (91-100%) than interior samples (94-98%) 

when compared within each field. The Ledger 1999 field plot was anomalous with 52% 

of edge samples and 20% of inner samples containing adult WSS.
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T ab le 2.1: A d u lt W S S  param eters for p a ss iv e  d iffu s io n  m o d e l

field1 [edge w  / h2 sex a  ± s.e. t(a ) \p (a ) \b ± s.e t(b ) P(b) R-

SR98(1) fallow W m 33.00 ± 1.41 23.39 0.000 0.001726 ± 
0.000231

7.47 0.00000 .66 145

SR98(1) fallow W f 30.46 ± 1.67 18.19 0.000 0.000264 ± 
0.000036

7.43 0.00000 .53 947

L 98(l) fallow W m 77.48 ± 3 .1 2 24.84 0.000 0.001802 ± 
0.000188

9.60 0.000000 ' .75 139

L 98(l) fallow W f 12.35 ± 2 .0 1 6.15 0.000 0.000013 ± 
0.000010

1.30 0.195726 .08 19231

L 98(l) fallow h m 77.48 ± 3.98 19.44 0.000 0.001802 ± 
0.000240

7.51 0.000000 .76 139

L 98(l) fallow h f 19.80 ±2 .36 8.38 0.000 0.000105 ± 
0.000049

2.14 0.034671 .35 . 2381

'
L98(2) fallow W m 20.53 ± 1 .6 5 12.43 0.000 0.000872 ± 

0.000285
3.07 0.003445 .68 287

L98(2) fallow h m 20.53 ± 1.47 13.43 0:000 0.000874 ±  
0.000255

3.43 0.001884 .84 287 ■

L98(2) crop h m 8.17 ± 0 .7 4 11.04 0.000 0.000828 ±  
0.000573

1.45 0.159509 .74 302

L98(2) crop h f 9.35 ±  1.62 5.78 0.00003 0.000012 ±  
0.000010

1.52 0.258795 .04 20833

L99 fallow h m 3.83 ± 0 .3 8 10.02 0.000 0.251568 ±  
0.067429

3.73 0.000321 .60 .99

L99 fallow h f 1.89 ± 0 .2 3 8.11 0.000 0.001013 ± 
0.000384

2.64 0.009665 .26 247

SR99 fallow h m 0.62 ± 0 .1 1 5.81 0.000 0.004040 ± 
0.002645

1.53 0.129579 .14 62

SR99 fallow h f 13.38 ± 0 .8 8 15.21 0.000 0.000160 ± 
0.000033

4.84 0.000004 .32 1563

SR99 crop h m 1.37 ± 0 .2 1 6.55 0.00000 0.001064 ± 
0.000524

2.03 0.044705 .21 235

SR99 crop h f 9.91 ± 0 .9 1 10.93 0.00000 0.000160 ± 
0.000051

3.13 0.002229 .19 1566

1 SR = Sun River; L = Ledger
2 W = whole field; h = points in half o f  field closest to edge 
3D = diffusion coefficient

)



Table 2.2: Comparison of adult sawfly densities -  5 sweeps in 5 meters approaching sample point -  edge versus inner samples

Site/Field/Y ear total
samples

edge
samples

edge
infested

% edge 
infested

edge
range

edge
mean

edge
s.d.

inner
samples

inner
infested

% inner 
infested

inner
range

inner
mean

inner
s.d.

Sun River 1998 (I) 216 55 50 91 0- 110 25.05 32.36 161 153 95 0- 93 12.30 17.10
Sun River 1998 (2)* 105 31 31 100 1- 70 10.7 13.00 69 65 94 0-31 5.45 5.84
Ledger 1998 (I) 195 39 39 100 2-151 43.64 45.65 156 153 98 0 - 48 11.10 8.19
Ledger 1998 (2) 54 19 19 100 I -32 16.50 9.79 35 34 97 0 - 16 6.23 3.89
Ledger 1999 187 37 27 52 0 - 8 2.00 2.20 150 30 20 0 -  2 0.21 0.42
Sun River 1999 198 51 51 100 1- 34 13.90 7.81 147 143 97 0-21 6.46 4.89

* field not sampled in a grid pattern; samples given edge designation if within 20 meters of plot edge

- I^
O
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A diffusion gradient was not detected in the Sun River 1998 (2) field for either 

male or female JVSS. Linear regression analysis (Table 2.3) showed that the highest 

densities of males were found at or near the west fallow edge of the field (Figure 2.16). 

Female JVSS were distributed evenly across the field (Figure 2.17). This result was 

anticipated based on the potential for the JVSS source to be located within the recropped 

field (Munro 1945). The results of linear regression evaluating the potential influence of 

distance from an external field edge on adult JVSS density for all fields included in this 

study are reported in Tables AT -  A.6, Appendix.

Table 2.3 '
Sun River 1998 (2)
Linear regression of distance from west fallow edge x density of adult JVSS 
per 5 sweeps

sex a + s.e. Pf4) b ±  s.e t(b) R2

male 10.68 ± 2 .4 7 4.32 >0.0001 -0.10 + 0.04 -2.55 0.01 .13
female 3.84 ± 0.93 4.12 0.0002 -0.10 ± 0 .0 2 -0.82 0.42 .02

The calculated diffusion coefficients (Equation 5) were used in Kareiva's one

dimensional passive diffusion model (Equation 6) to estimate source population densities 

(yo) (Table A.7, Appendix A). The R2 values for the fit of the data to the empirical 

diffusion model are in general very similar if not the same as those for the fit of the data 

to the passive diffusion model. When regression analysis produced a non-significant 

estimate of the b parameter (p(bj > 0.05) and a low R2 in Equation 4, then the calculated 

diffusion Coefficient (Equation 5) based on the b parameter was considered suspect and
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the subsequent estimate of yo was considered questionable. The estimates for parameters 

and coefficients associated with female WSS diffusion into the fallow edge of the Ledger 

1998 (I) field and into the cropped edge of the Ledger 1998 (2) field are probably 

unreliable in this regard. D values for male (62 - 287), and for female WSS (1563 -  2381), 

were of a similar magnitude over most sites. Diffusion coefficients for both males (0.99) 

and females (247) in the Ledger 1999 field were anomalous.
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O 20 40 60 80 100 120 140 160 180 200
Distance from the fallow edge (m)

Figure 2.2: Adult male sawfly response to distance from the 
fallow edge of the field. Sun River 1998 (I).

Distance from the fallow edge (m)

Figure 2.3: Adult male sawfly response to distance from the
fallow edge of the field. Ledger 1998 (I).
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Distance from the fallow edge (m)

Figure 2.4: Adult male sawfly response to distance from the 
fallow edge of the field. Ledger 1998 (2).

0 50 100 150 200 250 300 350 400
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Figure 2.5: Adult male sawfly response to distance from the
fallow edge o f the field. Ledger 1999.
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O 20 40 60 80 100 120 140 160 180 200
Distance from the fallow edge (m)

Figure 2.6: Adult female sawfly response to distance from the 
fallow edge of the field. Sun River 1998 (I).

Distance from the fallow edge (m)

Figure 2.7: Adult female sawfly response to distance from the
fallow edge of the field. Ledger 1998 (I).
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Figure 2.8: Female adult sawfly response to distance from the 
fallow edge of the field. Ledger 1998 (2).
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Figure 2.9: Adult female sawfly response to distance from the
fallow edge of the field. Ledger 1999.
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5= 20
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Figure 2.10: Adult male sawfly response to distance from the 
fallow edge of the field (points in half of field closest to the 
fallow edge). Ledger 1998 (2).

Distance from the cropped edge (m)

Figure 2.11: Adult male sawfly response to distance from the
winter wheat cropped edge of the field (points in half o f field
closest to the cropped edge). Ledger 1998 (2).
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O 25 50 75 100
Distance from the fallow edge (m)

Figure 2.12: Adult male sawfly response to distance from the 
fallow edge of the field (points in half of field closest to fallow edge). 
Sun River -  1999.

0 25 50 75 100
Distance from the cropped edge (m)

Figure 2.13: Adult male sawfly response to distance from the
winter wheat cropped edge o f the field (points in half o f field
closest to fallow edge). Sun River -  1999.
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Distance from the fallow edge (m)

Figure 2.14: Adult female sawfly response to distance from the 
fallow edge of the field (points in half of field closest to 
fallow edge). Sun River -  1999.

Distance from the cropped edge (m)

Figure 2.15: Adult female sawfly response to distance from the
winter wheat cropped edge o f the field (points in half o f field
closest to fallow edge). Sun River -  1999.
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Figure 2.16: Adult male sawfly density influenced by distance 
from the west fallow edge of the field. Sun River 1998 (2).

0 10 20 30 40 50 60 70 80 90 100 110
Distance from the west fallow edge (m)

Figure 2.17: Adult female sawfly density influenced by distance 
from west fallow edge of field. Sun River 1998 (2).
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Larval WSS

The abundance of larval WSS, as related to sample point proximity to the fallow 

or other edges of the field, did not follow a diffusion gradient in any of the research plots. 

Because none of the larval data included in this study could be appropriately evaluated 

with the passive diffusion model, all data were analyzed by linear regression analysis to 

determine if larval WSS density was influenced by proximity to the field edge (Tables 2.4 

- 2.12).

The results of the regression analysis on larval WSS abundance indicated that in 

six of nine fields examined, the number of SW  stems infested was not strongly related to 

proximity to field margins (Figures 2.18-2.23). In two of the three remaining plots, 

Ledger 1998 (I) and (2), larval densities were higher at the fallow edge and significant 

regressions show that a decline in larval infestation with increased distance from the field 

margins was observed (Figure 2.24; 2.26). However, linear regressions were also 

significant in these same fields for a decline in larval infestation with distance from their 

respective roadside and winter wheat cropped edges (Figure 2.25; 2.27). Samples from 

the re-cropped Sun River 1998 (2) field adjoined fallow strips on the east and west 

margin suggest that WSS migrating from the fallow strips may have altered the even 

infestation pattern expected in a re-cropped field (Figures 2.28-2.29). In all cases, 

infestation was variable across the field with a few sample quadrats within the field 

interior showing relatively high levels of infestation, even where adult populations were

observed to be low.
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The frequency of sample units containing infested SJV was similar for edge and inner 

locations, or slightly higher on the field edge (Table 2.13). Inner sample units were more 

frequently infested than edge sample units in the Sun River 1999 field. The mean level 

of infestation in edge units was lower than for inner units in five of nine plots; higher in 

edge units in three plots; and virtually the same in one. Adult JVSS was present in every 

edge sample unit in four plots: Sun River 1998 (2); Sun River 1999; Ledger 1998 (I); and 

Ledger 1998 (2). However, the frequency of larval infestation in the same sample units 

was less than 100%: in Sun River 1999, only 48% of the edge sample units were infested

with larval JVSS.
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0 50 100 150 200
Distance from the cropped edge (m)

Figure 2.18: Larval infestation of spring wheat reproductive tillers 
x distance from the cropped edge. Big Sandy 1997 (2).
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Figure 2.19: Larval infestation of spring wheat reproductive tillers
x distance from the fallow edge. Big Sandy 1997 (I).
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Distance from the roadside edge (m)

Figure 2.20: Larval infestation of spring wheat reproductive tillers 
x distance from the east roadside edge. Chester 1997.

Distance from the fallow edge (m)

Figure 2.21: Larval infestation of spring wheat reproductive tillers
x distance from the fallow edge. Sun River 1998 (I).
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Figure 2.22: Larval infestation of spring wheat reproductive tillers 
x distance from the fallow edge. Ledger 1999.

Distance from the fallow edge (m)

Figure 2.23: Larval infestation of spring wheat reproductive tillers
x distance from the fallow edge. Sun River 1999.
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Distance from the fallow edge (m)

Figure 2.24: Larval infestation of spring wheat reproductive tillers 
x distance from the fallow edge (points in half of field closest to 
fallow edge). Ledger 1998 (I).

Distance from the east roadside edge (m)

Figure 2.25: Larval infestation of spring wheat reproductive tillers
x distance from the east roadside edge (points in half o f field
closest to east roadside edge). Ledger 1998 (I).
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Figure 2.26: Larval infestation of spring wheat reproductive tillers 
x distance from the fallow edge (points in half of field closest to 
fallow edge). Ledger 1998 (2).

Distance from the cropped edge (m)

Figure 2.27: Larval infestation of spring wheat reproductive tillers 
x distance from the cropped edge (points in half of field closest to 
winter wheat cropped edge). Ledger 1998 (2).
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Figure 2.28: Larval infestation of spring wheat reproductive tillers 
x distance from the east fallow edge (points in half of field closest 
to east fallow edge). Ledger 1998 (2).

Distance from the west fallow edge (m)

Figure 2.29: Larval infestation o f spring wheat reproductive tillers
x distance from the west fallow edge (points in half o f field closest
to west fallow edge). Ledger 1998 (2)



Table 2.4
BigSandy 1997(1)
Linear regression of distance from field edge x density of spring wheat reproductive tillers infested with larval sawfly

north = ditch 
south = CRP 
east = fallow 
west = winter wheat

data set equation* a ± s.e. t{a) P {a) b ± s.e. P (b) R2 F d.f. F P(F)

north -  all I 0.07 + 0.04 1.64 0.11 8.39e-05 ± 7.06e-05 1.19 0.24 0.11 1.41 1,89 0.24
south -  all 2 0.13 + 0.03 4.96 0.000* -1.01e-07 ± 8.00e-08 -1.26 0.21 0.02 1.58 1,89 0.21
east -  all 2 0.14 ±0.03 4.74 >0.0001* -0.001 ±0.001 -1.49 . 0.14 0.02 2.23 1,89 0.14
west -  all 3 0.07 + 0.03 2.76 0.01* 5.87e-08±3.53e-08 1.66 0.10 0.03 2.76 1,89 0.10

north -  half 2 0.07+ 0.04 1.85 0,07 1.10e-07 ± 4.40e-07 0.25 0.80 >0.01 0.06 I, 36 0.80
south -  half 2 0.14 + 0.04 3.72 0.001* -2.56e-07±5.58e-07 -0.46 0.65 >0.01 0.21 1,51 0.65
east -  half I 0.15 ±0.04 3.88 0.0004* -0.001 ± 0.002 -0.46 0.65 0.01 0.21 1,44 0.65
west -  half 2 0.08 ± 0.04 1.97 0.06 -2.36e-06±2.10e-05 -0.11 0.91 >0.01 0.01 1,43 0.91

^equation I: y = a + bx
equation 2: y = a + bx2
equation 3: y = a + bx3

V l



Table 2.5
Big Sandy 1997(2)
Linear regression of distance from field edge x density of spring wheat reproductive tillers infested with larval sawfly

north = headland
south = spring wheat continues
east = peas
west = barley

data set equation* a  + s.e. t ( a ) P (a) b ± s.e. t ( b ) P (b ) R 2 F d.f. F P (79

north -all I 0.23 ± 0.05 4.34 >0.0001* -7.67e-05 ± 1.82e-04 -0.42 0.68 >0.01 0.18 1,96 0.68
south-all 2 0.19 ±0.04 4.88 0.000* 2.87e-07 ± 3.57e-07 0.81 0.42 >0.01 0.65 1,96 0.42
east-all 2 0.25 ± 0.04 6.46 0.000* -2.58e-06± 1.99e-06 -1.30 0.20 0.02 1.69 1,96 0.20
west-all I 0.18 + 0.05 3.67 >0.0001* 3.97e-04±4.00e-04 0.99 0.33 0.01 0.98 1,96 0.33

north-half 2 0.27 ±0.06 4.45 >0.0001* -1.42e-06±2.01e-06 -0.71 0.48 0.01 0.50 1,47 0.48
south- half I 0.31 ±0.06 4.92 >0.0001* -0.001 ±4.62e-04 -2.25 0.03* 0.10 5.04 1,47 0.03*
east -  half 3 0.21 ±0.05 4.44 >0.0001* 9.48e-08 ± 7.66e-08 1.24 0.22 0.03 1.53 1,59 0.22
west-half 2 0.14 ±0.05 3.06 0.003* 1.69e-05±8.14e-06 2.08 0.04* . 0.07 4.32 1,57 0.04*

*equation I : y = a + bx 
equation 2: y = a + bx2 
equation 3: y = a + bx3

O',O



Table 2.6 
Chester 1997
Linear regression of distance from field edge x density spring wheat reproductive tillers infested with larval sawfly

north = spring wheat continues 
south = headland 
east = ditch
west = spring wheat continues

data set equation* a ± s.e. t(d) P {a) b ± s.e. P (b) R2 F d.f. F

north -all I 0.80 + 0.05 15.00 0.000* 1.07e-04±2.48e-04 0.43 0.67 >0.001 0.19 I, 141 0.67
south-all 2 0.83 ± 0.04 20.06 0.000* -2.89e-07 ± 6.44e-07 -0.45 0.66 >0.001 0.20 I, 141 0.66
east-all I 0.73 + 0.05 14.46 0.000* 5.75e-04 ± 2.87e-04 2.01 0.04* 0.03 4.01 I, 141 0.04*
west-all 2 0.88 ±0.04 21.89 0.000* -2.05e-06 ± 9.08e-07 -2.26 0.03* 0.04 5.10 I, 141 0.03*

north-half I 0.80 + 0.07 11.77 0.000* 4.03e-05 ± 6.20e-04 0.07 0.95 >0.001 >0.01 1,75 0.95
south- half 3 0.86 ± 0.06 15.25 0.000* -2.48e-08± 3.06e-08 -0.82 0.42 0.01 0.66 1,64 0.42
east -  half I 0.68 ±0.07 10.12 0.000* 1.51e-03±7.68e-04 1.97 0.05 0.05 3.88 1,76 0.05
west-half I 0.91 ±0.07 13.28 0.000* -9.52e-04 ± 7.33e-04 -1.30 0.20 0.02 1.69 1,76 0.20

*equation I: y = a + bx 
equation 2: y = a + bx2 
equation 3: y = a + bx3



Table 2.7
Ledger 1998 (2)
Linear regression of distance from field edge x density of spring wheat reproductive tillers infested with larval sawfly

north = ditch
south = spring wheat continues 
east = fallow
west = winter wheat -

data set equation* a ± s.e t(a) P (a)' - b ± s.e. t(b) P (b) R2 F d.f. F

north -all I 0.49 + 0.09 5.56 0.000* -6.88e-04 ± 5.79e-04 -1.20 0.24 0.03 1.41 1,52 0.24
south-all I 0.31+0.09 3.53 0.001* 6.88e-04 ± 5.79e-04 1.19 0.24 0.03 1.41 1,52 0.24
east-all I 0.49 ± 0.09 5.40 ' 0.000* -4.36e-04±3.79e-04 -1.15 0.26 0.03 1.32 1,52 0.26
west-all 2 0.28 ± 0.07 3.94 >0.0001* 2.05e-06 ± 8.48e-07 2.41 0.02* 0.10 5.81 1,52 0.02*

north-half I 0.51 ±0.11 4.48 >0.0001* -1.56e-03± 1.78e-03 -0.87 0.39 0.03 0.76 1,25 0.39
south -half 3 0.29 + 0.09 3.14 0.004* 2.09e-07± 1.38e-07 1.51 0.14 0.08 2.29 1,25 0.14
east-half I 0.72 ±0.98 7.35 0.000* -2.76e-03 ± 8.09e-04 -3.41 0.01* 0.29 11.61 1,28 0.01*
west-half I 0.57 ± 0 .1 1 5.35 >0.0001* -2.10e-03±8.00e-04 -2.62 0.01* 0.20 6.85 1,28 0.01*

*equation I: y = a + bx 
equation 2: y =  a + bx2 
equation 3: y = a + bx3



Table 2.8
Ledger 1998 (I)
Linear regression of distance from field edge x density of spring wheat reproductive tillers infested with larval sawfly

north = spring wheat continues 
south = headland 
east = ditch 
west = fallow

data set equation* a + s.e t(a) P (a) b ± s.e. t(b) P '(b) R2 F I f f

north-all 2 0.36 ±0.04 10.34 0.000* 1.24e-06±6.42e-07 1,93 0.06 0.02 3.73 I, 193 0.06
south-all I 0.48 ± 0.05 10.35 0.000* -3.97e-04±2.28e-04 -1.74 0.08 0.02 3.03 I, 193 0.08
east-all 2 0.31 ±0.04 9.14 0.000* 1.82e-06±4.64e-07 3.93 >0.000* 0.07 15.47 I, 193 0.01*
west-all I 0.51+0.05 11.17 0.000* -4.89e-04± 1.95e-04 -2.51 0.013* 0.03 6.31 I, 193 0.01*

north-half I 0.36 ±0.06 6.42 0.000* 2.90e-04 ± 5.50e-04 0.53 0.60 0.01 0.28 I, 102 0.60
south- half I 0.54 ±0.07 „ 8.37 0.000* -1.26e-03±6.05e-04 -2.08 0.04* 0.04 4.34 I, 102 0.04*
east- half I 0.48 ± 0.06 8.72 0.000* -1.19e-03 + 4.55e-04 -2.61 0.01* 0.06 6.79 I, 102 0.01*
west-half I 0.72 ± 0.06 12.50 0.000* -2.71 e-03 ± 4.76e-04 -5.70 0.000* 0.24 32.39 I, 102 0.00*

^equation I: y = a + bx
equation 2: y = a + bx2
equation 3: y = a + bx3



Table 2.9
Sun River 1998 (I)
Linear regression of distance from field edge x density of spring wheat reproductive tillers infested with larval sawfly

north = spring wheat continues
south = headland
east = fallow
west = winter wheat

data set equation* a ± s.e t(a) P(P) b ± s.e t(b) P(b) R- F d.f. F P(F)

north-all I 1.03 ±0.03 33.56 0.000* -5.91e-07± 1.98e-07 -2.99 0.01* 0.04 8.94 1,211 0.01*
south-all I 0.88 ±0.04 21.19 0.000* 3.03e-04± 1.20e-04 2.53 0.01* 0.03 6.37 1,211 0.01*
east-all 2 0.99 ± 0.03 31.47 0.000* -1.94e-06± 1.64e-06 -1.17 0.24 0.01 1.41 1,211 0.24
west-all I 0.93 ± 0.04 24.34 0.000* 3.91e-04±3.37e-04 1.16 0.25 0.01 1.35 1,211 0.25

north-half I 0.99 ± 0.05 19.94 0.000* 1.79e-04±2.98e-04 0.60 0.55 0.003 0.36 I, 106 0.55
south- half 2 0.85 ±0.05 17.44 0.000* 2.31e-06± 1.30e-06 1.79 0.08 0.03 3.20 I, 103 0.08
east -  half I 0.97 ±0.05 / 20.42 0.000* 4.09e-04 ± 7.35e-04 0.56 0.58 0.003 0.31 I, 118 0.58
west-half 3 0.90 ± 0.04 24.57 0.000* 1.98e-07± 1.00e-07 1.97 0.05 0.03 3.89 I, 115 0.05

*equation I: y = a + bx
equation 2: y = a + bx2
equation 3: y = a + bx3



Table 2.10
Sun River 1998 (2)
Linear regression of distance from field edge x density of spring wheat reproductive tillers infested with larval sawfly

north = headland
south = spring wheat continues
east = fallow
west = fallow

data set equation* a + s.e t{d) ■ P {a) b ± s.e P (b) R- F d.f.F

north -all I 0.28 ± 0.06 4.56 >0.0001* 3.76e-04 + 2.05e-04 1.84 0,07 0.03 3.37 1,99 0.07
south-all I 0.47 + 0.06 8.02 0.000* -3.76e-04 + 2.05e-04 -1.84 0.07 0.03 3.37 1,99 0.07
east-all 3 0.35 + 0.04 8.02 0.000* 1.49e-08 + 1.37e-08 1.08 0.28 0.01 1.16 1,99 0.29
west-all 3 0.33 ± 0.04 7.95 0.000* 2.65e-07± 1.42e-08 1.86 0.07 0.03 3.48 1,99 0.07

north-half I 0.36 + 0.08 4.25 0.0001* -1.31e-04±5.63e-04 -0.23 0.82 0.001 0.05 1,48 0.82
south- half I 0.60 ±0.08 7.79 0.000* -1.63e-03 + 5.96e-04 -2.73 0.01* 0.13 7.44 1,50 0.01*
east -  half I 0.55 ± 0.09 6.19 0.000* -3.12e-03 + 1.55e-03 -2.01 0.05 0.08 4.04 1,48 0.05
west-half I 0.53 ± 0.07 7.60 0.000* -3.87e-03± 1.36e-03 -2.84 0.01* 0.14 8.05 1,49 0.01*

*equation I: y = a + bx
equation 2: y = a + bx2

■ equation 3: y = a + bx3

On
LA



Table 2 .11
Sun River 1999
Linear regression of distance from field edge x density of spring wheat reproductive tillers infested with larval sawfly

north = spring wheat continues
south = headland
east = fallow
west = winter wheat

data set equation* a ± s.e t{a) P {a) b + s.e P (b) R' F d.f. F

north -all I 0.43 + 0.06 7.52 0.000* -4.77e-05± 1.85e-04 -0.26 0.80 >0.001 0.07 I, 189 0.80
south-all 2 0.40 + 0.04 9.16 0.000* 2.53e-07 + 3.40e-07 0.75 0.46 0.003 0.56 I, 189 0.46
east-all I 0.42 ± 0.05 7.76 ' 0.000* 3.35e-05 + 4.60e-04 0.07 0.94 >0.001 0.01 I, 189 0.94
west-all 2 0.42 ± 0.04 9.82 0.000* -3.18e-07±2.90e-06 -0.15 0.89 >0.001 0.02 I, 189 0.89

north-half I 0.50 + 0.08 6.30 0.000* -4.53e-04 + 5.21e-04 -0.87 0.39 0.01 0.76 1,93 0.39
south- half 2 0.48 + 0.06 8.06 0.000* -3.74e-06± 1.96e-06 -1.91 0.06 0.04 3.63 1,94 0.06
east -  half 2 0.42 + 0.06 7.44 0.000* -1.30e-06 + 1.13e-05 -0.12 0.91 >0.001 0.01 I, 104 0.91
west-half I 0.42 + 0.07 6.05 0.000* 1.31e-04± 1.10e-03 0.12 0.91 >0.001 0.01 I, 103 0.91

*equation I: y = a +  bx
equation 2: y = a + bx2
equation 3: y = a + bx3

On
On



Table 2.12 
Ledger 1999
Linear regression of distance from field edge x density of spring wheat reproductive tillers infested with larval sawfly

north = spring wheat continues 
south = headland 
east = fallow 
west = ditch

data set equation* a + s.e l(a) P (a) b + s.e t(b) P (b) R2 F d.f. F P(F)

north âII 2 0.03 ± 0.02 2.21 0.03* 8.65e-07 + 4.85e-07 1.78 0.08 0.02 3.18 I, 179 0.08
south-all I 0.08 ± 0.02 4.09. >0.001* -2.12e-04± 1.31e-04 . -1.63 0.11 0.02 6.64 I, 179 0.11
east-all 2 ; 0.04 + 0.02 2.93 0.664* 1.58e-07±2.02e-07 0.78 0.44 0.003 0.61 I, 179 " 0.44
west-all 2 0.05 ± 0.02 3.10 0 .602* 1.02e-07±2.02e-07 0.51 0.61 0,001 0.26 I, 179 0.61

north-half 3 0.05 + 0.02 2.42 0.02* -6.51e-09± 1.82e-08 . -0.36 0.72 0.001 0.13 1,97 0.72
south- half I 0.10 ±0.03 3.57 0.001* -4.69e-04 ± 3.41e-04 -1.38 0.17 0.62 1.90 1,96 0.17
east -  half I 0.09 ± 0.03 3.34 0.001* -4.05e-04 + 2.31 e-04 -1.76 0.08 0.03 3.09 1,93 0.08
west-half I 0.09 + 0.03 3.68 >0.001* -3.72e-04 + 2.09e-04 -1.78 0.08 0.03 3.15 1,93 0.08

*equation I: y = a + bx 
equation 2: y = a + bx2 
equation 3: y = a + bx3



Table 2.13: Comparison of larval sawfly in spring wheat reproductive tillers - edge versus inner samples

SiteZFieldZYear total
samples

missing
values

edge
samples

edge
infested

% edge 
infested

edge
range

edge
mean

edge
s.d.

inner
samples

inner
infested

% inner 
infested

inner
range

inner
mean

inner
s.d

Big Sandy 1997(2) 105 7 39 „17 44 0 -6 0.82 _ .„ 1.3 59 28 47 0 -7 1.2 1.7
Big Sandy 1997 (I) 96 5 47 14 30 0 -5 0.49 0.98 44 12 27 0 -3 0.34 0.64
Chester 1997 143 0 23 19 83 0-18 4.96 4.91 120 116 97 0-27 7.79 5.38
Sun River 1998 (I) 216 3 53 51 96 0-31 „10.9 7.41 160 157 98 0 -4 2 10.3 7.1
Sun River 1998 (2) 105 4 33 31 94 0 -7 3.94 3.64 68 38 56 0 -7 1.4 1.7
Ledger 1998 (I) 195 0 39 34 87 0 -2 0 5.62 4.75 156 106 68 0 -1 0 1.8 2.0
Ledger 1998 (2) 54 0 19 16 84 0-13 5.05 4.38 35 21 60 0 -7 1.34 1.9
Ledger 1999 187 6 36 12 33 0 -3 0.47 0.77 145 14 10 0 -4 0.14 0.55
Sun River 1999 198 7 48 23 48 0 -26 2.52 4.65 143 97 68 0 -20 3.31 4.23

OsOO
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Discussion

The fit of adult WSS data to the diffusion model was generally good but differed 

between the sexes. Female data fit the model less well (lower R2) than the male data.

This finding indicates that female dispersal was not random and furthermore, that female 

density distributions were not driven exclusively by the distance of sample locations from 

external adult emergence sites. This result concurs with our expectation that the spatial 

pattern in adult female WSS would reflect a discriminatory search motivated by the need 

to find and oviposit in maximal hosts located within a landscape of potentially acceptable 

hosts.

Conversely, the higher R2 values for the fit of the diffusion model to the male data 

suggest that male dispersal was more random. The dominant influence on male spatial 

distribution appears to be sample location proximity to an external ‘source’ of adult WSS. 

This result supports the expectation that male dispersal would be characteristic of 

individuals conducting a random, non-discriminatory search of the wheat field for 

females with which to mate. Female searches could be characterized as scaled down to 

discover individual maximal host stems, while male searches are scaled up to increase the 

probability of female encounter as rapidly as possible within a suitable landscape.

The census of adult WSS is an instantaneous snapshot in time representing only an 

increment of the cumulative movements of the population in a growing season. An 

individual counted in an edge sample unit would not necessarily remain in that unit. The

use of adult WSS location and densities as an indicator of the location and intensity of
/

larval WSS infestation is therefore of questionable value. Our analyses suggest that
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female WSS dispersal is not as random as male dispersal because the search for 

oviposition sites may be determined by the patchy distribution of suitable host stems.

This is reflected in the variable levels of larval WSS infestation across many of the fields 

examined in this study. Variability in larval infestation indicates that oviposition may not 

be strictly a function of adult abundance and that other site qualities may play a role in 

larval distribution.

Stem lodging should not be assumed to be an infallible indicator of the location 

and degree of WSS infestation. Lodging can occur as the result of a variety of cultivar 

morphological traits and environmental conditions other than infestation by WSS 

(McLelland 2000). Munro (1945) reports that lodging due to hail damage was 

mistakenly attributed to WSS infestation. Experiments conducted in North Dakota 

showed a significantly higher yield loss for late harvested fields compared to equivalently 

infested earlier harvested fields. Researchers attributed the difference to increased 

lodging throughout the fields due to the prolonged exposure of cut and weakened stems 

to the effects of wind (Munro 1945; Munro et al 1947).

The accurate characterization of spatial pattern in WSS infestation may be key to 

implementing an effective integrated WSS management program. Our study examined 

this question at the field scale with intensive, spatially-registered sampling. Past studies 

assessed WSS damage along transects perpendicular to the field edge (Holmes 1982; 

Goosey 1999), effectively surveying a much smaller extent of infested fields than the 

present study. Fixed number samples conventionally used in WSS studies (Filipy et al 

1985; Pesho et al 1971) provide a frequency distribution of infestation, i.e. percent or
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proportion of stems infested in a fixed number of stems sampled, and are less useful for 

examining pest spatial dynamics. Quadrat data assesses infestation per unit area and 

because it can be scaled to generate estimates of organisms occurring in continuous 

habitats (Ludwig and Reynolds 1988), was essential to our study of WSS spatial 

distribution.

Adult WSS movement into fields from external emergence sites frequently 

causes detectable density gradients that are highest on field margins and decreasing with 

distance into the field interior. We found that SW  stems infested with larval WSS were 

not exclusively concentrated at field margins. Larval infestation was higher at the field . 

margins in three fields only: Ledger 1998 (I) and (2); and Sun River 1998 (2). In all 

other fields infestation levels were even throughout the field. The data collected from the 

fielcls included in this study does not support the characterization of WSS as an edge 

effect pest. Our results suggest that in fields cropped in SW, the best WSS management 

strategies would afford an equal level of protection to stems in all areas of the field unless 

hosts sufficiently higher in quality than the crop stand can be positioned at the field 

margins to create an effective trap strip.
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CHAPTER 3

BIOTIC INTERACTIONS OF THE WHEAT STEM SAWFLY {Cephus cinctus Norton) 
WITH WILD OAT (Avena fatua L.) AND SPRING WHEAT (Triticum aestivum L.)

HOSTS

Introduction

The wheat stem sawfly (WSS), Cephus cinctus N. (Hymenoptera: Cephidae), is an 

economically-significant pest of both winter and spring wheat in the northern Great 

Plains. Host plant acceptance by WSS is thought to be constrained primarily by stem 

diameter and asynchronous insect-plant phenology (Holmes and Peterson 1960; Wallace 

and McNeal 1966).

Sawfly Association with Wild and Domestic Oat

WSS infestation is not restricted to wheat hosts and has been reported from 

numerous cultivated and non-cropped grasses (Griddle 1922; Ainslie 1929; Wallace and 

McNeal 1966). The grassy weed, wild oat {WO), Avena fatua , frequently inhabits 

Montana dryland spring wheat (SW) fields infested by WSS. Criddle (1923) reported that 

WSS eggs were found in samples of wild and domesticated oat, (Avena sativa), collected 

in 1922. It has been estimated that WO infestations reduce annual revenues to Montana 

wheat producers approximately $20 million (R.N. Stougaard, pers. comm.). Producer 

estimates of economic loss due to WSS damage reached $20.4 million in 1995-1996 

(Blodgett 1997). Many producers are significantly impacted by both pests.

Samples collected from SW fields in Chester, Ledger and Sun River, MT indicate 

that WSS oviposition on WO is not novel (Chapter 2). Farstad (1940) presented similar
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findings in field studies of WSS infestation of domesticated oat. Criddle (1923) stated 

that WSS ‘shows little discrimination’ in host species selection, accepting grasses for 

oviposition that cannot support development through to reproductive maturity. Although 

A. sativa resistance to WSS has been reported in the literature (Griddle 1923; Holmes and 

Peterson 1964, Wallace and McNeal 1966), the specific mechanism of oat resistance to 

WSS has not yet been identified. Domesticated oat (A. sativa) has been suggested as an 

alternative rotation where local WSS infestation levels are high (Griddle 1922, Farstad 

1942, Callenbach and Hansmeir 1944, Mills 1944, Munro 1944).

Mechanisms of Herbivore Host Selection

Chemical cues are thought to play the most significant role in insect host selection 

(Schoonhoven 1996). WSS lays eggs in a wide range of grasses with potentially similar 

semiochemical profiles (Scheirs 2000). Under such circumstances, it is possible that host 

acceptance is strongly influenced by plant morphological characters (Courtney and 

Kibota 1990) through mechanical cues. WSS host evaluation involves traveling up and 

down the stem several times, clasping the hind legs around the circumference of the stem 

in a caliper-like manner, and probing the stem with the ovipositor, activities thought to 

collectively gauge the acceptability of the stem (Griddle 1923; Ainslie 1929; Seamans 

1945). Field observations of WSS host selection during the course of this study suggest 

that oviposition in WO occurs primarily when the weed emerges and matures to an 

acceptable stem diameter ahead of late seeded SW.
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Impact of Crop-associated Weeds on Herbivory

Herbivore damage assessed in crop plots seeded with either closely related or 

non-related weed species indicated that in the case of specialist herbivores, crop damage 

increased when weeds were closely related to the crop (Root 1973, Shellhom and Sork 

1977). In this situation, weeds represent an extension of the exploitable habitat and 

increase herbivore pressure on the crop by increasing the attractiveness and apparency of 

all individuals in the community. WSS acceptance of WO plants for oviposition is likely 

influenced by the relatedness of the graminoid weed to SW.

For the relatively mobile WSS, dispersal through flight to a more acceptable host 

may resolve localized fluctuations in resources such as optimal oviposition sites (Potts 

and Vickerman 1974). However, it is essential to determine the spatial scale relevant to 

the organism of interest (McGarigal and Marks 1994); although sawflies are capable 

flyers, the range for which motivation to continue seeking hosts is unknown. Studies of 

oviposition-related behavior in Hessian fly indicate that encountering a non-host such as 

domesticated oat will cause females to leave non-host patches more quickly than if a host 

patch composed of wheat were encountered. Furthermore, Hessian flies deprived of 

access to wheat oviposition sites laid a relatively greater number of eggs in the first wheat 

patch encountered than those subjects continuously exposed to wheat (Withers and Harris 

1996).

Oviposition density is generally a combined function of patch quality and density 

of ovipositing females. A study evaluating resource patch density and the resulting travel 

costs of females found that as oviposition site resources (patches) became more widely
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dispersed, oviposition and thereby larval aggregation increased (Heard 1998). Insect 

movement through the vegetation matrix is dictated by the spatial distribution of host 

plant, its density and dispersion; host finding, optimized by maintained directionality, 

was found to be less successful within a complex plant assemblage because directionality 

was abandoned (Cartar and Real 1997).

Functional Response

Reduced levels of WSS infestation in wheat have been attributed to wheat stand 

quality: dense stands of wheat were reported to be less susceptible to infestation than 

sparse stands (Lhginbill, Jr. and McNeal 1958, Miller et al. 1993). Herbivore response to 

stand density is analogous to the functional response of predatory species (Crawley 1983) 

to variations in prey availability (Holling 1959), or parasitoids to fluctuations in host 

density (Rogers 1972). Functional response characterizes the regulatory potential of the 

predatory species at the individual scale to exploit the prey resource. Lundberg (1988) 

suggests that herbivore functional response closely approximates the parasitoid -  host 

dynamic with the host density remaining constant because individual hosts can be 

parasitized numerous times. Individual plants are in general only partially consumed and 

therefore not fully removed, as are fully-consumed prey, from additional herbivore 

‘predation’ events.

Based on the effective constancy of prey density, Lundberg (1988) predicted that 

herbivore functional response should accelerate to an asymptote limited by appetite, 

searching success, intensity of competition with other herbivores (Crawley 1975), and
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would not be influenced by increased prey density. More than one female WSS may 

deposit eggs in an individual host stem at a preferred stage of development (Holmes

1982).

Host Preference

Even when the formal components of functional response such as instantaneous 

searching rate and handling time can not be estimated from a data set, the ratio of 

available prey to attacked prey can be used to ascertain if the probability of attack 

increases with prey density (Rausher 1983; Messina and Hanks 1998). When two or 

more acceptable host species are present, herbivore preference for one species over 

another can be evaluated by determining if the species is attacked in proportion to its 

relative density (Murdock 1969). When two host species such as WO and SW  are 

available and acceptable for oviposition, herbivore preference is indicated when a host 

species is attacked more frequently than predicted based on its respective density (Cock 

1978).

Preference for host species i can be estimated as the deviation of the observed 

proportion of total stems attacked that were species i from the predicted proportion of 

total stems attacked that were species i. The index of preference, c, is estimated from the 

following equation (Murdock 1969):

Equation I
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where Yi = the observed proportion of species \ stems attacked; Xi = the predicted 

proportion of species j attacked based on relative density; and c, = the index of herbivore 

preference for species A value of c = I indicates that hosts have been selected for 

oviposition exactly according to their relative density. When the difference in herbivore 

preference for two host species is evaluated, a value of c < I is found for the less 

preferred species and a value of c > I indicates that the species is more preferred. The 

data were plotted to graphically illustrate the difference between observed and predicted 

host selection under the assumption of no preference and if it were dictated by relative 

density alone (Murdock 1969).

Objectives

The objectives of this study were l)to determine if the number of stems infested 

by WSS changed in response to host plant density, 2)to determine if WSS response to host 

plant density differed with host plant species, 3)to determine if WSS demonstrates host 

plant preference, and 4) to determine if the presence of WO alters WSS response to SW.

Materials and Methods

Field Sites

This study was conducted over a three year period (1997-1999) at five farms in 

Sun River, Chester, Ledger and Big Sandy, MT. Study plots consisted of ten hectare 

areas located within fields of solid stem, ffXS'-resistant varieties of SW. Most plots were 

smaller than the entire field but whenever possible, spanned the width of the field on the
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east-west plane. Two plots were located in re-cropped fields (Chester 1997, Sun River 

1998 (2)); all others were in cropped fields that had been fallowed the season before.

Sampling Protocols
sI

Grid Samples. Plot boundaries and sample points were established and spatially 

registered with a differentially correcting, backpack-mounted GPS in mid-May. Samples 

were taken at two spatial scales. Full field scale samples were collected in a grid pattern 

at 50 m intervals in 1997 and at 25 m intervals in subsequent years. Larval abundance 

was assessed through the dissection of all SW  and WO stems pulled from a 0.10 m2 round 

quadrat placed at each grid point. The density and developmental stage of all stems 

collected were recorded. The stems were then dissected in the laboratory and examined 

for the presence of larval WSS or their ffass.

Patch Samples. Patch scale samples were collected and processed as above, but on 

a finer scale grid at 2 m intervals within the larger full field plot at Sun River 1998 

(IXFigure 3.1) and Ledger 1998 (l)(Figure 3.2). Patch sample grids were deliberately 

placed at specific points of interest to evaluate WSS response to host plant species and 

density.

At the Sun River 1998 (I) site, patch I and 2 were located in areas of high WO 

and SW  density adjoining the fallow strip on the eastern edge of the field. Patch 3 was 

located approximately 50 m from the eastern edge of the field in an area of high WO and 

low SW  density. Patch 4 adjoined the eastern fallow edge in an area of high SW  and low
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WO density. Patch 5 was located 25 m from the western winter wheat cropped edge of 

the field in an area that had low densities of both WO and SW.

There were no areas of low SW  density, only variable levels of WO infestation in 

the patches sampled at theXedger 1998 (I) site. Patch I was located 25 m from the 

western edge of the field adjoining a fallow strip and encompassed an extensive and 

dense WO patch-. Patch 2 sampling began on the fallow strip -  SW field interface and had 

a high level of WO infestation. The location for patch 3 was chosen because it had a 

similar level of WO infestation as patches I and 2. We wanted to determine if WSS , 

infestation of SW  and WO declined with additional distance from the source of 

ovipositing WSS on the fallow edge of the field. Patch 4 was located in close proximity 

to patch 2, on the fallow edge of the field* but was sparsely infested by WO. Patch 5. was 

located on the eastern edge of the field next to the road and contained no WO.
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Statistical Analyses

Response to Host Density. WSS response to plant density was estimated using a 

simple linear model analogous to the Type I functional response equation (Holling 1959):

Na = a*  N0 Equation 2

where Na = the number of host attacked; TZ0 = the number of host available; and a = the 

attack coefficient. Parameter estimates of herbivore functional response to host plant 

density have been used to characterize herbivore attack rate on specific plant species and 

stages (Rausher 1983; Holt et al. 1994; Grover and Holt 1998).

The attack coefficient functions as a measure of attack efficiency (Gotelli 1998) 

and indicates the effectiveness of a local population of WSS in exploiting available host 

resources. Attack coefficients were estimated for WSS response to the stem density of 

SW, and WO where present, at the full field scale at Big Sandy 1997 (I) and (2); Chester 

1997; Sun River 1998 (I) and (2); Ledger 1998 (I) and (2); Ledger 1999; and Sun River 

1999, as well as from ‘patch’ samples taken at the Sun River 1998 (I) and Ledger 1998 

(I) sites.

Response to Host Species. A chi-square test was conducted to determine if the 

proportion of WO stems attacked was different than the proportion of SW  stems attacked 

within the same field for grid samples, or within the same patch for patch samples.

Host Preference. A local infestation rate for each quadrat sampled was 

determined by dividing the total number of stems infested by the total number of stems
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available in the quadrat ( t o t a l  infestation rate = t o t a l  InfestedZ t o t a l  available)- The proportion of 

total stems available for ovipostion that were W O  was estimated by dividing the number 

of W O  stems by the total number of stems in the quadrat { W O  proportion o f total stems = W O  

available / t o t a l  available)- The proportion of total stems available for ovipostion that were S W  

was estimated by dividing the number of S W  stems by the total number of stems in the

quadrat ( S  (V  proportion o f total stems S J V  available / t o t a l  available) ■

Under the null hypothesis of no host species preference in the acceptance of 

oviposition sites, the expected proportion of total stems infested that were either host 

species would be the product of the local infestation rate and the host species’ 

proportionate availability ( W O  expected t o t a l  infestation rate * W O  proportion o f total stems j S J V  

expected t o t a l  infestation rate * S J V  proportion o f total stems )■ The observed proportion of total Stem S

infested that were W O  was estimated by dividing the number of W O  stems infested by the 

total number of stems available ( W O  observed= W O  infested / t o t a l  available)- The same value 

can be estimated from the product of the W O  infestation rate ( W O  infestation rate = W O  infested 

/ W O  available) and the proportionate availability of W O  stems ( W O  observed = W O  infestation rate 

* W O  proportion o f total stems) - The observed proportion of total stems infested that were S W  

(SW observed) can be estimated in the same way ( S W  infested Z t o t a l  available)-

The observed and predicted proportion of total stems that were infested W O  were 

plotted and fitted with a curvilinear model ( W O  observed =  (c* W O  expected) / (I- W O  expected 

+ (c * W O  expected )• The estimated parameter c is an index of preference adapted from 

Murdock (.1969). The value of c = I indicates that the observed proportion of total stems 

that were infested W O  was equal to the proportion predicted by the local infestation rate
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and the proportionate availability of WO. Values of c higher or lower than I indicate that 

the host species was more or less preferred, respectively, than predicted by its 

proportionate availability and the local infestation rate. Scaling c to the local infestation 

rate allows for a realistic prediction of the proportion of total stems that should be 

infested WO or infested SW  Presenting the observed and predicted values in a common 

unit, proportion of total stems in the quadrat, allows for the direct comparison of WSS 

utilization of the two host plant species as oviposition resources.

WSS Response to Pure and Weedy Stands of SW. A chi-square test was conducted 

to determine if the proportion of SW  stems attacked in quadrats infested by WO was 

different than the proportion of SW  stems attacked in weed-free quadrats within the same 

field for grid samples, or within the same patch for patch samples.

Results

Full Field Scale

Estimated Attack Coefficients -  SW. WSS infestation of SW  was highly variable 

at the full field scale (Figures 3.2 -  3,11). Estimated attack rates were not constant across 

all sites (Table 3.1). Estimated attack coefficients ranged from a = 0.53 for the Sun River 

1998 (I) data to a = 0.004 for the Ledger 1999 data; these plots, respectively, experienced 

the highest and lowest levels of WSS infestation (Table 3.2). The attack coefficient was 

similar for fields sampled on the same farm (Ledger 1998 (I) and (2)(Figures 3.6 and 3.7) 

and in the same community (Big Sandy (I) and (2)(Figures 3.3 and 3.4) (Table 3.1). This
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finding suggests that estimated attack coefficients are probably intrinsically linked to 

local herbivore abundance. The goodness-of-fit of the data to the Type I functional 

response equation indicates that this model was appropriate for evaluating WSS response 

to host plant density (Table 3.1). The model fit best for the Sun River 1998 (I) data (R" = 

.71) (Figure 3.8) and worst for the Ledger 1999 data (R2 = .04) (Figure 3.11) (Table 3.1); 

again, the plots respectively with the highest and lowest levels of WSS infestation.
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Figure 3.3. Big Sandy 1997 (I). Response of wheat stem sawfly to 
spring wheat density, a = 0.05 ± 0.01; p = 0.0000; R2 = 0.13. N= 91.
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Figure 3.4. Big Sandy 1997 (2). Response of wheat stem sawfly to 
spring wheat density, a = 0.07 ± 0.01; p = 0.0000; R~ = 0.12. N =98.

0 10 20 30 40

Spring wheat density (stems I 0.10 m2)

Figure 3.5. Chester 1997. Response of wheat stem sawfly to
spring wheat density, a = 0.47 ± 0.02; p  = 0.0000; R 2 = 0.32. N =  143.
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Figure 3.6. Ledger 1998 (I). Response of wheat stem sawfly to 
spring wheat density, a = 0.07 ± 0.01;/? = 0.0000; R"" = 0.10. TV= 195.

Spring wheat density (stems 1 0.10 m

Figure 3.7. Ledger 1998 (2). Response of wheat stem sawfly to
spring wheat density, a = 0.08 ± 0.01; p  = 0.0000; R2 = 0.16. N =  54.
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Figure 3.8. Sun River 1998 (I). Response of wheat stem sawfly to 
spring wheat density, a = 0.53 ± 0.01;p  = 0.0000; R2 = 0.71. #=213.

» « * # * > •

Spring wheat density (stems 1 0.10 m

Figure 3.9. Sun River 1998 (2). Response of wheat stem sawfly to
spring wheat density, a = 0.15 ±0.01; p  = 0.0000; R 2 = 0.32. TV= 101.
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Figure 3.10. Ledger 1999. Response of wheat stem sawfly to
spring wheat density, a — 0.004 ± 0.001;p  = 0.0000; R~ = 0.03. W= 181.
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Figure 3.11. Sun River 1999. Response of wheat stem sawfly to
spring wheat density, a = 0.17 ± 0.01; p  = 0.0000; R 2 = 0.23. N =  191.
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‘ Table 3.1.
Full-field scale.
Parameter estimates for linear Type I regression of stem density on stem infestation.

site host a ± se /(h) P(a) R2 F d f P(f?

Big Sandy(I) 1997 SW 0.05 ± 0.01 6.31 0.00000* 0.13 13.44 1,90 0.00042*

B ig  Sandy(2) 1997 0.07 ± 0.01 7.83 0.00000* 0.12 12.70 1,97 ‘ 0.00057*

Chester 1997 SW 0.47 ± 0.02 21.34 0.00000* 0.32 66.71 1,142 0.00000*

Ledger(I) 1998 SW 0.07 ± 0.01 12.59 0.00000* 0.10 20.97 1,194 0.00001*

Ledger(2) 1998 SfF 0.08 ± 0 .0 1 6.93 0.00000* 0.16 10.32 1,53 0.00224*

SunRiver(I) 1998 SW 0.53 ± 0 .01 45.23 0.00000* 0.71 509.34 1,212 0.00000*

Sun River(I) 1998 WO 0.17 ± 0 .01 17.05 0.00000* 0.35 111.74 1,212 0.00000*

Sun River(2) 1998 SW 0.15 ± 0 .01 11.99 0.00000* 0.32 47.07 1,100 0.00000*

Sun River(2) 1998 WO 0.08 ± 0 .01 10.95 0.00000* 0.50 98.21 1,100 0.00000*

Ledger 1999 SW 0.004 ± 0.001 5.29 0.00000* 0.03 6.11 1,180 0.01437*

Sun River 1999 SfF 0.17 ± 0 .01 13.56 0.00000* 0.23 56.36 1,190 0.00000*

Sun River 1999 fFO 0.011 ± 0 .003 3.52 0.00054* 0.04 ' 8.16 1,190 0.00476*



Table 3.2. 
Full-field scale. 
Host plant census.

Site total
stems

total
inf

prop, total 
stems inf.

SW
stems

prop, 
total 
stems 
= SW

inf.
SW

stems

prop.
SW

stems
inf.

WO
stems

prop, 
total 
stems 
= WO

inf.
WO

stems

prop. 
WO stems 

inf.

*2
value

Chester
1997

2350 1051 0.4472 2282 0.9711 1049 0.4597 68 0.0289 2 0.0294 27.1711*

Sun River 
(I) 1998

10264 3298 0.3213 4157 0.4050 2222 0.5345 6107 0.5950 1076 0.1762 1453.6821*

Sun River 
(2) 1998

2280 268 0.1175 1591 0.6978 225 0.1414 689 0.3022 43 0.0624 28.1957*

Ledger 
(I) 1998

7562 492 0.0651 7547 0.9980 492 0.0652 15 0.0020 0 0.0000 0.2684*

Sun River 
1999

3829 599 0.1564 3642 0.9512 595 0.1634 187 0.0488 4 0.0214 27.1711*
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Estimated Attack Coefficients -  fVO. IVSS infestation of WO was detected in four 

of six sites at the full field scale (Table 3.2). The incidence of wild oat infestation was 

rare at two of those sites (Table 3.2), therefore estimates of attack coefficients were 

credible for Sun River (I) and (2) sites only (Figures 3.10-3.11) (Table 3.1). The attack 

coefficient for WO was less than that for SW in the same field, for all fields evaluated 

(Table 3.1).

7, 10

—  • •

Wild oat density (stems 1 0.10 m )

Figure 3.12. Sun River 1998 (I). Response of wheat stem sawfly 
to wild oat density, a = 0.17 ± 0.01;/? = 0.0000; R2 = 0.35. TV= 213.
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Figure 3.13. Sun River 1998 (2). Response of wheat stem sawfly 
to wild oat density, a = 0.08 ± 0.01; p  = 0.0000; R2 = 0.50. N= 101.

Response to Host Species. WO constituted a very low proportion of the total stem 

density in samples from sites with both SW and WO (0.0000 -  0.0488), with the 

exception of Sun River 1998 (I) and (2) (0.5950 and 0.3022, respectively) (Table 3.2). 

The probability of WSS encounter with WO hosts would be expected to be significantly 

reduced by the relative rarity of WO in most samples. The probability of IFSiS'-infestation 

of WO would be further reduced due to the characteristically patchy spatial distribution of 

WO. In all cases evaluated here, the proportion of SW infested was significantly higher 

than the proportion of WO infested, for comparisons within the same field (Table 3.2)

(Figures 3.12, 3.13).
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Host Preference. WSS preference for host plant species was evaluated for two 

sites: Sun River 1998 (I) and (2). The results of this analysis indicate that host plants 

were not attacked according to their relative densities. Estimates of c, the index of 

preference (Murdock 1969), were lower than I for WO and greater than I for SW (Table 

3.3)(Figures 3.14-3.17). These estimates suggest that WSS does not avoid WO hosts but 

accepts it for oviposition less frequently than expected based on availability.

Table 3.3.
Full-field scale.
Non-linear estimate of indices of preference, c, for WO and SW.

Site host c ±  se t(c) P (  c) R- F d f

S.R. (I) fFD 0.61 ± 0.02 27.85 0.00* 0.77 724.77 1,212 0.00*

S.R. (I) gfF 1.43 ± 0 .0 4 37.40 0.00* 0.85 1240.66 1,212 0.00*

S.R. (2) WO 0.62 ±  0.03 18.78 0.00* 0.80 392.83 1,100 0.00*

S.R. (2) SW 1.09 ±  0.03 43.41 0.00* 0.94 1663.52 1,100 0.00*
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Figure 3.14. Sun River 1998 (I). Estimate of sawfly preference 
for wild oat hosts, c = 0.61.

Expected proportion - infested spring wheat

Figure 3.15. Sun River 1998 (I). Estimate of sawfly preference 
for spring wheat hosts, c = 1.43.
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Figure 3.16. Sun River 1998 (2). Estimate of sawfly preference 
for wild oat hosts, c = 0.62.

Expected proportion - infested spring wheat

Figure 3.17. Sun River 1998 (2). Estimate of sawfly preference 
for spring wheat hosts, c = 1.09.
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WSS Response to Pure and Weedy Stands of SW . The proportion of SW 

infested by WSS in jTO-infested samples was always higher than in WO-free samples 

within the same field (Table 3.4). The chi-square analysis indicates that the proportions 

were significantly different at the Chester 1997 and Sun River 1998 (I) sites (Table 3.4).



Table 3.4.
Full-field scale.
Sawfly infestation of spring wheat in pure and weedy samples.

site SW stems 
WO-free 
samples

H W inf
SW

stems
WO-free
samples

prop. SW 
stems 

JTWinf. 
WO-free 
samples

WO
stems

WO-mf.
samples

HzW in f SW 
stems 

WO-inf. 
samples

prop. 
SW stems 
H W inf 
WO-mf. 
samples

Af 2 
value

Chester 1997 2078 915 0.4403 204 134 0.6569 33.8057*

Sun River 1998 (I) 681 293 0.4302 3476 1929 0.5549 35.0804*

Sun River 1998 (2) 999 139 0.1391 591 86 0.1455 0.0444

Ledger 1998 (I) 7182 467 0.0650 365 25 0.0685 0.0116

Sun River 1999 3189 515 0.1615 453 80 0.1766 0.5580
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Patch Scale Results

Estimated Attack Coefficients - Sun River 1998 fl). WSS infestation of SW was 

higher than WSS infestation of WO in the five ‘patches’ intensively sampled on a 2 m grid 

within the same field (Figures 3.18 -  3.27) (Table 3.5). Estimated attack coefficient 

values for SW  and WO hosts differed from patch to patch (Table 3.6). The rates of attack 

against SW (Figures 3.20, 3.22, 3.24) and WO (Figures'3.21, 3.23, 3.25) were similar in 

patch 2, 3 and 4. There was an equally high level of SW infestation in patch 3, even 

though WO density (Figure 3.23) was significantly higher than SW density (Figure 3.22). 

Patch 3 was located approximately 50 m from the adjoining fallow strip; patches I, 2, and 

4 placed adjacent to the east fallow edge of the field (Figure 3.1).

Estimated Attack Coefficients - Ledger 1998 fl). WSS infestation of WO was 

highly variable in the Ledger 1998 (I) field (Figures 3.29, 3.31, 3.33, 3.35) (Table 3.7) 

and the linear model failed to adequately describe the relationship between host density 

and infestation in patches I through 4. Attack coefficients were similar in SW in patch 2 

(a = 0.30) and patch 4(a = 0.27)(Table 3.8). SW attack coefficients declined with distance 

from the fallow edge of the field (Figures 3.28, 3.30, 3.32, 3.34, 3.36) (Table 3.8). The 

lowest estimate of a was 0.10, the same value for patch 3 located 100 m from the west 

fallow edge and in patch 5, located farthest from the fallow edge of the field (Figure 3.2).
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Figure 3.18. Sun River 1998 (I) -  Patch I. Sawfly response to 
spring wheat density, a = 0.39 ± 0.02; p  = 0.0000; = 0.48. N = 168.

Wild oat density (stems / 0.10 m

Figure 3.19. Sun River 1998 (I) -  Patch I. Sawfly response to
wild oat density.# = 0.26 ± 0.01; p  = 0.0000; R2 = 0.13. N = 168.
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Spring wheat density (stems 1 0.10m2)

Figure 3.20. Sun River 1998 (I) -  Patch 2. Sawfly response to 
spring wheat density, a = 0.68 ± 0.02; p  = 0.0000; R~ = 0.60. N = 80.

Wild oat density (stems 1 0.10 m

Figure 3.21. Sun River 1998 ( I ) -Patch 2. Sawfly response to
wild oat density, a = 0.38 ± 0.02; p  = 0.0000; R 2 = 0.65. N = 80.
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Spring wheat density (stems 1 0.10 m2)

Figure 3.22. Sun River 1998 (I) -  Patch 3. Sawfly response to 
spring wheat density, a = 0.62 ± 0.04; p  = 0.0000; R2 = 0.57. N = 25.

Wild oat density (stems 1 0.10m )

Figure 3.23. Sun River 1998 (I) -  Patch 3. Sawfly response to
wild oat density, a = 0.39 ± 0.04; p  = 0.0000; R 2 = 0.27. N = 25.
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Spring wheat density (stems / 0.10m2)

Figure 3.24. Sun River 1998 (I) -  Patch 4. Sawfly response to 
spring wheat density, a = 0.66 ± 0.02; p  = 0.0000; R~ = 0.67. N = 50.

JE 5

Wild oat density (stems 1 0.10m2)

Figure 3.25. Sun River 1998 (I) -  Patch 4. Sawfly response to
wild oat density, a = 0.37 ± 0.02; p  = 0.0000; R 2 = 0.84. N = 50.
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Spring wheat density (stems 1 0.10 m

Figure 3.26. Sun River 1998 (I) -  Patch 5. Sawfly response to 
spring wheat density, a = 0.44 ± 0.02; p  = 0.0000; R2 = 0.59. N = 49.

Wild oat density (stems I 0.10 m )

Figure 3.27. Sun River 1998 (I) -  Patch 5. Sawfly response to
wild oat density, a = 0.20 ± 0.02; p  = 0.0000; R2 = 0.43. N = 49.
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Spring wheat density (stems / 0.10?*

Figure 3.28. Ledger 1998 (I) -  Patch I. Savvfly response to 
spring wheat density, a = 0.13 ± 0.01; p = 0.0000; R2 = 0.12. N = 97.

0 20 40 60 80

Wild oat density (stems I 0.10?*

Figure 3.29. Ledger 1998 (I) -  Patch I. Sawfly response to
wild oat density. N = 97.
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Spring wheat density (stems I 0.10 m )

Figure 3.30. Ledger 1998 (I) -  Patch 2. Sawfly response to 
spring wheat density, a = 0.30 ± 0.03;p  = 0.0000; /?2 = 0.13. N = 50.

= 5

Wild oat density (stems 1 0.10 m

Figure 3.31. Ledger 1998 (I) -  Patch 2. Sawfly response to
wild oat density. N = 50.
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0 20 40 60 80

Spring wheat density (stems / 0.10 m2)

Figure 3.32. Ledger 1998 (I) -  Patch 3. Sawfly response to 
spring wheat density, a = 0.10 ± 0.01; p  = 0.0000; R2 = 0.21. N = 40.

Wild oat density (stems 1 0.10 m2)

Figure 3.33. Ledger 1998 (I) -  Patch 3. Sawfly response to
wild oat density. N = 40.
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0 20 40 60 80

Spring wheat density (stems / 0.10 m2)

Figure 3.34. Ledger 1998 (I) -  Patch 4. Sawfly response to 
spring wheat density, a = 0.28 ± 0.02; p  = 0.0000; R2 = 0.29. N = 49.
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Wild oat density (stems I 0.10 m2)

Figure 3.35. Ledger 1998 (I) -  Patch 4. Sawfly response to
wild oat density. N = 49.
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15 20

Spring wheat density (stems / 0.10 m2)

Figure 3.36. Ledger 1998 (I) -  Patch 5. Sawfly response to 
spring wheat density, a = 0.10 ± 0.02; p = 0.0000; R~ = 0.09. N = 50.



Table 3.5.
Sun River 1998 (I) - patches 
Host plant census.

total
stems

total
inf.

prop.
total

stems, inf.

SW
stems

prop, 
total 
stems 
= SW

inf
SW

stems

prop.
SW

stems
inf.

WO
stems

prop, 
total 

stems 
= WO

inf.
WO

stems

prop. 
WO stems 

inf

*2
value

patch I 6860 2045 0.2981 2997 0.4369 1150 0.3837 3863 0.5631 895 0.2317 186.3255*

patch 2 3660 1923 0.5254 1608 0.4393 1113 0.6922 2052 0.5607 810 0.3947 318.3099*

patch 3 1368 650 0.4751 273 0.1996 184 0.6740 1095 0.8004 466 0.4256 52.5151*

patch 4 2238 1373 0.6135 1945 0.8691 1276 0.6560 293 0.1309 97 0.3311 112.8009*

patch 5 1517 533 0.3514 906 0.5972 405 0.4470 611 0.4028 128 0.2095 89.9498*



Table 3.6
Sun River 1998 (I) -  patch samples
Parameter estimates for linear Type I regression of stem density on stem infestation rate

data set host a ± s.e. t (a) p(a) R2 F d.f. F

patch I SW 0.39 ± 0.02 21.77 0.00000* 0.48 154.68 I, 167 0.00000*

patch I WO 0.26 ± 0.01 19.27 0.00000* 0.59 238.75 1 ,167 o.ooooo*

patch 2 SW 0.68 ± 0.02 28.91 0.00000* 0.60 118.14 1,79 0.00000*

patch 2 WO 0.38 ± 0.02 17.09 0.Q0000* 0.65 144.94 1,79 0.00000*

patch 3 SW 0.62 ± 0.04 14.73 0.00000* 0.57 31.59 1,24 0.00000*

patch 3 WO 0.39 ± 0.04 10.02 0.00000* 0.27 8.98 1,24 0.00626*

patch 4 SW 0.66 + 0.02 31.79 0.00000* 0.67 99.94 1,49 0.00000*

patch 4 WO 0.37 + 0.02 17.50 o.ooooo* 0.84 266.51 1,49 0.00000*

patch 5 SW 0.44 ± 0.02 22.30 0.00000* 0.59 69.51 1,48 0.00000*

patch 5 WO 0.20 ± 0.02 9 9 8 0.00000* 0.43 36.94 1,48 0.00000*



Table 3.7.
Ledger 1998 (I) - patches. 
Host plant census.

total
stems

total
inf.

prop, total 
stems inf.

SJV
stems

prop, 
total 

• stems 
= SJV

inf.
SIV

stems

prop.
SJV

stems
inf.

JVO
stems

prop, 
total 
stems 
= JVO

inf.
JVO

stems

prop. 
JVO stems 

inf.
value

patch I 3931 489 0.1244 3731 0.9491 ' 478 0.1282 200 0.0509 11 0.0550 8.7800*

patch 2 2269 663 0.2922 2150 0.9446 639 0.2972 119 0.0524 24 0.2017 4.7105*

patch 3 1823. 173 0.0949 1728 0.9479 163 0.0943 95 0.0521 10 0:1053 0.0324

patch 4 2175 591 0.2717 2142 0.9848 586 0.2736 33 0.01-52 5 0.1515 ■ 1.9004

patch 5 2059 193 0.0937 2059 1.0000 193 0.0937 0 0.0000 0 0.0000 ■ n/a
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Table 3.8
Ledger 1998 (I) -  patch samples
Parameter estimates for linear Type I regression of stem density on stem infestation rate

data set host a ± s.e. t (a) P(a) R2 F d.f. F

patch I SfV 0.13 ± 0.01 14.95 0.00000* 0.12 12.55 1,97 0.00061*

patch I WO too few data pointsto fit model

patch 2 SW 0.30 ± 0.03 11.10 0.00000* 0.13 7.11 1,50 0.01036*

patch 2 . WO too few data points to fit model

patch 3 SW 0.10 ±0.01 8.85 0.00000* 0.21 10.62 1,40 0.00232*

patch 3 WO too few data points to fit model

patch 4 SW 0.27 + 0.02 14.25 0.00000* 0.29 19.36 1,49 0.00236*

patch 4 WO too few data points to fit model

patch 5 SW 0.10 ±0.02 6.39 0.00000* 0.10 4.79 1,50 0.03339*

patch 5 WO no WO in samples
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Response to Host Species - Sun River 1998 (11. WO density was high in most 

patches (Table 3.5). For within-patch comparisons, the proportion of SW infested by WSS 

was always higher than the proportion of WO infested by WSS, even when as in patch 3, 

SWwas less abundant than WO (Table 3.5). Infestation of WO in patches 2 and 3, 0.3947 

and 0.4256 respectively, surpassed the lowest level found for SW, 0.3837, in patch I.

Response to Host Species - Ledger 1998 (I). WO density was low throughout this 

field, ranging from 0-5% of the total stems available for WSS oviposition (Table 3.7). 

Infestation was low overall in this field compared to the Sun River 1998 (I) patches. The 

proportion of SW  infested was found to be significantly higher than the proportion of WO 

infested only in patches I and 2 (Table 3.7).

Host Preference - Sun River 1998 (I). The high level of attack on the less 

abundant host species, spring wheat, in patch 3 suggests that sawfly searches out 

preferred host species and that oviposition site selection is not driven by plant density 

alone. All estimated indices of preference for spring wheat were greater than I (Figures 

3.37, 3.39, 3.41, 3.43, 3.45)(Table 3.9), and less than I for wild oat (Figures 3.38, 3.40, 

3.42, 3.44, 3.46) (Table 3.9), indicating that sawfly selected SrIFhosts over WO hosts at a 

rate higher than expected based on spring wheat relative density in quadrat samples.

Plots of relative host plant infestation against relative host plant density (Figures 3.37 -  

3.46) illustrate the degree to which sawfly preference exceeds or falls short of expected 

infestation under the null hypothesis of no preference.
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Host preference - Ledger 1998 (I). SW was generally found to be the preferred 

host of WSS in these samples (Figures 3.47 -  3.54)(Table 3.10). In patch 3 the 

proportion of WO infested was higher though not significantly higher, than the 

proportion of infested (Table 3.7). The results of the preference analysis 

indicate that WO was targeted for FzSSrOviposition at a level greater than expected 

under the null hypothesis of no host preference. The most likely explanation for 

this anomaly might be that WSS found WO in a significantly advanced stage of 

development in comparison with SW in the same area..
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Expected proportion - infested spring wheat

Figure 3.37. Sun River 1998 (I)-Patch  I. Sawfly preference for 
spring wheat hosts, c = 1.24 ± 0.04; p  = 0.0000; R2 = 0.89. N = 168.

Expected proportion - infested wild oat

Figure 3.38. Sun River 1998 (I) -  Patch I. Sawfly preference for
wild oat hosts, c = 0.33 ± 0.02; p  = 0.0000; R 2 — 0.89. N = 168.
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Expected proportion - infested spring wheat

Figure 3.39. Sun River 1998 (I) -  Patch 2. Sawfly preference for 
spring wheat hosts, c = 1.38 ± 0.26; p = 0.0000; R' = 0.92. N = 80.

.*'* O
OD

Expected proportion - infested wild oat

Figure 3.40. Sun River 1998 (I) -  Patch 2. Sawfly preference for
wild oat hosts, c = 0.67 ± 0.03;p  = 0.0000; R" = 0.92. N = 80.
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<-■ •

0.0 0.2 0.4 0.6 0.8 1.0

Expected proportion - infested spring wheat

Figure 3.41. Sun River 1998 (I)-Patch  3. Sawfly preference for 
spring wheat hosts, c -  1.17 ± 0.12;/? = 0.0000; i? '= 0.57. N = 25.

O O

Expected proportion - infested wild oat

Figure 3.42. Sun River 1998 (I) -  Patch 3. Sawfly preference for
wild oat hosts, c = 0.88 ± 0.05;p  = 0.0000; R 2 = 0.90. N = 25.
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O) 0.8

0.0 0.2 0.4 0.6 0.8 1.0

Expected proportion - infested spring wheat

Figure 3.43. Sun River 1998 (I) -  Patch 4. Sawfly preference for 
spring wheat hosts, c = 1.11 ± 0.03; p  = 0.0000; R2 = 0.94. N = 50.

Expected proportion - infested wild oat

Figure 3.44. Sun River 1998 (I) -  Patch 4. Sawfly preference for
wild oat hosts, c  = 0.60 ± 0.03; p  = 0.0000; R 2 = 0.92. N = 50.
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0.0 0.2 0.4 0.6 0.8 1.0

Expected proportion - infested spring wheat

Figure 3.45. Sun River 1998 (I) -  Patch 5. Sawfly preference for 
spring wheat hosts, c = 1.20 ± 0.05; p = 0.0000; R2 = 0.73. N = 49.

,0

, . - ' o  O
O

Expected proportion - infested wild oat

Figure 3.46. Sun River 1998 (I) -  Patch 5. Sawfly preference for
wild oat hosts, c = 0.66 ± 0.05; p  = 0.0000; R 2 = 0.83. N = 49.
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O) 0.8

.2 0.4

Expected proportion - infested spring wheat

Figure 3.47. Ledger 1998 (I) -  patch I . Sawfly preference for 
spring wheat hosts, c = 1.04 ± 0.01; p  = 0.0000; R2 = 0.98. N = 97.

2  0.8

£  0.6

o  0.4

Expected proportion - infested wild oat

Figure 3.48. Ledger 1998 (I) -  patch I. Sawfly preference for
wild oat hosts, c = 0.33 ± 0.06; p  = 0.0000; T?2 = 0.19. N = 97.
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Expected proportion - infested spring wheat

Figure 3.49. Ledger 1998 (I) -  patch 2. Sawfly preference for 
spring wheat hosts, c = 1.04 ± 0.02; p  = 0.0000; R2 = 0.98. N = 50.

Expected proportion - infested wild oat

Figure 3.50. Ledger 1998 (I) -  patch 2. Sawfly preference for
wild oat hosts, c = 0.51 ± 0.10; p  = 0.00001; R 2 = 0.20. N = 50.
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Expected proportion - infested spring wheat

Figure 3.51. Ledger 1998 ( I ) -patch 3. Sawfly preference for 
spring wheat hosts, c = 0.97 ± 0.03; p  = 0.0000; R' = 0.94. N = 40.

Proportion expected - infested wild oat

Figure 3.52. Ledger 1998 (I) -  patch 3. Sawfly preference for
wild oat hosts, c = 1.48 ± 0.28; p  = 0.00001; R 2 = 0.38. N = 40.
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0.0 0.2 0.4 0.6 0.8 1.0

Expected proportion - infested spring wheat

Figure 3.53. Ledger 1998 (I) -  patch 4. Sawfly preference for 
spring wheat hosts, c = 1.01 ± 0.06; p  = 0.0000; R2 = 0.99. N = 49.

Expected proportion - infested wild oat

Figure 3.54. Ledger 1998 (I) -  patch 4. Sawfly preference for
wild oat hosts, c = 0.62 ± 0.07; p  = 0.0000; R 2 = 0.60. N = 49.



Table 3.9
Sun River 1998 (I)
Patch parameter estimates for assessment of preference coefficent C 1

data set host C ± s.e. 'CO R- F d.f.F

patch I SW 1.24 ±0.04 33.41 0.00000* 0.89 1363.19 1 ,167 0.00000*
patch I WO 0.33 ± 0.02 30.61 0.00000* 0.89 1379.37 1 ,167 0.Q0000*
patch 2 SW 1.38 + 0.26 27.10 0.00000* 0.92 955.29 1,79 0.00000*
patch 2 WO 0.67 ± 0.03 24.63 0.00000* 0.92 900.79 1,79 0.00000*
patch 3 SW 1.17 ± 0.12 10.07 0.00000* 0.57 31.59 1,24 0.00001*
patch 3 WO 0.88 ±0.05 16.74 0.00000* 0.90 213.32 1,24 0.00000*
patch 4 SW 1.11 ±0.03 32.56 0.00000* 0.94 778.15 1,49 0.00000*
patch 4 WO 0.60 ± 0.03 18.41 0.00000* 0.92 557.45 1,49 0.00000*
patch 5 SW 1.20 ±0.05 22.64 0.00000* 0.73 126.56 1,48 0.00000*
patch 5 WO 0.66 ± 0.05 14.09 0.00000* 0.83 232.59 1,48 0.00000*

'y = C * x / (I -  x + Cx) (Murdoch 1969)
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Table 3.10 
Ledger 1998 (I)
Patch parameter estimates for assessment of preference coefficent C 1

data set host C ± s.e. ( fQ R2 F d.f.F P(T)

patch I SW 1.04 + 0.01 92.79 0.00000* 0.98 4200.48 1,96 0.00000*
patch I WO 0.33 + 0.06 5.72 0.00000* 0.19 22.37 1,96 0.00001*
patch 2 SW 1.04 + 0.02 50.98 0.00000* 0.98 2149.47 1,49 0.00000*
patch 2 WO 0.51+0.10 4.88 0.00001* 0.20 12.27 1,49 0.00099*
patch 3 SW 0.97 ± 0.03 34.22 0.00000* 0.94 603.25 1,39 0.00000*
patch 3 WO 1.48 + 0.28 5.24 0.00001* 0.37 23.43 1,39 0.00002*
patch 4 SW- 1.01 ±0.01 169.48 0.00000* 0.99 16579.08 1,48 0.00000*
patch 4 WO 0.62 ± 0.07 8.61 0.00000* 0.60 72.62 1,48 0.00000*

'y = C * x / ( l - x  + Cx) (Murdoch 1969)
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WSS response to pure and weedy SW- Sun River 1998 fl). . The proportion of 

SW  stems infested by WSS was significantly higher in samples also infested by WO, than 

in weed-free samples (Table 3.11).

WSS response to pure and weedy SW - Ledger 1998 (I). - The proportion of SW 

stems infested by WSS was also higher in weedy samples than in weed-free samples in 

this field. However, the difference was significant only in patches I and 2 (Table 3.12).

r



Table 3.11
Patch scale -  Sun River 1998 (I).
Sawfly infestation of spring wheat in pure and weedy samples.

site Sfiz stems 
IVO-free 
samples

WSS-inf.
SfF

stems
fFO-free
samples

prop. SfV 
 ̂ stems 

fPSS-inf. 
fVO-free 
samples

SfF 
stems 

- fFO-inf. 
samples

fFSS-inf. SfF 
stems 

fFO-inf. 
samples

prop. 
SfF stems 
fFSS-inf. 
fFO-inf. 
samples

value

patch I 1277 350 0.2741 1720 800 0.4651 112.2858*

patch 2 392 238 0.6071 1216 875 0.7196 16.7056*

patch 3 0 0 0 273 184 0.6740 n/a

patch 4 1558 968 0.6213 387 308 0.7959 40.9300*

- patch 5 M 3 133 0.3994 . 573 272 0.4747 4.6148*



Table 3.12.
Patch scale -  Ledger 1998 (I)
Sawfly infestation of spring wheat in pure and weedy samples.

site SfV stems 
fVO-free 
samples

IF,?.?-inf. 
SfV 

stems 
fVO-free 
samples

prop. SfV 
stems 

WSS-inf. 
ITO-free 
samples

SfV
stems

fVO-inf.
samples

HWinf. SfV 
stems 

ITO-inf. 
samples

prop. 
SIV stems 
H W inf 
fVO-inf. 
samples

value

patch I 2493 281 0.1127 1238 197 0.1591 15.2027*

patch 2 1000 238 0.2380 1150 401 0.3487 30.6329*

patch 3 1010 90 0.0891 718 ' 73 0.1017 0.5643

patch 4 1895 515 0.2718 247 71 0.2874 0.1434

patch 5 2059 193 0.0937 0 0 0 n/a
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Discussion

WO functions as an ecological sink for WSS because no larvae survived beyond 

the, first or second instar in any WO stems examined in this study. The actual benefit of 

this interaction to wheat producers is tempered by the impact of WO competition with the 

crop on wheat yield.

These results concur with earlier reports that WSS will utilize WO stems for 

oviposition (Griddle 1923). There was a rarity of low SW  density samples from many of 

the sites included in this study because crops such as SW are seeded at a controlled rate. 

This precluded fitting the Type II or Type HI functional response equations to the data 

(van Lenteren and Bakker 1976). It can be assumed that there are no infested stems at 

zero density for either plant species. However, because the shape of the regression curve 

between zero and the first observed density is undefined, it is difficult to characterize the 

true relationship between density and infestation in this data set as density dependent or 

independent.

In addition, because the density of ovipositing WSS was unknown, estimates of 

WSS attack (in this case, oviposition) coefficients were most useful for comparing WO 

and SW  exploitation in the same field, or exploitation of a single host plant species in 

sub-samples of the same field. The estimated attack coefficients were consistently lower 

for WO than in SW  within the same field.

Estimated values of WSS host plant preference further illustrate that although 

sawfly will accept wild oat hosts for oviposition, it generally prefers to lay eggs in spring 

wheat. WO was infrequently encountered in full-field scale samples. Placing the patch
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samples arbitrarily within WO patches was essential to examining the interaction of WSS 

with WO. It is important to note that results obtained at the patch level amplify 

interactions, especially at a site that had a very high level of WSS infestation (Sun River . 

(I) 1998). However, it was reassuring to find that the same trend in higher SW infestation 

in weedy versus weed-free areas held in the Ledger 1998 (I) patches where both WO and 

WSS were less abundant.

Acceptance of an unsuitable host plant by ovipositing insects is not unique to the 

wheat stem sawfly (Barlow et al. 1999; Rausher 1985; Kagata and Ohgushi 2001). 

Bemays (1999) attributed the reduction in whitefly reproductive performance to neural 

constraints on attentiveness and decision-making when generalist herbivores are 

presented mixtures of host plant species varying in larval food quality. Additionally, the 

potential for selection to act on oviposition site acceptance is low for insect species where 

ovipositing females such as non-feeding adult wheat stem sawflies do not assess the 

nutritive quality of the host plant (Fires et al. 2000; Rausher 1985).

WSS has a short, non-feeding lifespan as a reproductive adult and is susceptible to 

predation by birds and significant reduction in host searching flight time due to inclement 

weather. Rausher (1985) suggests that in species similar to WSS where available search 

time limits fecundity more than any other factor, there is no penalty for laying eggs in 

toxic hosts because it is more important to lay eggs, even on a poor or toxic host, than to 

not lay the eggs at all. This seems to be the case with WSS especially because so many 

species of grass are both available and suitable for oviposition.
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Kagata and Ohgushi (2001) suggest that larval performance does not follow 

oviposition preference when herbivores encounter colonizing host species because the 

herbivore has not evolved the ability to distinguish between novel and original host 

plants. Avena fatua is thought to have originated in Europe (Whitson et al. 1996) and its 

only means of distribution throughout North America would have been through human 

dissemination. Given the hypothetical brevity of encounter between WSS and WO on the 

evolutionary time scale and the high probability of WSS ovipositing in suitable hosts, it 

seems likely that WSS has not yet acquired the ability to distinguish larvicidal WO from 

suitable grassy host species.

Plant susceptibility to herbivory is determined at the individual scale by 

characteristics related to plant quality and defensive mechanisms. Host plant quality was 

found to significantly influence the population dynamics of free-living Dolerus and 

Pachynematus spp. sawflies because fertilized eggs producing female offspring were 

selectively laid in higher quality host plant. Unfertilized eggs producing male progeny 

were generally oviposited in lower quality hosts, thereby contributing to a bias in sex 

ratio over time in the respective populations (Barker and Maczka 1996).

Wheat stem sawfly reproduction is similarly arrhenotokous. Haploid male 

offspring are produced parthenogenicly from unfertilized eggs while fertilized eggs 

produce haplo-diploid female offspring (Mackay 1955). Fertilized eggs producing 

female offspring are inserted into host stems with a wider diameter than the stems 

receiving unfertilized eggs producing male offspring (Farstad et al. 1949, Wall 1952, 

Morrill et al. 2000). Measures of sawfly fitness including size, fecundity and longevity
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of female offspring were directly correlated with host plant qualities, including stem 

diameter (Morrill et al. 2000).

A review of related literature suggests that oat resistance to sawfly may be 

serendipitous, an additional benefit of a suite of traits evolved to increase wild oat fitness 

at two trophic levels: allelopathy for competitive advantage with other plant species at the 

same trophic level (Perez and Ormeno-Nunez 1991; Schumacher et al. 1983), and 

elicited responses to counteract parasitic phytopathogens such as rusts (Maizel et al.

1964; Mayama et al. 1981; Bowyer et al. 1995). The phytoalexins produced by oat to 

impede infection by rusts may also protect Avena spp. against sawfly.
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CHAPTER 4

SPATIAL DISTRIBUTIONS AND INTERACTIONS OF THE WHEAT STEM 
SAWFLY(Cephus cinctus Norton) WITH WILD OAT (Avena fatua L.) IN SPRING 

WHEAT (Triticum aestivnm L.) FIELDS

Introduction

Cereal crop weeds such as wild oat {WO), {Avena fatua L.), are neither uniformly 

nor r a n d o m l y  distributed within the crop matrix, but are spatially aggregated in patches of 

varying size and density (Clay et al, 1999). In general, few or no weeds occur between 

patches (Mortensen et al. 1995). The aggregated spatial distribution of weeds 

complicates their management and has serious economic implications for cereal crop 

producers (Thornton et al. 1990). Although crop fields are mechanically seeded at rates 

judged to best balance competitiveness and yield under local growing conditions 

(Martinez-Ghersa et al. 2000), crop densities are also spatially variable in response to 

farming practices and environmental micro-site variability (Cousens and Mortimer 1995).

Herbivores such as the wheat stem sawfly (WSS), Cephus cinctus Norton 

(Hymenoptera: Cephidae), seeking suitable oviposition sites within spring wheat {SW) 

fields frequently encounter a habitat mosaic rather than a spatially homogeneous 

environment.

WSS accepts WO for oviposition, even though 100% larval mortality within the 

first or second instar was recorded from all WO stems dissected and examined during the 

course of this study (see Chapter I and 2). Previous results indicate that while WSS will 

accept WO hosts, WO is significantly less preferred than SW for oviposition and is not
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utilized for oviposition in proportion to its relative density (Chapter 2). However, the 

proportion of SW  infested by WSS was found to be significantly higher in IFCMnfested 

samples than in weed-free samples.

Wiens (1976) suggests that herbivore preference amplifies habitat structural 

heterogeneity and in turn is reflected in the increased non-randomness of individual 

dispersion. An accurate characterization of larval WSS spatial pattern as influenced by 

WO density and distribution is essential to the development of an integrated pest 

management strategy for WSS and WO in SW.

bisect population spatial pattern can be inferred from the numeric properties of 

count data by examining the sample mean -  variance relationship of the frequency 

distribution (Taylor 1961; Ludwig and Reynolds 1988) but does not reference spatial 

information associated with individual counts. Geostatistical analysis of insect 

populations quantifies the spatial correlation of biological attributes, relying on 

interpolation to define correlations between spatially-referenced sample points (Liebhold 

et al. 1993). Geostatistics were adopted from methods associated with ore quantity 

estimation for gold mining in South Africa (Davis 1986). This methodology is based on 

the theory of regionalized variables and assumes that variance between samples is a 

function of their distance of separation (Isaaks and Srivastava 1989).

Perry et al. (1999) suggest that spatial pattern in ecological data may not be best 

characterized by geostatistics, developed to measure variables with a stationary, stable 

covariance structure across a wide extent, and on a continuous rather than discrete scale. 

An alternative approach for spatial analysis of organisms, S ADIE (Spatial Analysis by
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Distance IndicEs), uses a series of distance methods (Ludwig and Reynolds 1988) 

subroutines to measure the intensity and locality of spatial aggregation (Perry 1995) 

through spatial point analysis (Diggle 1983). SADIE has been used to model the spatio- 

temporal interactions of two aphid species and their generalist carabid predator in winter 

wheat (Winder et al. 2001); to characterize carabid beetle distributions in field and 

hedgerow habitats (Thomas et al. 2001); to survey arthropod spatial and temporal pattern 

in winter wheat and the potential influence of weeds on those distributions (Holland et al. 

1999); to evaluate the impact of grain aphid spatial and temporal distribution in winter 

wheat (Winder et al. 1999); and to determine spatial and temporal patterns in mealy 

cabbage aphid distribution in Brussels sprouts (Perry et al. 1998).

Single-species SADIE analysis generates an index of aggregation for the whole 

data set and an index of clustering for each data point (Perry 1998). The spatial 

association of two species is determined by using the single-species clustering indices to 

produce spatially informed correlation coefficients (Perry 1997; Perry 1998; Perry et al. 

1999). Both the single- and two-species analyses incorporate formal tests of the data 

set’s departure from a random spatial distribution (Holland et al. 1999).

The objectives of these analyses were to determine I) if the WSS host plant 

species, WO and SW, were spatially aggregated into detectable gaps or patches in density 

lower or higher, respectively, than expected under random spatial distribution; 2) if WSS- 

infested WO and/or JTSS-infested SW were randomly or non-randomly distributed; 3) if 

the WSS host species, W an d  WO, were negatively or positively spatially associated; 4)
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if WO aggregation, or ‘patchiness’ influenced the spatial pattern of SW infestation by 

WSS; and 5) if WSS-infested WO and WSS-infested SW were spatially associated.

Materials and Methods

Field Data Collection

This analysis was constrained by the rarity of the observed phenomena of 

interest to full-field grid and patch samples taken from two SW  fields in Sun River and 

Ledger, MT; I believed that the evaluation of WSS response to host plant species would 

be most informative when conducted at the spatial scale relevant to the species in 

question. Therefore, samples were taken from within and around the perimeter of five 

single WO patches at each site to assess WSS oviposition site selection in response to 

variability in host density and quality. These were then compared to samples taken at the 

full-field scale. The three factors of interest in this evaluation, ILSiS'-infestation of SW, 

frXS'-infestation of WO, and JTO-infestation of MT were not detected in a high enough 

abundance at any other sites included in this study (see Tables 2.2 and 2.4, Chapter 2) to 

adequately assess their interactions.

Plot boundaries and sample points were established and spatially registered with a 

differentially correcting, backpack-mounted GPS in mid-May. Full field scale samples 

were collected in a grid pattern at 25 m intervals. Five ‘patches’ within a larger SW field 

(Sun River 1998 (I); Ledger 1998(1)) were sampled at 2 m intervals in a grid pattern 

(Figures 4.1 and 4.2). Larval abundance was assessed by dissection of all SW and WO
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stems pulled from a 0.10 m2 round quadrat placed at each sample point. The density and 

developmental stage of all collected stems were also recorded.

Patch samples were deliberately placed at specific points to evaluate WSS 

response to variable WO and S1IThost plant density, as well as WSS availability. WSS 

availability is a function of distance from and quality of the source habitat. Sun River 

1998 (I) patch I and 2 were located in areas of high WO and SW  density adjoining a 

fallow strip on the eastern edge of the field. Patch 3 was located approximately 50 m 

from the eastern edge of the field in an area of high WO and low SW  density. Patch 4 

adjoined the eastern fallow edge in an area of high SW  and low WO density. Patch 5 was 

located 25 m from the western winter wheat cropped edge of the field in an area that had 

low densities of both WO and SW.

Ledger 1998 (I) patch I was located 25 m from the western edge of the field ■ 

adjoining a fallow strip and encompassed an extensive and dense WO patch. Patch 2 was 

located at the fallow strip -  SW  field interface and had a high level of WO infestation. 

Patch 3 was located approximately 100 m from the fallow edge of the field and had a 

similar level of WO infestation as patches I and 2. Patch 4 was located in close proximity 

to patch 2, on the fallow edge of the field, but was sparsely infested by WO. Patch 5 was 

located on the eastern edge of the field next to a road and contained no WO.

Data Analysis

Single-species Spatial Analysis. SADIE assesses spatial pattern in biological data 

by determining the degree to which the spatial arrangement of the observed data set (e.g.
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density of each species) departs from extreme arrangements derived from it. Observed 

data are redistributed via a transportation algorithm to achieve an even distribution of 

counts (e.g. constant density across all samples'units) across the study extent. The 

transportation algorithm determines the most efficient (least number of moves) required 

to re-distribute the counts to achieve spatial regularity. This is termed the distance to 

regularity and is an index (D) related to the entire observed data set.

SADIE then performs a number of permutations of the data, randomly reassigning 

the actual count values to all possible locations other than the original, observed location 

of the specific count. A mean expected distance to regularity value (Da) under the 

assumption of random spatial distribution is developed from the suite of permuted data 

sets. Dividing the distance to regularity of the observed data (D) by the expected mean 

distance to regularity of the suite of randomized data permutations (Da) yields the index 

of aggregation (/a). A randomly distributed population, neither uniform nor aggregated, 

would have an Ia value equal to 1.0 because the distance to regularity of the observed 

data would equal that produced under circumstances of pure random spatial distribution. 

Values of Ja greater than 1.0 indicate that more effort was required to re-distribute the 

observed data into a uniform arrangement than would be expected under if the data had a 

purely random distribution. Values of Za less than I are associated with data sets 

requiring minimal effort to achieve regularity. In this instance, effort is equivalent to the 

degree of aggregation in the observed data set- more effort is required to achieve 

regularity in data that has an aggregated spatial distribution (Perry 1999). The index of 

aggregation has an associated probability Da that allows for the acceptance or rejection of
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the null hypothesis of spatial randomness in the data set. Pa represents the number of 

permuted data sets with a distance of regularity greater than the value of the distance to 

regularity for the observed data, divided by the total number of permutations performed. 

Pa must be less than 0.05 to be statistically significant at the 5%. level for the data set to 

be considered spatially aggregated (Perry 1995).

The index of aggregation provides a generalized assessment of spatial pattern in 

the data set, but does not pinpoint the exact localities of aggregation. An index of 

clustering (v) is derived from the transportation algorithm mentioned above. Clustering 

refers to localized aggregation and has a positive and negative form. Positive clustering 

occurs where organisms are aggregated and form a patch. Areas containing contiguous 

sample units where the organism is rare or absent are called gaps. In computing the 

distance to regularity, sample units with high counts contribute a portion of their total 

count to those sample units with low or zero counts. These are termed donor and receiver 

u n its , respectively. The transportation algorithm not only measures the number of counts 

leaving a donor unit (outflows) and entering a receiver unit (inflows), weighted by the 

distance moved in each outflow and inflow event (Perry 1999). Outflow distances are 

generally higher for units located within an area of clustering than in areas where counts 

are randomly spatially distributed.

The degree of clustering in a sample unit is assessed via a standardized, 

dimensionless index of clustering. When outflow from a donor sample unit is divided 

among more than one receiver unit, the average distance of outflow from the sample unit 

is weighted by the magnitude of each contributing individual flow. The weighted
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average flow to ( Y 1)  or from (Y J )  for every sample unit in the observed data set is similarly 

calculated.

A series of permutations systematically places an isolated count from the 

observed data set in each sample unit. An average distance of flow for each count ( Y c)  is 

then calculated from the suite of flows generated through this series of permutations. Y c 

is therefore the expected average flow distance for a particular count under the 

assumption that the observed counts were arranged in a spatially random fashion among 

the sample units.

Permutations are then generated to assess the expected average flow of each 

sample unit (,7) from the suite of flows generated as each count is systematically placed 

into it. Under the assumption of a random distribution of counts among the sample units, 

i Y  represents the expected mean distance of flow for a particular sample unit. 0 Y  is the 

expected average absolute distance of flow for all sample units and ,7 is the equivalent 

for all counts from all associated permutations of the observed data. 0 Y  therefore equals 

iY ,  representing the mean flow distance for the data set under the assumption of random 

spatial arrangement of counts within the sample units.

The clustering value for each sample unit is calculated using the unique expected 

average distance of flow of each particular sample unit and count in the observed data. 

These are weighted by the mean expected flow distance for all sample units and all 

counts. The equation for the individual clustering values for each of the donor sample 

units under their actual observed configuration, with their associated observed count is:

V1- = Y i o Y /  i Y  Y c Equation I
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Clustering values for receiver sample units are calculated in exactly the same fashion 

except that under the SADIE conventions, the index y,- is expressed as a negative value.

The degree to which a sample unit is considered to be located in a patch or gap 

depends on the value of v,- or absolute value of vj. Sample units with values of Vi or I v j  

less than I are located in areas less aggregated than expected. Vi or I y,| greater than I but 

less than 1.5 are in areas at or marginally above the expected degree of aggregation under 

a random spatial distribution. Values of 1.5 or greater occur in areas of concentrated 

aggregation, in patches if v, > 1.5, or in gaps if Vj < -1.5. 1.5 is a heuristic threshold and 

cannot be used for a formal test of the degree of clustering.

The formal test of the degree to which the observed data are clustered into patches 

(Pv1) or gaps (Pvj) allows for the confirmation or rejection of the null hypothesis that the 

counts are not more positively or negatively clustered than expected under a spatially 

random distribution. A mean absolute outflow value is calculated as the average of all 

outflow values from the observed data. A mean absolute inflow value is similarly 

calculated. Permuted values of V; are examined to determine the number positively 

exceeding the observed mean absolute outflow value. This number is divided by the total 

number of randomizations performed to give a P-value that signifies whether the data 

were more clustered than expected by chance. The number of permuted values of Vy- 

negatively exceeding the mean absolute inflow value is also divided by the total number 

of randomizations, yielding a P-value indicative of whether the observed data were more 

gapped than expected by chance alone.
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Spatial Association of Two Species. Species spatial association is assessed by 

determining how similar or dissimilar the spatial pattern of two species or attributes are at 

the same locations in two-dimensional space. Spatial association in SADIE is assessed 

through the contribution" of each sample unit to a correlation coefficient r (Perry 2000). 

The contribution of each sample unit Qproducf in the SADIE program) is derived from 

the clustering values of both species at a given sample location.

product =  [n * (VspeciesI -  mean Vspedesl) * (vspeciesl -  mean Vspedesl)]

[(n -  I) * ( (variance Vspedesl - variance Vspeciesl)]

Equation 2

One set of clustering values is permuted among the sample units while the other is held 

constant (i.e. as observed) to get a randomization distribution for correlation between the 

two species under the null hypothesis of random spatial distribution. In a two-tailed test 

of significance at 5%, the observed correlation coefficient r is compared to the set of 

ranked permuted values of r at the lower 2.5th centile and upper 97.5th centile (250th and 

9751st values of r respectively of 10,000 randomizations). If the observed r is equal to or 

smaller than the 250th ranked value of r (from the permuted set), then the species are 

considered to be spatially dissociated. Conversely, if the observed value of r is equal to 

or greater than the 9751st ranked value of r (from the permuted set), then the species are 

spatially associated. The upper and lower bounds of the confidence interval for r can be 

multiplied by the square foot of n (number of samples) to generate a confidence limit for 

the value of ‘product’ estimated for each sample location. Under the null hypothesis of 

no spatial association between species, 2.5% of the ‘product’ values should exceed the



154

‘product’ upper confidence limit and 2.5% should fall short of the lower confidence limit. 

The ‘product’ confidence limit is useful in determining the precise sample location where 

species association or dissociation was greater than expected by chance alone. Routines 

used to run SADIE single- and two-species analysis were downloaded as free-ware from 

the internet (http://www.iacr.bbsrc.ac.uk/pie/sadie). The single species analysis ran 

through a stand-alone FORTRAN program while species association was assessed with a 

program run in GENSTAT.

http://www.iacr.bbsrc.ac.uk/pie/sadie
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Results

Single-species Analysis

SW. It was expected that SW densities would not be variable enough to generate 

distinct areas of clustering or gaps. However, the overall spatial distribution of SW as 

indicated by the index of aggregation, Ia, was aggregated in both clusters (vz) and gaps 

(yj) in the Sun River grid and patches I, 4, and 5 (Table 4.1), and not significantly 

different than random in Sun River patches 2 and 3 (Table 4.1) and all locations in 

Ledger (Table 4.2). The mean SW  density per sample also varied considerably between 

the Sun River locations, and was more similar or constant in the Ledger locations (Table 

4.1).

WO. WO was spatially aggregated in many of the same locations where SW was 

aggregated: Sun River patch I, 4, and 5 (Table 4.1). We did not find WO to be spatially 

aggregated at the full field scale at either location and attribute this to the failure of the 

scale of sampling (25 m) to detect WO patches smaller than 25 m. WO was aggregated 

into patches and gaps in only one location in Ledger: patch I (Table 4.2).

Iftiti-infested SW  and WO. JHSlStinfested SW was aggregated in the Sun River 

full-field grid and patches I and 4 (Table 4.1), possibly following the aggregated spatial 

distribution of SW. Although SW  density was comparatively more constant in all Ledger 

locations (Table 4.2), we found that JHSlStinfested SW was aggregated in the full-field 

grid and patch I, 2, and 4 locations (Table 4.2). JHSlStinfested WO was aggregated only in
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Sun River patch 2 and 5, again possibly following the distribution of the host plant, WO 

(Table 4.1)
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Table 4.1.
Summary statistics from single-species analysis of 
spatial distribution.
Sun River 1998 (I).

species mean Ia Pn V/ Pi Vi P i

Grid
,SfP 19.52 1.489* 0.0377 -1.448* 0.0370 1.467* 0.0321

10.43 1.581* 0.0235 -1.524* 0.0235 1.575* 0.0164
WO 28.67 1.319 0.0912 -1.294 0.0890 1.201 0.1389

5.05 1.282 0.1118 -1.332 0.0677 1.210 0.1318

Patch I
SW 17.93 1.599* 0.0028 -1.550* 0.0064 1.458* 0.0100

6.82 1.407* 0.0157 -1.244 0.0769 1.292* 0.0442

fPD 22.99 2.557* 0.0007 -2.479* 0.0000 2.382* 0.0000 :
5.29 1.924* 0.0007 -1.873* 0.0000 1.873* 0.0000

Patch 2
SW 20.10 1.075 0.3041 -1.047 0.2742 1.061 0.2650

13.91 0.939 0.5057 -0.959 0.4501 0.946 0.4772

ffD 25.65 1.389 0.0876 -1.319 0.1054 1.278 0.1239

fPObr 10.13 1.242 0.1446 -1.201 0.1638 1.239 ■ 0.1432

Patch 3
SW 10.92 1.222 0.1054 -1.242 0.0926 1.080 0.2536

Sff^ 7.36 1.091 0.2585 -1.114 0.1937 0.981 0.4544 ,

fro 43:80 1.099 0.2379 -1.094 0.2251 1.029 0.3162

fPDbf 18.64 1.116 0.2165 -1.009 0.4131 1.033 0.3561

Patch 4
sw ■ 38.90 2,766* 0.0007 -2.625* 0.0000 ' 2.745* 0.0000

SffLr 25.52 2.194* 0.0007 -2.029* 0.0014 2.280* 0.0000
fPO 5.86 2.631* 0.0007 - 2 .623* 0.0000 2.709* 0.0000

fPObf 1.94 2.323* 0.0007 -2.332* 0.0000 2.362* 0.0000

Patch 5
SW 18.50 1.422* 0.0313 -1.313 0.0563 1.899* 0.0000

SfPLr 8.27 1.012 0.3996 -0.990 0.4345 1.145 0.1916
WO 12.47 1.485* 0.0221 -1.395* 0.0377 1.264 0.0855
fPObf 2.61 1.235 0.1054 -1.220 0.1147 1.428* 0.0285

Ia =  index o f  overall aggregation 
Pa -  probability associated with Ia 
Vj  =  average inflow (gaps)
Pj =  probability associated with y,- 
Vi = average outflow (clusters)
P i =  probability associated with v;
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Table 4.2.
Summary statistics from single-species analysis of 
spatial distribution.
Ledger 1998 (I).

species mean Ia Pa Vf Pi Vi Pi
,

Grid
SW 38.70 1.153 0.1445 -1.129 0.1662 1.133 0.1572

. % f 2.53 1.844* 0.0003 -1.756* 0.0003 1.753* 0.0000
WO 0.08 1.010 0.4036 -1.014 0.3923 1.137 0.1935

PFCV 0.00 n/a n/a n/a n/a n/a n/a

Patch I
SW 38.46 1.015 0.3640 -1.036 0.3343 0.972 0.4742

S B V 4.93 1.257 0.1119 -1.192 0.1369 1.229 0.1052

WO 2.06 1.414* 0.0473 -1.430* 0.0406 1.372* 0.0490

PFtV 0.11 0.984 0.4262 -0.972 0.4665 0.925 0.5062

Patch 2
SW 43.00 1.301 0.0759 -1.486* 0.0196 1.154 0.0996

3PPV 12.78 1.772* 0.0037 -1.873* 0.0007 1.741* 0.0020
WO 2.38 1.087 0.2527 -1.076 0.2697 1.149 0.1835

PFObf 0.48 0.909 0.6151 -0.906 0.6347 0.984 0.4502

Patch 3
SW 43.20 1.174 0.1981 -0.939 0.4898 1.149 0.2031

JPFnf 4.08 1.432 0.0629 -1.337 0.0942 1.314 0.0889

PP̂ O 2.38 1.084 0.2724 -1.070 0.2880 1.112 0.2308

PFObf 0.25 0.841 0.7086 -0.846 0.7043 0.853 0.7070

Patch 4
SW 43.71 1.080 0.2764 -1.018 0.3660 1.010 0.3776

JPFnf 11.96 1.736* 0.0063 -1.474* 0.0216 1.338 0.0612

PFO 0.67 1.022 0.3573 -1.046 0.3140 0.950 0.4945

PFObf 0.10 1.270 0.1029 -1.301 0.0856 1.111 0.2478

Patch 5
SW 41.18 1.142 0.2075 -1.060 0.2904 1.131 0.1941

JPFnf 3.86 1.154 0.1855 -1.148 0.1991 1.298 0.0869
WO n/a .n/a n/a n/a n/a n/a n/a

PFObf n/a n/a n/a n/a n/a n/a n/a

Ia = index o f  overall aggregation 
Pa =  probability associated with Ia 
Vj  =  average inflow (gaps)
Pj =  probability associated with Vj  

Vi =  average outflow (clusters)
Pi =  probability associated with Vi
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Species Associations

SJV and JVO were significantly dissociated in all Sun River locations, and in the 

Ledger full-field grid, patch I and 3 plots (Table 4.3). Dissociation was greater in the Sun 

River full-field grid plot (Figure 4.3) than in the Ledger full-field grid plot (Figure 4.4) 

(Table 4.3). Figure 3c illustrates that there were regions of the field where JVO was

clearly dominant in the Sun River full-field grid sample.

Table 4.3.
Spatial association o f  WO with SW

location r Icl ucl
Sun River 1998
Grid -0.5073* -0.1374 0.1363
Patch I -0.4147* -0.1536 0.1515
Patch 2 -0.6344* -0.2258 0.2220
Patch 3 -0.5440* -0.4025 0.4059
Patch 4 -0.6711* -0.2820 0.2777
Patch 5 -0.7653* -0.2800 0 .27701

Ledger 1998
Grid -0.2279* -0.1401 0.1412
Patch I - 0 .3069* -0.2024 0:1999
Patch 2 -0.0567 -0.2742 0.2743
Patch 3 -0.4057* -0.3186 0.3059
Patch 4 -0.0672 -0.2756 0.2895
Patch 5 - n/a

7' =  correlation coefficient 
Icl =  95% lower confidence limit 
ucl =  95% upper confidence limit
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Figure 4.3.
Sun River 1998 grid sample spatial pattern maps.
a. SW density, black areas = gap; white areas = expected under random distribution; 
dotted areas = patch
b. WO density, black areas = gap; white areas = expected under random distribution; 
cross-hatched areas = patch
c. spatial dissociation of SW with WO.

black circles = SW patch / WO gap 
white circles = SW gap / WO patch
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b.

Figure 4.4.
Ledger 1998 grid sample spatial pattern maps.
a. SfVdensity, black areas = gap; white areas = expected under random distribution; 
dotted areas = patch
b. fVO density, black areas = gap; white areas = expected under random distribution; 
cross-hatched areas = patch
c. spatial dissociation of SfVwith fVO.

black circles = SfV patch / fVO gap 
white circles = SfV gap / fVO patch*

*none in this data set
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' Because high densities of SW  were not concentrated in the same areas where high 

densities of WO were found, I expected that JfXS'-infested SW  would be significantly 

dissociated with WO. JfXS'-infested SW  was dissociated with WO only in the Sun River 

full-field grid, patch 3 and 4 locations (Table 4.4). PFSS'-infested SW showed a weak 

positive association with WO in the Ledger full-field grid samples (Table 4.4). However, 

the percentage of RiSiS1-Infested SW  was highly associated with WO in all Sun River plots 

and the Ledger fiill-field grid and patch 2 (Table 4.5). In Sun River patch 4, WSS- 

infested SW  and WO were visibly spatially segregated (Figure 4.5 a), although the 

percentage of SW  infested reached 100% within the densest regions of the WO patch 

(Figure 4.5b). This result emphasizes WSS host preference because SW is located for 

oviposition at a very high rate (Figure 4.6) even where it exists in very low numbers 

(Figure 4.7) compared to WO in the midst of a WO patch.



164

Table 4.4.
Spatial association o f  WO with SW inf

location r Id u d
Sun River 1998
Grid -0.2936* -0.1383 0.1339
Patch I -0.0234 -0.1512 0.1515
Patch 2 -0.0295 -0.2210 0.2239
Patch 3 -0.4573* -0.4050 0.3962
Patch 4 -0.4137* -0.2807 0.2832
Patch 5 -0.1113 -0.2862 0.2794

Ledger 1998
Grid 0.1971* -0.1418 0.1417
Patch I 0.0371 -0.2029 0.1975
Patch 2 0.2131 -0.2746 0.2792
Patch 3 0.0415 -0.3125 0.3098
Patch 4 0.0101 -0.2870 0.2811
Patch 5 n/a
r  =  correlation coefficient 
I d  =  95% lower confidence limit 
u d  =  95% upper confidence limit

Table 4.5.
Spatial association o f  WO with % SW inf

location r Id u d
Sun River 1998
Grid 0.1807* -0.1342 0.1382
Patch I 0.2989* -0.1502 0.1507
Patch 2 0.6068* -0.2191 0.2212
Patch 3 0.5874* - 0,3988 0.3969
Patch 4 0.3994* -0.2834 0.2792
Patch 5 0.5024* - 0.2886 0.2894

Ledger 1998
Grid 0.2065* -0.1404 0.1418
Patch I 0.1160 -0.1969 0.2009
Patch 2 0.3244* -0.2785 0.2806
Patch 3 0.1634 -0.3103 0.3169
Patch 4 0.1547 . -0.2873 0.2814
Patch 5 n/a
r  =  correlation coefficient 
I d  =  95% lower confidence limit 
u d  =  95% upper confidence limit
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Contour maps of fVO density superimposed with:
a. spatial dissociation of infested SJV with JVO

black circles = SJV infested patch / JVO gap 
open circles = SJV infested gap / JVO patch

b. percentage of SJV infested



166

90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15
10
5
0

Figure 4.6.
Sun River 1998 patch I.
Contour map of fVO density superimposed with percentage of infested SfV stems.
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Figure 4.7.
Sun River 1998 patch I.
Contour map of IVO density superimposed with number of infested SIV stems.
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SWwas negatively associated with ITSS-infested WO (Table 4.6), as expected due 

to the strong spatial dissociation of SW  with WO in the Sun River locations. Although SW 

and WO were negatively associated in the Ledger full-field grid, patch I and 3 plots 

(Table 4.3), the low mean number of WO per each sample location at this site (Table 4.2) 

compared to those in Sun River (Table 4.1) probably contributed to the neutral 

association of SW with JTXSr-Uifested WO at the Ledger locations (Table 4.6). WSS- 

infested SW  and JTXX-infested WO were neutral in their spatial association in all Ledger 

plots, negatively associated in the Sun River full-field grid, patch 3 and 4 (Figure 4.8) 

samples, and positively associated in Sun River patch I (Table 4.7). The negative 

association of infested hosts is expected given their spatial segregation (Table 4.3); the 

positive association observed in patch I in Sun River is anomalous.
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Table 4.6. ■
Spatial association o f  S W  with WOinf

location r I d u d
Sun River 1998
Grid -0.3191* -0.1325 0.1355
Patch I -0.1755* -0.1538 0.1512
Patch 2 -0.6059* -0.2201 0.2216
Patch 3 -0.4970* -0.3927 0.3913
Patch 4 -0.7552* -0.2789 0.2734
Patch 5 -0.5363* : -0.2801 0.2825

Ledger 1998
Grid n/a
Patch I 0.0635 -0.1967 0.1993
Patch 2 -0.1454 -0.2841 0.2807
Patch 3 -0.1417 -0.3123 0.3194
Patch 4 -0.1406 -0.2826 0.2857
Patch 5 n/a
r =  correlation coefficient 
I d  =  95% lower confidence limit 
u d  = 95% upper confidence limit

Table 4.7.
Spatial association o f  S !Tm/with WOinf

location r Id u d
SunRiver 1998
Grid -0.1740* -0.1315 0.1347
Patch I 0.2329* -0.1531 0.1523
Patch 2 -0.0010 -0.2231 0.2202
Patch 3 . -0.3958* -0.3896 0.3947
Patch 4 -0.5258* -0.2768 0.2760
Patch 5 -0.1968 -0.2855 0.2811

Ledger 1998
Grid n/a
Patch I 0.1736 -0.2022 0.1973
Patch 2 -0.0299 -0.2768 0.2817
Patch 3 -0.0119 -0.3046 0.3228
Patch 4 -0.1131 -0.2804 0.2800
Patch 5 n/a
r  =  correlation coefficient 
I d  =  95% lower confidence limit 
u d  = 95%  upper Confidence limit
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Figure 4.8.
Sun River 1998 patch 4 spatial pattern maps.
a. Infested SfV density, black areas = gap; white areas = expected under random 
distribution; dotted areas = patch
b. Infested JVO density, black areas = gap; white areas = expected under random 
distribution; cross-hatched areas = patch
c. spatial dissociation of infested SJV with infested JVO.

black circles = infested SJV patch / infested JVO gap
white circles = infested SJV gap / infested JVO patch
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Discussion

The influence of the spatial arrangement of weeds imbedded in the crop matrix on 

herbivory is addressed by a number of ‘neighborhood effects’ hypotheses (Karban 1997). 

The ‘resource-concentration’ hypothesis predicts that the highest levels of herbivory will 

occur in resource-rich areas of large, dense and/or pure stands of the host plant and will 

decline with reduced search efficiency and increased non-productive residency in 

resource-dilute areas such as weed patches (Roltsch and Gage 1990).

I found that SW  stems occurred at low densities within large, well-established WO 

patches. However, the percentage of SW  stems infested by WSS was frequently much 

higher in weedy areas than in surrounding weed-free areas. These results contradict the 

hypothesis of ‘associational resistance’ (Tahvanainen and Root 1972) which suggests that 

one host species may be attacked at a reduced rate because it grows in close proximity to 

another acceptable host species which functions to dilute the localized risk of herbivory.

The spatial dissociation of friS'.S'-infested WO and Pk1S11Sfinfested SW  makes it clear 

that WSS infestation of WO is deliberate and does not merely ‘spill over’ from oviposition 

activities in neighboring SW plants. These results do not support WSS infestation of WO 

being an example of the ‘shared doom’ hypothesis (Wahl and Hay 1995), where a less 

palatable or acceptable plant species experiences increased herbivory because it grows in 

close proximity to a more desirable plant species.

There was a magnitude of difference in both WSS infestation of SW  and WO 

establishment at these two sites. Biological entities such as plants can be both positively 

aggregated in clusters and negatively aggregated in gaps (Thomas et al. 2001). The cause
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of aggregation can be attributed to the interaction of spatial and temporal factors in the 

opportunistic exploitation of beneficial micro-habitat site characteristics and competitive 

displacement (Cousens and Mortimer 1995).

In the Montana dryland SJVproduction system, temporally informed management 

of insect and weed pests is key to growing competitive crops. For example, farming 

practices such as optimizing planting date can significantly influence the ability of SW  to 

establish and out-compete JVO (Chancellor and Peters 1976) and to avoid heavy levels of 

infestation by JVSS (Morrill and Kushnak 1999).

One of my key findings in the investigation of WO-WSS spatial interactions was 

that WO does not function serendipitously to the benefit of producers as a reproductive 

sink for WSS. I discovered that WSS appears to intensify its search for SrIKhosts within 

JKO-dominated patches. It has been suggested that physiologically stressed plants may 

be more susceptible to herbivory (White 1984; Mattson and Haack 1987). Under these 

conditions of extreme interspecific competitive pressure within WO patches, SW 

vulnerability to WSS attack may also increase. Results such as these can be used to 

develop a truly integrated spatially and temporally informed management of WSS and

WO in SW.
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CONCLUSIONS

A national initiative to implement ecologically-based pest management (EBPM) 

was introduced in 1996. EBPM strives to manage pests over the long term without 

adverse environmental, economic or safety consequences while enhancing safety, 

profitability and sustainability. Key to the success of EBPM is the dissemination of 

information to growers and other pest managers, the ‘end users’ who actually implement 

pest management.

Information used in pest management conventionally takes two forms: I) details 

of specific pest management options and anticipated pest control outcomes from 

implementing them; and 2) detailed economic implications of specific management 

strategies. EBPM policy makers identifying a deficiency of fundamental pest biological 

and ecological information responded by fomenting research programs to bolster basic 

agro-ecological knowledge. Prominent among these are cropping systems studies to 

evaluate innovative farming practices under regionally relevant growing conditions.

Central to EBPM research is the exploration of biotic interactions of pest and 

beneficial organisms with one another and with the crop. The impact of management 

practices on these interactions is largely unknown. Management of coexisting weed and 

insect herbivore pests has been conventionally isolated and non-integrated. Increasing 

knowledge about biotic interactions is the first essential step in implementing effective 

EBPM. This study arose from the need to understand the biological and ecological 

interactions between two economically significant pests of Montana dryland spring 

wheat, the wheat stem sawfly and wild oat.
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The data used in this study were collected from fields cultivated according to the 

range of regionally prevalent farming practices. Cooperators were selected principally 

because they had a history of participating in on-farm sawfiy or wild oat research. All 

plots were located within fields seeded to sawfly-resistant spring wheat. This criterion 

was chosen because it is the most widely adopted and effective available sawfiy 

management tool in Montana dryland spring wheat production. The goal of this study 

was to enhance the utility of any information garnered in the study by assessing sawfiy -  

wild oat -  spring wheat interactions under realistic farming conditions.

Management strategies including planting antibiotic or antixenotic trap strips and 

destroying the outer edges of cropped wheat fields had been developed by early sawfiy 

researchers and implemented based on the perception that sawfiy was an edge effect pest. 

The results of this study indicate that while adult sawflies were frequently observed at 

high densities on field margins, oviposition and resulting larval infestation were in fact 

dispersed evenly throughout the fields included in this evaluation.

Sawfly acceptance of wild and domesticated oat for oviposition and resulting 

larval mortality is a matter of record. However, the frequency with which sawfiy 

oviposition was detected in relatively rare wild oat hosts imbedded within fields of much 

more abundant spring wheat hosts was an unanticipated finding of this investigation. 

Sawfiy did not attack wild oat according to its relative availability, even in localized 

areas of especially weedy fields where wild oat hosts significantly outnumbered spring 

wheat hosts. Results of this study indicate that sawfiy consistently preferred to oviposit
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in spring wheat. This preference was most obvious in the extremely high proportion of 

sparse spring wheat stems attacked near the center of dense wild oat patches.

Integration of spatial and biological information was essential to developing the 

results found in the course of this project. Finding the relevant spatial scale to investigate 

interactions between two such disparate pests was particularly challenging. Because wild 

oat is a sessile organism, germination sites for its seed are not actively selected but 

determined by secondary agents of dispersal. Sawfly oviposition is a completely 

different process involving complex maternal interactions with the environment and 

evaluation of host stems.

The spatial pattern of wild oat is thought to be most significantly influenced by 

crop seeding and combining, farming operations that spread seed longitudinally within 

the field. Such spatial patterning based on strongly directional dispersal from highly 

localized seedbanks generally limits wild oat occurrence to infrequent, well-defined 

patches. Conversely, the predominant spatial pattern of sawfly infestation was thought to 

be roughly latitudinal, reflecting invasion from adjoining fallow fields. Aside from the 

directional dissimilarities in the spatial patterning of these two organisms, this evaluation 

of the interaction of wild oat and spring wheat was fundamentally complicated by relative 

rarity of wild oat stems and the strong preference sawfly showed for spring wheat.

It is my hope that the application of various statistical methodologies to evaluate 

sawfly -  wild oat -  spring wheat interactions detailed herein will be utilized in the 

following two ways. First, to support the development of a more integrated and effective 

EBPM of Montana dryland spring wheat. Secondly, to serve as a case study of herbivore
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-  host species selection and interaction that may in turn contribute to the development of 

this incipient discipline.



APPENDIX



Table Al
Ledger 1998 (2)
Linear regression of distance from field edge x density of adult sawflies per 5 sweeps

north = ditch
south = spring wheat continues
east = fallow
west = winter wheat

data set equation* a + s.e. I (a) P  (a ) b  +s.e. l ( b ) P ( b ) R j F d.f. F P ( F )

north -all 2 0.92 ±0.07 13.58 0.000* -3.27e-07±2.11e-04 -0.16 0.88 >0.001 0.02 1,52 0.88
soutlvall I 0.91+0.09 10.65 0.000* 3.77e-05 ± 5.54e-04 0.07 0.95 >0.001 0.01 1,52 0.95
east-all 2 0.85 ± 0.07 12.67 0.000* 1.12e-06±8.43e-07 1.32 0.19 0.03 1.75 1,52 0.19
west-all 2 0.86 ± 0.07 12.44 0.000* 7.87e-07±8.38e-07 0.94 0.35 0.02 0.88 1,52 0.35

north-half 2 ■ 0.87 ±0.09 9.24 0.000* 1.41e-07± 1.43e-07 0.98 0.34 0.04 0.97 1,25 0.34
south -  half 3 0.29 ±0.09 3.14 0.004* 2.09e-07± 1.38e-07 1.51 0.14 ■ 0.08 2.29 1,25 0.14
east -  half I 1.08 ±0.10 10.79 0.000* -0.002 ±0.001 -2.16 0.04* 0.14 4.66 1,28 0.04*
west-half I 1.10 ±0.10 10.53 0:000* -0.002 ±0.001 -2:01 0.05 0.13 4.06 1,28 0.05

*equatipn I: y = a + bx 
equation 2: y -  a + bx2 
equation 3: y = a + bx3



Table A2
Ledger 1998 (I)
Linear regression of distance from field edge x density of adult sawflies per 5 sweeps

north = spring wheat continues 
south = headland 
east = ditch 
west = fallow

data set equation* a ± s.e. t(a) P  (a ) b ± s.e. l(b) P  (b ) R- F d.f. F

north -all 2 1.00 + 0.04 24.72 0.000* 1.69e-06 ± 7.42e-07 2.28 0.02* 0.03 5.19 I, 193 0.02*
south-all I ' 1.17 ±0.05 21.81 0.000* -O.OOl ± 2.64e-04 -2.23 0.03* 0.03 4.98 1 ,193 0.03*
east-all 2 0.82 + 0.03 24.58 0.000* . 4.58e-06 ± 4.52e-07 _ 10.12 0.000* 0.35 102.50 1,193 0.000*
west-all I 1.38 ±0.05 29:03 0.000* -0.002 ± 2.02e-04 -7.54 0.000* 0.23 56.91 I, 193 0.000*

north-half I 0.98 ±0.06 12.95 0.000* 0.001 ± 0.001 0.87 0.39 0.01 0.76 1 ,103 0.39
south -  half I 1.20 ±0.07 18.26 0.000* -0.001 ±0.001 -1.42 0.16 0.02 2.02 I, 103 0.16
east -  half I 0.99 + 0:05 18.34 0.000* -0.001 ±4.46e-04 —1.23 0.22 0.02 1.55 I, 102 0.22 '
west-half I 1.70 ±0.05 33.19 0.000* -0.005 + 4.25e-04 -11.95 O.OOO* 0.58 142.74 I, 102 0.000*

*equation I: y = a + bx 
equation 2: y = a + bx2 
equation 3: y = a + bx3
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Table A3
Sun River 1998 (I)
Linear regression of distance from field edge x density of adult sawflies per 5 sweeps

north = spring wheat continues
south = headland
east = fallow
west = winter wheat

data set equation* a + s.e. t (a) P (a) b ± s.e. P (b) R2 F d.f. F p m

north -all 2 0.94 ± 0.05 18.34 0.000* -9.09e-08 ± 3.22e-07 -0.28 0.78 >0.001 0.08 1,212 0.78
south-all 2 0.95 + 0.05 18.60 0.000* -1.75e-07±3.24e-07 -0.54 0.59 0.001 0.29 I, 212 0.59
east-all I 1.47 + 0.05 31.85 0,000* -0.005 ± 3.78e-04 -14.01 0.000* 0.48 196.28 1,212 0.000*
west-all 3 0.63 ± 0.03 21.78 0.000* 1.44e-07±8.75e-09 16.40 0.000* 0.56 268.89 1,212 0.000*

north-half I 0.78 ±0.10 7.74 0.000* 0.001 ±0,001 1.96 0.05 0.04 3.82 I, 104 0.05
south -  half I 0.88 + 0.08 10.59 0.000* 1.49e-04±4.99e-04 0.30 0.77 0.001 0.09 1 ,106 0.77
east -  half 2 1.62 ±0.05 30.88 0.000* 1.46e-04± 1.52e-05 -9.61 0.000* 0.50 92.37 1,94 0.000*
west-half I 0.61 ±0.04 14.22 0.000* 0.001 ±0.001 1.35 0.18 0.02 1.82 1 ,116 0.18

*equation L y  = 
equation 2: y = 
equation 3: y =

a + bx 
= a + bx2 
= a + bx3



Table A4
Sun River 1998 (2)
Linear regression of distance from field edge x density of adult sawflies per 5 sweeps

north = headland
south = spring wheat continues
east = fallow
west = fallow

data set equation* a + s.e. t(a) P  (a) b ± s.e. P  (b ) R2 F d.f.F

north -all I 1.00 ±0.07 15.26 0.000* -0.001 ± 2 .199e-04 -4.67 >0.0001* 0.18 21.83 1,998 >0.0001*
south-all 2 0.56 ±0.05 11.84 0.000* 2.14e-06±4.02e-07 5.32 0.000* 0.22 28.25 1,98 0.000*
east-all 3 0.66 ± 0.05 14.44 0.000* 4.44e-08± 1.67e-08 2.68 0.01* 0.07 7.16 1,98 0.01*
west-all I 0.87 ±0.08 11.70 0.000* -0.001 ±0.001 -2.04 0.04* 0.04 4.14 1,98 0.04*

north-half I 1.08 ±0.08 12.79 0.000* -0.001 ±0.001 -2.41 0.02* 0.11 5.80 1,45 0.02*
south -  half I 0.66 ± 0.09 7.49 0.000* -0.001 ±0.001 -0.92 0.36 0.02 0.85 1,52 0.36
east -  half I 0.68 ± 0.08 8.52 0.000* 0.001 ±0.001 0.48 0.63 0.004 0.23 1,56 0.63
west-half I 1.02 ± 0 .1 1 9.68 0.000* -0.005 ± 0.002 ^ -2.80 0.01* 0.15 7.82 1,45 0.01*

♦equation I: y = a + bx 
equation 2: y = a + bx2 
equation 3: y = a + bx3
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Table AS
Sun River 1999
Linear regression of distance from field edge x density of adult sawflies per 5 sweeps

north = spring wheat continues
south =? headland
east = fallow
west = winter wheat

data set equation* a + s.e. t(a) p (a) b + s.e. (A l P (b) R2 F d.f.F P(T)

north -all I 0.97 ± 0.05 20.94 0.000* -3.90e-04 + 1.49e-04 -2.62 0.01* 0.04 6.87 I, 189 0.01*
south-all 2 0.79 + 0.04 22.88 0.000* 7.44e-07 ± 2.73e-07 2.73 0.01* 0.04 7.46 I, 189 0.01*
east-all I 0.96 ± 0.04 22.50 0.000* -0.001 ±3.65e-04 -2.73 0.01* 0.04 7.43 I, 189 0.01* .
west-all 2 0.75 ± 0.03 22.46 0.000* 7.97e-06 + 1.67e-06 4.78 0.000* 0.11 22.86 1,189 0.000*

north-half 2 0.96 + 0.05 18.82 0.000* -1.26e-06 + 1.64e-06 -0.77 0.45 0.01 0.59 1,93 0.45
south -  half 2 0.82 ±0.05 17.59 0.000* -1.13e-06± 1.53e-06 -0.74 0.46 0.01 0.55 1,94 0.46
east -  half I 1.15 + 0.05 25.46 0.000* -0.005 ±0.001 -6.63 0.000* 0.30 43.89 1 ,104 0.000*
west-half I 0.99 + 0.05 20.02 0.000* -0.004 ± 0.001 -5.18 0.000* 0.21 26.79 I, 103 0.000*

*equation I: y =  a + bx 
equation 2: y = a + bx2 
equation 3: y = a + bx3
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Table A6 
Ledger 1999
Linear regression of distance from field edge x density of adult sawflies per 5 sweeps

north = spring wheat continues 
south = headland 
east = fallow 
west = ditch

data set equation* a ± s.e. t(a) P (a) b ± s.e. t(b) P (b) R- F d.f. F

north -all 2 0.07 + 0.02 3.00 0.003* 2.47e-06±7.17e-07 3.45 0.001* 0.06 11.91 I, 185 0.001*
south-all I 0.20 ± 0.03 6.66 0.000* -0.001 ± 1.95e-04 -2.84 0.01* 0.04 8.09 I, 185 0.01*
east-all I 0.23 ± 0.03 7.83 0.000* -0.001 + 1.24e-04 -4.16 >0.0001* 0.09 17.27 I, 185 >0.0001*
west-all 3 1.47e46±

1.37e-17
10.78 0.000* 5.88e-09 + 5.45e-10 10.78 0.000* 0.18 40.00 I, 185 0.000*

north-half 2 0.10 ± 0.03 3.33 0.001* -3.92e-07±3.35e-06 -0.12 0.91 >0.001 0.01 1 ,100 0.91
south -  half I 0.26 + 0.04 6.81 0.000* -0.002 ± 4.74e-04 -3.39 0.001* 0.10 11.46 I, 100 0.001*
east -  half I 0.34 + 0.04 7.78 0.000* -0.002 + 3.60e-04 -4.64 >0.0001* 0.18 21.57 1,97 >0.0001* .
west-half I 0.11 ±0.03 3.74 >0.0001* -2.89e-04 + 2.44e-04 -1.19 0.24 0.01 1.40 1,97 0.24

*equation I: y = a + bx 
equation 2: y = a + bx2 
equation 3: y = a + bx2
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