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INTRODUCTION

This thesis is divided into three main sections. The first section is an overview of
leafy spurge (Euphorbia esula). This literature review defmes the plan4 its characteristics,
and why it is so successful as an exotic invader.
The second portion is the Iowa leafy spurge survey and biological control project.
The state was surveyed for the extent of leafy spurge spread. The United States Department
of Agricultural (USDA) then used this information to select sites for release of biological
control agents starting in 1992. An account of the success of these insect releases, as of
summer 1993, is included.
The final section of the thesis is the leafy spurge/flea beetle interaction research
completed in Montana. The effect of one species of flea beetle, Aphthona nigriscutis, a
biological control agent of leafy spurge, was studied over a two year period to determine
successful release site characteristics. A side project examining the effects of vesiculararbuscular mycorrhizal fungi on areas with and without flea beetles will also be discussed.

2

LEAFY SPURGE
Introduction

Leafy spurge, Euphorbia esula L., is a noxious exotic perennial weed found
throughout the northern Great Plains. It thrives primarily in untilled, non-cropland habitats,
such as abandoned fields, pastures, rangeland, woodland, roadsides, and waste areas (Watson
1985b). It is able to infest a wide range of soil types varying from heavy clays to sand
(Coupland and Alex 1955). Soil texture affects the distribution of underground parts rather
than root weight (Selleck et al. 1962).
Origins
Leafy spurge was first collected in the United States in 1827 in Massachusetts
(Britton 1921), but has not become a major pest there or in adjacent parts of eastern Canada
(Watson 1985b). Leafy spurge is an economic problem in many north-western plains states,
and it is moving steadily south through Iowa, Illinois, Missouri, and Nebraska. Selleck et al.
(1962) estimated that the Canadian infestation in 1962 approached 35,000 to 40,000 acres
(14,000 to 16,000 hectares); the United States infestation acreage was unknown.
Messersmith and Lym (1983) cited estimates of 125,000 acres (51,000 hectares) for Canadian
leafy spurge infestations and at least 2.3 million acres (0.93 million hectares) in the States in
1982; North Dakota alone had 348,800 acres (141,300 hectares) infested in 1982 (Lym and
Messersmith 1983).
The origins of leafy spurge have been summarized by Dunn (1985). Modes of
introduction include contaminated ship ballast (eastern states infestation), Russian Mennonite
settlements possession of contaminated grains (north central plains infestation), and
contaminated seed grain and smooth brome grass from Russian seed stock. Once in North
America, the species was dispersed along routes of travel and later along railroad right-ofways by trains. In the farming communities, leafy spurge was spread throughout fields by
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cultivating, as well as by careless harvesting and threshing practices (Selleck et al. 1962).

Classification
Leafy spurge has been classified as both a single species (Bakke 1936, Moore 1958,
Raju 1985) and a complex of species (Croizat 1945, Radcliffe-Smith 1985), for both North
American and European populations. Keys that rely on morphological features have had
little success in separating species, and considerable confusion and disagreement have arisen
concerning the taxonomic classification within Euphorbia because of hybridization (Moore
1958). Examination ofepicuticular leafwax (Manners and Davis 1984), ether extracts
(Manners and Davis 1987), and articulated and non-articulated laticifer cells (Mahlberg et al.
1987) have shown distinct differences in North American and European spurge populations:
however, Harvey et al. (1988) concluded that, based on latex triterpenoid profiles derived
using gas-liquid chromatography, both groups belonged to a single taxon, E. esula. Evans

et al. (1991) used cluster analysis of chemical variations and verified that leafy spurge in
North America should be treated as a single variable species.
The structural characters ofleafy spurge are highly variable e.g., number of rays (Raju
1985), number of bracts subtending the umbels (Bakke 1936), seed color (Hanson and Rudd
1933), number ofnectiferous glands (Bakke 1936), and number, size, and shape ofleaves
(Watson 1985b) such that they confound species classification. Based on a study of

Agropyron repens (Taylor and Aarssen 1988) that showed variability in similar plant
characteristics but no underlying relationship between genotypic variability and phenotypic
plasticity, it can be concluded that Euphorbia esula similarly exhibits considerable
phenotypic plasticity response to the environment, but may be considered a single species
rather than a complex of species.
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Phenology
Flowering shoots develop by the end of May and continue on to fIrst frost (Hanson
and Rudd 1933, Selleck et al. 1962). Flowers are reduced and are borne in an umbel-like
terminal inflorescence called a cyathium, a distinguishing feature of the large Euphorbia
genus. Each cyathium is composed of one pistillate flower and several staminate flowers,
together forming a flower-like cluster surrounded by a cup-like involucre with four
subtending glands (Bakke 1936, Hanson and Rudd 1933). The cyathium's distinctive yellowgreen color makes it readily identifIable in the fIeld. Pistillate flowers emerge and become
inverted before the appearance of the staminate flowers. This inversion prevents selfpollination and indicates cross-pollination by either wind or insects. However, Selleck et al.
(1962) noted that occasionally a single staminate flower develops before inversion,
suggesting that self-pollination is not impossible.

Morphology and biology
Stems
Stem height varies from about 20 cm to over a meter (Selleck et al. 1962). The erect
stems ofleafy spurge are herbaceous, but become tough and woody (Bakke 1936, Watson
1985b). Hanson and Rudd (1933) studied the stems and their origin. Usually several erect
unbranched stems arise from a fairly woody base, normally 6 to 8 stalks/plant from one base,
but 15 stalks/plant have been noted in the fIeld. Stems may also extend as underground
stems for more than a foot before the transition to root zone; no runners or rhizomes have
been observed (Raju 1985). Shoots of leafy spurge usually arise from underground plant
parts within a few inches of the soil surface (17 inches (43.2 cm) down is the extreme found)
(Coupland et al. 1955). These underground stems are difficult to distinguish from roots
except that small branch roots are infrequent and lacking, the xylem of the stem has
comparatively little vascular tissue (unlike the root), and pinkish buds are nurrierous down to
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a depth of about 15 inches (38 cm) (Bakke 1936, Bakshi and Coupland 1959, Hanson and
Rudd 1933). The buds will produce shoots readily ifupper stems are killed. Selleck et al.
(1962) noted that more unemerged shoots were sometimes found close to the soil surface
than would emerge above it. In the fall the stem and the leaves turn a yellow-/red- lorang-ish
hue.

Leaves
Leaves are variable in shape, ranging from broadly linear-Ianceolate to ovate. Size
varies from .25 to 2.0 inches (0.64 to 5.0 cm) long and .16 to 0.5 inches (0.4 to 1.3 cm) wide.
Margins are usually entire or slightly sinuate, with leaves alternating except for the whorl of
leaves subtending the terminal inflorescences (Watson 1985a). In structure, they show
certain drouth-resistant characteristics, i.e., a thick layer of cutin and sunken stomata found
on both surfaces are thought to retard transpiration (Bakke 1936).

Seeds
Seeds are small and oval, ranging in size from 2.0 to 2.5 mm long and about 1.0 mm
wide with a yellow caruncle, a fleshy protuberance thought to be an elaiosome (oil body)
(pemberton 1987) at one end. Seed color varies from yellow to a mottled brown with age
(Watson 1985b, Wicks and Derscheid 1964) or possibly from differences in individual
genotypes or environment (Messersmith et al. 1985).
The first seeds ripen in July. The fruit is a three-chambered capsule with one seed per
carpal. Fifty percent of the fruits produce only one mature seed, 35% produce two and only
15-20% produce three (Hanson and Rudd 1933). Each seed has the potential to remain viable
for up to eight years (Alley and Messersmith 1985). Selleck et al. (1962) found viability up
to 13 years. They also found that seed dormancy of leafy spurge lasts about five years. Field
tests with seeds showed a wide range of viability from year to year, depending upon light and
water availability.
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The ripened fruit breaks with explosive force as it dries out, expelling seeds up to 15
ft (4.6 m) away (Bakke 1936). High temperatures and low humidity dry out the cells of the
capsule and trigger its eruption (Selleck et al. 1962). Selleck et al. (1962) found the highest
average seed yield (252/shoot) was obtained in competition with native grass, but large
variations in the field were noted (24 to 3,400 lbs/acre (26.67 to 3777.78 kglha)). Watson
(1985a) cites from 12-150 seeds produced per flowering stem, the number of flowering stems
being highly variable.

Seed dispersal
Seed dispersal occurs by birds, water, insects, other wild and domestic mammals, and
humans (Selleck et al. 1962). A study done by Blockstein et al. (1987) in support of Bakke's
(1936) findings found that mourning doves, while common consumers of leafy spurge seeds,
rarely act as dispersal agents. Most seeds do not remain intact while passing through a dove's
digestive tract, although Selleck et al. (1962) found that an intact seed coat was
inconsequential in relation to dormancy. Bakke (1936) noted that seeds floated when placed
in water, a feature that probably accounts for the fact that seedlings are often first noticed in
washed areas of the field and in ditch banks. The ability of the seed to float and germinate in
water appears to be particularly advantageous for establishment in areas of occasional
flooding (Selleck et al. 1962). Caruncles of spurge seed may be an ant attractant; this antplant mutualism, myrmecochory, has been suggested as a mechanism for seed distribution
(pemberton 1987). Mammals may spread seeds through feces, hooves, and fur or hair.
Humans' contribution to seed spread was discussed earlier in the Origins section.

Germination
Seed dormancy is a factor of some importance. Seed dormancy permits germination
for a period of up to 5 years following maturity (Selleck et af. 1962). Maximum germination
of the seed occurs after it has reached an age of one year (one year after seed was produced),
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although seed viability can be maintained for up to 13 years. Seeds consistently germinated
well in the lab (between 60-85%) (Selleck et al. 1962); Hanson and Rudd (1933) reported up
to 70% germination success in the field. Seedlings appear as soon as temperatures are above
freezing and throughout the growing season as long as soil moisture is adequate (Raju 1985).
Selleck et al. (1962) found that temperatures of 30 0 C appear to be near optimum for
germination, but better results can be expected with alternation between 200 C and 30oC.
Bakke (1936) had similar results.

Seedlings
Seedlings appear in late April or May in large numbers. Alternate freezing and
thawing and prolonged dark periods promote germination, and light is a significant factor in
retarding germination. Sporadic seed germination and seedling development are observed as
long as soil moisture is adequate. As the growing season progresses, seedlings dry up and
disappear, but their underground parts may persist and produce adventitious buds (Raju
1985). Seedlings densities initially of 2,800/m2 are not uncommon, but competition between
plants resulted in population decreases to 1,000/m2 (fine-textured soils) or 500/m2 (coarse
soils).
The speed of maturation in seedlings was also noted by Selleck et al. (1962). In
established areas of spurge, most of the new shoots are adventitious rather than from
germinating seeds. Vegetative shoots from underground stems generally have initiated
flowering within a week after emergence and produced ripe seed after an interval of 6 weeks.
They are able to reproduce vegetatively themselves 7 to 10 days after emergence.

Roots
The root system of leafy spurge is extensive and the most formidable part of the plant.
There are two root types, namely long roots and short roots (Raju 1985). Long roots, or
primary roots, persist for more than one year and are potentially indeterminate. They are
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vigorous, grow horizontally for some distance, are capable of regeneration, may produce
lateral short roots and account for much of the success of leafy spurge. Long roots produce
buds and establish new growth centers. These new growing centers, once established for
more than one year, become crown roots and enlarge (Selleck et al. 1962). Short roots are
indeterminate and die at the end of the growing season. They do not regenerate, are not a
part of the persistent root system, and probably aid in water and nutrient uptake.
A central crown root branches into a number of shoots and can be quite woody. Fine
roots are numerous, especially near the surface. Roots can reach a depth of up to 8 feet (2.44
m) in heavy clay soils, and a maximum lateral spread of3.5 ft (1.1 m) (Selleck et al. 1962);
Bakke (1936) sampled plants in the field and found roots down to 15 ft (4.6 m). Selleck et al.
(1962) found that cutting of the shoot increased the number of shoots that were produced by
roots 1 to 2 inches (2.54 to 5 cm) below each cut.
The structure of the roots is mostly xylem, with no pith, and a well developed cortex
and periderm. The parenchyma cells are filled with starch grains, and the phloem and cortex
together form an enormous reservoir for food storage that aids in persistence (Bakke 1936,
Coupland and Alex 1954, Hanson and Rudd 1933).
Buds
Numerous pink-colored buds are produced on the root stalk and bud production is
enhanced by injury. A piece of root as small as.5 inch (1.3 cm) long and .125 inch (.3 cm)
wide will produce new shoots rapidly. Most of the buds are found on larger roots in the first
foot of soil; buds decrease in size and number with increasing depth (Hanson and Rudd
1933). Coupland and Alex (1955) found root buds present to depths of 68 inches (1.7 m).
Raju (1985) classified two types of below-ground buds, axillary and adventitious, although
axillary buds only contribute to branching of aerial shoots. Adventitious buds persist longer
and are important in the annual production of most of the aerial flowering shoots·in the field;
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they are a main cause of success of leafy spurge as a competitive weed.
The buds and their associated root parts facilitate propagation, and infested sites
maintain large reserves ofpropagules lasting many years. Raju et al. (1964) found that root
fragments from all depths down to 2.8 meters do not differ appreciably in regenerative
capacity. Root buds are most active in the spring and have a period of quiescence in the
summer months when flowering and seed production are occurring (Nissen and Foley 1987);
this is thought to be due to competition for water and nutrients with aboveground shoots
(McIntyre 1972, 1979).

Pollen
Pollination of leafy spurge occurs mostly by insects (Bakke 1936, Selleck et al. 1962,
Watson 1985a). Bakke (1936) conducted field tests of seed development for covered plants.
He found that under natural conditions leafy spurge is almost entirely insect-pollinated,
probably due to the sticky nature of the pollen. Nectar production by the involucral glands
and its availability at the time of pollen dehiscence also indicate that insects are the likely
pollinating agent (Selleck et al. 1962).

Latex
The latex is sticky, milky, and exuded at all points of injury throughout the plant
(Hanson and Rudd 1933, Selleck et al. 1962). It is contained in laticiferous cells and is high
in starch content (Bakshi and Coupland 1959, Raju 1985). The latex is considered to be
toxic. A poison, euphorbon, was once produced from it: when taken internally it is an
irritant and a purgative (Selleck et ale 1962).. It may also be a significant inhibitor of
herbicide translocation (Messersmith et al. 1985). Latex undoubtably plays a role in insect
predation and insect biocontrol; while many insects are unable to feed on leafy spurge due to
the milky sap, insects that can use the latex to their advantage may be key to control of its
spread.
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Weed management

Patch characterization
Patches are characterized by flowering shoots and some vegetative shoots in the
center of the patch, vegetative shoots around the perimeter, and underground parts extending
beyond the above ground perimeter (Selleck et al. 1962). They found a wide range of
variability in patch size in different habitats in different years, the range being from 0.27 to
4.14 feet (0.08 to 1.3 m). Patch spread can be very rapid; in one of the sites viewed by
Selleck, the initial infestation of7 shoots within an area of 2.4 ft2 (.22 m2) spread to 470 ft2
(43.69 m 2) in 5 years. They found no indication that spreading rates changed much over
time, but densities seemed to stabilize at around 200 shoots/m2 in sandy soils and 1,000
shootslm2 in heavy clay soils. Patches of leafy spurge usually spread vegetatively by 1 to 3
feet/year (.3 to .9 m/year).
Patches probably originate from seed, but low seedling survival indicates that roots
become more important for spreading after the initial establishment of spurge (Hanson and
Rudd 1933). In established patches the shoots are adventitious, replacing seedling shoots

(Selleck.et al. 1962). Morrow (1979) did a 16 month shoot success field study and found that
plants from seeds have the highest numbers of shoots per plant (136), followed by buds (96)
and transplanted seedlings (83). The relative rate of increase, in area, of small patches is
much greater than that of large ones, since the rate of radial growth is relatively constant
(Selleck et al. 1962).
Simulation models of leafy spurge populations have been done to measure rate of
spread. Watson (1985a) stated that, using averages of values from the literature, an initial
introduction of 1 seed/m2 will reach a carrying capacity in 10 years; one root bud
propagule/m2 will do the same in four years. Other models of leafy spurge population
. expansion have had variable results (Maxwell et al. 1988, Stroh et al. 1990). Unfortunately,
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these same models show that no herbicides (applied as a one-time treatment) or biological
controls will provide effective and environmentally acceptable long-term control. This
emphasizes the necessity for early detection of spurge and the importance of preventive
methods to stop its spread.

Control of leafy spurge
Preventive measures are probably the most important for control of leafy spurge.
However, once establishment has occurred, the following approaches may be used.
Cultural: In order to stop spreading of infestations in local vicinities, special
legislation has been passed to make it illegal to sell contaminated hay or haul contaminated
hay on public roads (Dunn 1985). Competitive cropping and rotation, cultivation (Lym and
Messersmith 1993), clean seed, and cleaning of machinery moved from field to field will also
aid in reduction of spread (Dunn 1985, Watson 1985b). Competitive grasses are still being
sought (Whitson et al. 1989). Machine mowing is also proving to be effective (Derscheid
et al. 1985).
Biological: Biological control of weeds involves the deliberate use of natural enemies
to reduce the density of a target weed to below an economic threshold, but does not imply
eradication (Harris 1988, Harris et al. 1985). There are several desirable Euphorbia species
that may be adversely affected by insect biological cont:r:ol ofleafy spurge specifically, e.g.,
the poinsettia, the Candelilla plant (wax source), and native spurges. A number of insects has
shown some success with leafy spurge specifically. All these insects attack European
populations of the genus Euphorbia: Aphthona spp. (root feeding beetle), Chamaesphecia
tenthrediniformis (root feeding moth), Hyles euphorbiae (foliage and flower feeding moth),
Oberea erythrocephala (stem boring beetle), and Spurgia capitagena (shoot-tip fall midge),
etc. (Harris et al. 1985, Nowierski 1989, Pemberton and Rees 1990, Poritz 1989, Rees et al.
1986).
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Sheep can also be utilized to control and reduce spread (Alley and Messersmith 1985,
Derscheid et al. 1985, Johnston and Peake 1960). Landgraf et al. (1984) found sheep to have
no definite preference for or avoidance of leafy spurge, and weight gain of ewes in infested
and spurge-free pastures was not significantly different.
Plant extracts, pathogens, and fungi have been considered. Hydroquinone, an extract
of small everlasting (Antennaria microphylla), inhibited vegetative development and seedling
germination of leafy spurge (Manners et al. 1988, Selleck 1972). Krupinski and Lorenz
(1983) isolated a pathogen, Alternaria, from diseased spurge plants in the field. They found
seed production of leafy spurge to be reduced with one application of spores. Harris et al.
(1985) noted that European pathogens and fungi are potential control agents (see Hasan and
Ayres 1990). Vesicular-arbuscular mycorrhizal (VAM) fungi, usually-considered to be
beneficial to plants, have also been suggested as possible biological control agents because
they reduce root biomass and total nonstructural carbohydrates (Harbour 1992).
Chemical: Herbicides commonly used to control leafy spurge include picloram
(Tordon), 2,4-D, glyphosate (Roundup), and dicamba (Banvel)(Lass et al. 1988, Lym and
Messersmith 1983, 1988). The success of herbicides has been so great that now there is
concern with their over-use (Campbell 1991). Picloram is very effective for leafy spurge
control (about 90%), especially when applied at rates of 1-2Ib/acre (1.11-2.22 kg/ha) for 3 to
5 years (Lym and Messersmith 1985, 1988, Watson 1985a). However, Bowes and Molberg
(1975) used rates of2.2 kg/ha for 3-5 years and found picloram eventually became
ineffective. They also note that the only advantage of adding 2,4-D to picloram for control
was to obtain quicker top kill of the spurge infestation. A consistent theme in the literature is
that leafy spurge cannot be eradicated with a single herbicide treatment (Lym and
. Messersmith 1985). A study by Lym and Christianson (1993) screened over 100 compounds
for leafy spurge control. Several herbicides were found to injure leafy spurge top growth but
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not the roots, and no chemical was found to be more effective than pic1oram.
Fire: Fire is not an effective control ofleafy spurge. Burning appears to have a
positive effect on leafy spurge. In the spring, burning native grasslands in late March to early
May stimulates shoot production and increases seed germination, as warm season grasses are
still dormant (Masters, USDA-ARS Lincoln, Nebraska, pers. comm). However, buining in
late May reduces the number of stems of leafy spurge, which are then in the late vegetative/
early flowering stage. The native warm season grasses are just initiating growth and can
withstand the burn (Masters 1990). Masters (USDA-ARS Lincoln, Nebraska, pers. comm.)
commented that better herbicide control occurs with regular burning of spurge. Burning
appears to promote a more regular growth of seedlings and shoots. Also, burning and grazing
by livestock may decrease spurge populations, possibly due to trampling.

AlleZopathy
Leafy spurge appears to exhibit allelopathic effects on other plants in the field;
although this phenomena has been researched several times with leafy spurge, no chemical
has been isolated. Dead spurge plant material may also be a source of allelopathic chemicals
(Messersmith et aZ. 1985). Selleck et aZ. (1962) found that neither brome grass nor crested
wheat grass affected spurge stands significantly beyond decreasing the number of flowering
shoots. One study showed inhibition of lettuce seedlings by smooth brome, timothy, and
leafy spurge, but none of them inhibited the germination of leafy spurge (Koukkari and
Bierboer 1989). Reduction of quackgrass and common ragweed has been noted in the field .
where spurge densities are high (Steenhagen and Zimdahl 1979).

Economic possibilities
Leafy spurge is not without some value as a species. Honey bees are able to feed on
its flowers early in May and late into August, before and after other species are producing
nectar (Messersmith et aZ. 1985). A study of rabbit hair by Roslychky (1972) suggested
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possibilities as a hair growth stimulant. The productive potential of leafy spurge was
analyzed by Maxwell et aZ. (1985) with great success. Under optimum agronomic
conditions, leafy spurge hay can produce 4 times more energy per year than wheat straw, and
leafy spurge oil and biomass had very high calorific values comparable to crude oil and
wood.
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IOWA SURVEY

Introduction
Leafy spurge (Euphorbia esula L.) has existed in Iowa for many years. Herbarium
plants document the first Iowa collections of leafy spurge at Mount Pleasant (Henry County)
in·1899 and at Ames (Story County) in 1907. Bakke noted in 1936 that it had become a pest

in Cherokee, Clay, Delaware, Lyon and Sioux counties and was common in Buena Vista,
Carroll, Dickinson, Henry, Muscatine, O'Brien, Osceola, Plymouth, Story, and Woodbury
counties. A later survey ofleafy spurge by Dunn (1979) found 458 counties in 26 states from
coast to coast to be infested with leafy spurge. In his survey, he noted 11 Iowa counties:
Buena Vista, Cherokee, Delaware, Fremont, Iowa, Mills, Montgomery, Page, Sioux, Story,
and Webster. By his infestation class size, all Iowa infestations were determined to be less
than 25 acres. Assuming that leafy spurge had not been eradicated from any county, by 1979
at least 22 ofIowa's 99 counties were infested.
Bakke (1936) wrote extensively on Iowa leafy spurge populations. In Iowa, leafy
spurge begins to blossom about the first of June, although it may blossom earlier after a mild
winter. From June until frost, ripe fruits may be found. Seed production is plentiful--oats
harvested on a farm at Hawarden in 1930 had as many as 200 spurge seedslbushel. Although
he noted extreme morphological variability among Iowa populations, such that glands and
bracts subtending umbels cannot be used for identification, he concluded all Iowa species to

beE. esula.
The primary purpose of my Iowa survey was to 1) document the extent of leafy
spurge in Iowa, 2) locate sites suitable for release of biological control agents by United
States Department of Agriculture (USDA)/ Animal and Plant Health Inspection Service
(APIDS)/ Plant Protection and Quarantine (PPQ) personnel, and 3) evaluate establishment
and effectiveness of biological control agents.
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Materials and methods

Survey
Preliminary work on a small scale occurred in May 1992. Personal contacts were
used to locate spurge sites in the west and northwestern third of Iowa and in the northeast.
Sites were documented using an Ensign global positioning system (GPS). Recording these
sites alerted me to the state-wide spurge problem, which was investigated in more detail in
1993.
In March 1993 a memo was sent over the extension service electronic mail network
(EXNET) to extention and rangeland personnel asking for help in locating sites of spurge
populations in Iowa counties. A list of the County Conservation Board (CCB) directors was
obtained, as well as names of roadside biologists, botanists, Iowa Department of
Transportation (lDOT) personnel, land owners, and weed commissioners for many counties
to ensure that a thorough investigation was done. Most of the 99 counties were contacted.
The survey conversation included a summary of the project and its funding, identification
characteristics of the plant, and possible areas of infestation. All locations or questionable
sites were documented. Herbarium specimens from the Iowa State University Ada Hayden
Herbarium were examined and collection locations of all Iowa leafy spurge herbarium
samples were added to the list of possible sites.
Each possible infestation was marked on county maps provided by the IDOT. Site
visits were made between 31 May 1993 through 6 June 1993. If spurge occurred at the site, a
handheld global positioning system, the Ensign GPS (Trimble Navigation), was used to
document latitude and longitude. Sites noted in the field but not listed on the county maps
were also recorded. Leafy spurge in June can be easily seen from a moving vehicle. The
chartreuse color of spurge can be distinguished from the surrounding vegetation.
Occasionally spurge can be confused with slightly later flowering species such as sweet
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clover and some mustards, but the circular patch growth form is a secondary characteristic
that, when combined with ground-truthing, aids in identification. All recorded sites were
considered as potential release sites for the biological control agents.

Site selection
For selection of sites for biological control insect releases in Iowa, other states with
successful biological control releases were visited. Established insect release sites in
Montana were the best model of how to conduct the Iowa biological control releases. It was
necessary to find sites on either private or public land that would remain virtually undisturbed
for 3-5 years or more while insect populations were increasing. In 1992, four sites in Iowa
were chosen from a limited selection; five sites were chosen in 1993. The number of release
sites selected was based on the number of insects being shipped to Iowa. Beetles were
shipped in July from Bozeman, Montana USDA!ARS personnel. Five hundred beetles were
released on each site. Insect presence was detected by sweep netting any insects, once a
month during the summer, at each sites in the years following the release. Sites were swept
three times the year following the release to determine presence/ absence of beetles. The
sweep survey was done according to USDA-ARS established procedure. The 1992 insect
releases were swept in summer of 1993, and the 1992 and 1993 sites will be swept in summer
1994. Sweep counts were taken in the middle of each summer month to capture adult flea
beetles feeding on the aboveground spurge parts.

Results
All documented spurge sites were marked on county maps and descriptive data
(township/section, description of area, GPS coordinates) were compiled and sent to Iowa
USDA personnel. Of the 99 Iowa counties, 34 counties originally had possible spurge
infestations (Figure 1). Twenty-two of these countries had herbarium specimen confirmation,
12 counties were indicated by personal contacts, and 20 counties were indicated by county

Figure 1. Possible counties for leafy spurge infestation. Herbarium, county conservation
board personel (CCB), and positive identification from both were charted. Counties
with both herbarium and personaVCCB identification had the greatest infestations.
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Table 1. Summary of Iowa counties, contact person, response to leafy spurge inquiry, and
earliest dated herbarium specimen of leafy spurge documented. The truthed
column indicates the presence or absence of leafy spurge fmdings in the both 1992
and 1993 surveys based on contact/response and herbarium specimen locations.

county

contact

Adair
Adams
Allamakee

CCB director
CCB director
CCB director
local seed exchange co.
retired SCS agent
USDA personnel
extension personnel
CCB director
CCB director
roadside biologist
CCB director
CCB director
retired roadside botanist
weed commissioner
field specialist
CCB director
CCB director
CCB director
CCB director
CCB director
roadside biologist
CCB director
naturalist
CCB director
CCB director
field specialist
CCB director
roadside biologist
roadside manager
roadside biologist
CCB director
CCB director
state botanist
roadside biologist

Appanoose
Audubon
Benton
Black Hawk
Boone
Bremer
Buchanan
Buena Vista
Butler
Calhoun
Carroll Cass
Cedar
Cerro Gordo
Cherokee
Chickasaw
Clarke
Clay
Clayton
Clinton
Crawford
Dallas
Davis
Decatur
Delaware
Des Moines

response
no
no
no
no
no
yes
no
no
no
yes
no
yes
yes
no
no
no
no
yes
no
no
no
yes
no
no
yes
no
yes
no
yes
no
no
no
yes
no

herbarium
specimen truthed

1966

no
yes

1927
1961
1920

yes
no
-yes
no
yes

1927

yes

1923

yes

1925

yes
yes
yes

1944

yes
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Table 1. (continued)
Dickinson
Dubuque
Emmet
Fayette
Floyd
Franklin
Fremont
Greene
Grundy
Guthrie
Hamilton
Hancock
Hardin
Harrison
Henry
Howard
Humboldt
Ida
Iowa
Jackson
Jasper
Jefferson
Johnson
Jones
Keokuk
Kossuth

Lee
Linn
Louisa
Lucas
Lyon
Madison
Mahaska
Marion
Marshall

eeB director
field specialist
eeB director
eeB director
field specialist
roadside management
eeB director
eCB director
eeB director
eeB director
eeB director
eeB director
naturalist
eeB director
eeB director
forestry agent
eCB director
eeB director

eeB director
eeB director and naturalist
USDA personnel
naturalist
eeB director
weed commissioner
CeB director
local personlbotanist
eeB director
naturalist
local person
field specialist
roadside management
roadside biologist
preserve manager
roadside biologist
park manager
weed commissioner
eeB director
naturalist
ret. soil conservation service
eeB director

no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
yes
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
yes
no

1946

yes

yes

1957

yes

1990

yes

yes

1926

no

no

no
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Table 1. (continued)

Mills
Mitchell
Monona
Monroe
Montgomery
Muscatine
O'Brien
Osceola
Page
Palo Alto
Plymouth
Pocahontas
Polk
Pottawattamie
Poweshiek
Ringgold
Sac
Scott
Shelby
Sioux
Story
Tama
Taylor
Union
Van auren
Wapello
Warren
Washington
Wayne
Webster
Winnebago
Winneshiek
Woodbury
Worth
Wright

eea director
eea director
eea directorl weed comm.
state botanist
eea director
weed commissioner
eea director
eea director
eea director
eea director
extension education director
naturalist
field specialist
state botanist
eea director
field specialist
eea director
naturalist
eea director and naturalist
eea director
roadside biologist
naturalist
eea director
eea director
eea director
roadside biologist
eea director
eea director and agronomist
eea director
naturalist
county extension agent
naturalist
naturalist
eea director
roadside biologist
eea director
eea director
state botanist
USDA personnel
eea director
eea director

no
no
yes
yes
no
no
no
no
no
no
no
no
no
yes
no
no
no
yes
no
no
yes
no
no
yes
yes
no
no
no
no
no
maybe
no
no
no
yes
no
no
yes
yes
no
no

yes
yes

1941

yes

1950

no

yes

1971

yes
yes

1927
1907

yes
yes

no date

no

1949

yes

1934
1990

yes
yes
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Figure 2. 1993 Iowa survey: all counties with documented leafy spurge infestations.
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conservation board! roadside biologist! botanist telephone calls. Four additional counties
(Buchanan, Hancock, Lyon, Wright) were indicated as infested after the study was
completed, but these are not included in the final count as they have not been yet
documented. Table 1 lists all responses and ground truthing of 1992 and 1993 surveys. The
following 26 Iowa counties have documented spurge infestations (Figure 2): Allamakee,
Black Hawk, Bremer, Buena Vista, Carroll, Cherokee, Clay, Clayton, Crawford, Delaware,
Dickinson, Fayette, Hamilton, Harrison, Iowa, Mills, Monona, O'Brien, Plymouth, Ringgold,
Sac, Sioux, Story, Webster, Winneshiek, Woodbury. Of these counties, Cherokee, Delaware,
Monona, Plymouth, Sioux, Webster, and Woodbury have especially heavy infestations.

.

Buena Vista, Carroll, Clay, and Sac counties have many sites that will become problems in
the next few years. A list of sites found throughout the state was given to the USDA. Sites
that I selected as possible biological release sites based on successful biological release sites'
in Montana were indicated.
Data were entered by one-line entry input format into the National Agricultural Pest
Information System (NAPIS). Three sets of data were entered: the counties infested by
spurge, flea beetle release sites, and flea beetle sweep net results. Iowa State University
extension agents were also notified of survey results, 1992 and 1993 biological control
releases, and success of 1992 biological control releases. Maps of all GPS points were made
using a Geographical Information System (GIS) mapping technique with water and county
line overlays. Different insect species were labeled in different symbols and colors (Figure
3). It is noted that seven counties reported with leafy spurge populations before 1979 were
not confirmed in this survey: Lyon, Henry, Muscatine, Osceola, Fremont, Montgomery, and
Page counties. The species is considered to still be present in these and other counties but is
not presently conspicuous in the landscape.
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Figure 3. Leafy spurge spread and insect release sites in Iowa as documented using GPS as of 1993.
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Table 2. Flea beetle releases in Iowa for 1992 and 1993. Sweep counts occurred in midJune, mid-July and mid-August 1993, and the number of beetlesI site is given.
GPS coordinates mark release point.
year
released
1992
1992
1992
1992
1993
1993
1993
1993
1993.

sweep counts
county
species
June Jul August
A. flava
Monona
0
0
0
Delaware A. flava
18
0
0
Woodbury A. cyparissisae
1
0
0
Sioux
A. cyparissisae 2
0
0
Plymouth A. flava
Monona
A. flava
Delaware A. cyparissisae
Webster
A. cyparissisae
Plymouth A. czwalinae

GPS
latitude
N 42 0 12' 23"
N 420 28' 46"
N 420 36' 29"
N 42 0 12' 23"
N 420 29' 11"
N 420 33' 39"
N 420 03' 25"
N 420 24' 07"
N 420 36' 26"

GPS
longitude
W95° 55' 54"
W91° 23' 50"
W 96 0 29' 29"
W95° 55' 54"
W 91 0 24' 19"
W 96 0 26' 17"
W96°27' 58"
W94° 04' 48"
W 960 29' 34"

Establishment of beetles
Table 2 summarizes site success for biological control of leafy spurge. In 1992, two
species, Aphthona jlava and A. cyparissisae were released in Iowa; in 1993, these same
species plus A. czwalinae were released. Six counties were selected--Woodbury, Sioux, and
Webster had one release site each; Monona, Delaware, and Plymouth had two sites each.
Three of the four 1992 release sites showed at least one positive sweep in 1993, indicating
some flea beetle establishment success.

Discussion
Where leafy spurge occurs, it is abundantly spread throughout the area. It is
spreading quickly through the light, sandy soils of the Loess Hills as well as along the Little
Sioux Drainage, possibly as far north as Lyon County (undocumented sites). Spreading in
Iowa may be caused by use of contaminated soils in road construction, transport of
contaminated hay, and lack of mowing.
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In many areas it is found mainly along a highway strip, where it spreads in large,
circular patches. Although leafy spurge can be mown to decrease its spread, these roadside
patches are potential sites of seed production if mowing does not occur frequently from May
to October. Seeds will be spread along the road as well as into nearby fields by moving
vehicles.
Most of the counties noted by Bakke (1936) and Dunn (1979) had spurge infestations.
Herbarium records were most accurate in confirmation of spurge sites--all but four specimen
records, regardless of collection date, still had ~ome spurge remnant. In some cases the
spurge had not moved or expanded its range, but remained in equilibrium with competing
plants (e.g. brome). No grasses are known to out-compete spurge (Selleck et al. 1962).

Insects
The flea beetles usually take at least two years to establish stable populations and
three to five years to establish populations large enough to be considered as collection sites
for USDA redistribution to other spurge infested areas. Thus, beetle collection by sweep nets
after one year can be considered somewhat successful, but it is too early to determine if
successful establishment has occurred. Some Canadian sites have taken up to 10 years for
successful establishment, with no apparent reason for the slow pace of insect establishment.
Once populations have been established, it is the goal of the USDA to turn insect collection
and distribution over to a public committee formed by interested individuals or clubs. The
Canadian Biological Control of Persistent Weeds Progress Reports (1991, 1992) suggest the
following environmental conditions for the differing flea beetle species. A cyparissisae
(brown dot beetle) prefers hot, slightly moist open sites on sandy to sandy loam soils.
Average spurge flowering height should be around 65 cm with stem densities of 80 stems/m2•

A. nigriscutis (black dot beetle) prefers hot, dry open sites with southern exposures. A. flava
and A. czwalinae both prefer moist sites near river banks with partial shade on loam or clay
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loam soils. However, there is not agreement among researchers that these site characteristics
hold true, and site selection tends to be a process of trial and error for release site placement
and success in the States.

Personal contacts
County Conservation Board (CCB) personnel were the most helpful in locating leafy
spurge infestations on a county level basis. They suggested other people, often local botany
enthusiasts, who might be of assistance in identifying and locating leafy spurge if the plant
was unknown to the CCB agent or if its location in the county was unknown. It should be
noted that many counties contacted could not identify this plant, were unaware of its status as
a noxious weed, and were unable to assist in locating any county infestation, regardless of
herbarium documentation, stating its presence in the county. Leafy spurge was mis-identified
as wild parsnip (Pastinaca sativa) in several southern Iowa counties. This lack of knowledge
and concern is a serious problem.

Aerial photography
Aerial photography has been suggested for leafy spurge population surveys. A study
was conducted to evaluate different films and flying heights (Dalsted et aI1988). They
found that 1500' flight provided 80% accuracy of spurge area, although this is prohibitively
costly for full area surveys. Color enhancements are possible at greater distances (3000'),
which could be more cost effective due to the high cost of flying. In general, low densities of
spurge «41 ft2 (<71 m 2)) were difficult to delineate. This method would be most costeffective for estimations of known infestations and county mapping rather than surveying the
state, due to film, photographer and plane costs. Heavily spurge-infested Iowa counties
should be considering this type of action.
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Conclusions
Leafy spurge is becoming a widespread problem in non-row cropped land of Iowa.
Although many infestations occur on roadside edges, increasingly heavy infestations in the
western part of the state should be a concern. Most of the spread so far seems to be due to
road construction; although the number of counties infested with leafy spurge may not be
drastically different from the number of counties with herbarium record documentation of
leafy spurge, the amount of spurge in each of the counties has grown and the potential to
spread elsewhere has increased. The Loess Hills are a particularly susceptible area because
large segments are pastured and native species cannot out-compete this vigorous invader.
The sandy soils, deep slopes, and large areas of infestation discourage chemical use because
of both water contamination and destruction of native vegetation. Early predictions of beetle
establishment in Iowa are good, but it is too early to tell if these sites will succeed to be
beetle establishment sites used to produce beetles in high enough quantities to spread
throughout Iowa's leafy spurge infestations.

It is necessary to educate the public through extension and county conservation
personnel on noxious weed infestations to better control its spread. The Iowa Noxious
Weeds manual (Cochran and Danskin-White 1990) lists leafy spurge as a primary noxious
weed in the state. Each county weed commissioner, by law, must control and destroy all
noxious weeds in each county, including populations within city limits, in abandoned
cemeteries, and on street and highway right-of-ways; the commissioner is also responsible
for the notification of landowners if populations on private property are not being controlled.
If the Iowa Weed Law were followed, leafy spurge would not be a problem in Iowa today.
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SURVEY AND SAMPLING OF BIOLOGICAL CONTROL SITES IN MONTANA

Introduction
Leafy spurge has long been regarded as a noxious weed in the United States. In
1848, Asa Gray in his first manual noted that this weed was likely to become troublesome
(Hanson and Rudd 1933). Britton (1921), along with an accompanying illustration to help
identify the species, wrote "... if detected it [leafy spurgeJ should be forked or spaded out of

the ground and burned, taking care to get all its underground parts. "
Biological control may be the answer to the problem of leafy spurge control.
Although biological control has been around since the 1860s, it was little used until the
1920s (Bovey 1987). It has succeeded where other meaSures have failed since its goal is
reduction, not eradication, of a weed (DeLoach 1991, Drea 1991, Harris 1991, Huffaker
1957). The failure rate can be very high (Harris 1991). In fact, there is no theory that
provides a satisfactory general explanation for the successes of biological control, or its
failures (Murdock et al. 1985). Human resistance to use of biological control stems from
fear of failure of the biological agent, screening and establishment costs, possible negative
effects on valued native or crop species (Huffaker 1957), existence of other biocontrol
agents that might be adversely affected by an introduced species, and possibly some
negative preconceived notions of the hazards of introduction of foreign entities.
A main consideration is whether the possible negative effects of introducing new
species outweigh the outstanding adverse effects caused by the invading species, most of
which are foreign in origin (Huffaker 1957). Invading exotic weeds may cause unwanted
changes in the plant and animal communities, and broad-spectrum herbicides used to control
weeds are detrimental to many non-target and/or rare species. Some exotics are able to
increase to high densities, thus becoming weeds, due to improved environmental conditions
and especially because oflack of coevolved herbivores to feed on them and maintain low-
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density populations (DeLoach 1991).
There are two basic kinds of biological control, classical and inundative. Classical
biocontrol is the establishment of agents from other countries to give control on a continuing
basis, usually a one time release per site. Inundative biocontrol involves a periodic
application of the agent, e.g., yearly release offungal spores (DeLoach 1991, Harris 1991,
Harris et al. 1985).
Both of these types of biological control were used at many of the Montana sites,
although only classical biocontrol was examined closely. Establishment of the insect and .
control of spurge were considered a success if early sweep counts or plant depression were
objectively noted before destructive sampling occurred. Rangelands provide a unique
opportunity for biological control because vast areas are infested with weeds that would
require great expense for removal with chemical application or mechanical means (Bovey
1987).

Aphthona
Many of the insects currently being used to control leafy spurge are flea beetles,

Aphthona spp. (Coleoptera: Chrysomelidae). Two-thirds of the 66 species of Aphthona
have been collected from populations of the Euphorbia family in Europe, suggesting that a
peculiar secondary compound may be a strong component of this relationship. A detailed
study of the flea beetle genus· was completed by Maw (1981). Before his study, little was
known about the family, and all of the following notes are from his study unless otherwise
stated.
Life cycle
Adults emerge in the spring and feed on the leafy spurge leaves and shoots. The
female flea beetle oviposits eggs by crawling down the shoot into the soil (if possible), and
then turning around and probing with her ovipositor for crevices in which to deposit the
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eggs. High humidity seems to be preferred but not necessary. She lays a batch of eggs
every 3 to 5 days for the first 2.5 months and less frequently thereafter. The number of eggs
laid per batch ranges near a mean of 285 eggs.
Incubation occurs optimally at about 23°C with a developmental period of 13 days,
with the period increasing on either side of this temperature, although eggs fail to hatch at
25°C and above. The active feeding period of the larvae is about 75 days, most (45 days)
occurring in the third larval stage. At the end of the feeding period the larva enters the soil
and forms a cell in which it will eventually pupate; many larvae excavate a chamber within
the root in which they are feeding to pupate in if it is sufficiently large. A cold
overwintering period is required to initiate pupation. Maw believed that the temperature
regime of southern Saskatchewan may be the northern limit for life cycle completion for flea
beetles, increasing the importance of some environmental conditions such as snow cover and
site aspect.
Feeding
Upon hatching, the larvae are adjacent or very close to the underground shoot or
near the shoot/root junction. Most hatchlings wander through the soil for several hours,
sampling roots before feeding for a longer period on usually the youngest roots. All root
tissues except the very toughest (old xylem and outer phellum) are eaten, but a hierarchy of
acceptability is apparent. Larval feeding appears to stimulate root production and shoot
growth, but it slows the production of new shoots.
Maw's focus was mainly on A. cyparissae and A. flava. My study examined the
interaction of A. nigriscutis with leafy spurge, which was not as successful in European field
observations or Canadian field tests. However, one reason for its success in the US might be
an increased ability to exploit leafy spurge in a new niche. Higher success with the
introduction of natural enemies for biological control has occurred with new enemies rather
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than long-evolved ones (Hokkanen and Pimentel 1984). They stated that selection of
potential natural enemies might be better for closely related insect species of the same genus
that feed on the host plant than those most successful in the original habitat. This may be
due to the inability of a species to compete with a better predator, or an environmental factor
that is changed in a new environment that affected its ability to out-compete in the original
location.

Materials and methods

1992
Twelve insect introduction sites were visited in two states, Montana (l0) and North
Dakota (2). All sites were considered successful, having either high beetle numbers in
sweep net surveys or a good visual depression around the insect release point from
phytophagy. Only sites with Aphthona nigriscutis releases of500-1000 insects were used.
At each site the following were noted: vegetation condition (associated species, cover,
dispersal, and life stage of plant species), GPS location using a handheld Ensign Trimble
Navigation GPS system, land use, slope and orientation, air temperature, relative humidity,
wind speed, and leaf temperature facing each compass direction and overall for both patch
and control (no insect) sites.
Twelve whole spurge plants spaced along perpendicular transects were removed
from each patch using a 2 114 inch (6 cm) bulb planter. Four plants were harvested at one
meter from the center, two meters from the center, and in control (no insect) areas (Figure
4). Upper plant parts were clipped at ground level and pressed as herbarium samples. Roots
were left with soil intact, labeled, and chilled. In the lab, all aerial samples were thoroughly
air-dried, and the following measurements on pressed plants were taken: aboveground
biomass (stem, leaves, flowers), plant height, number of flowers, number of flowering
branches, number of vegetative branches, and number of leaves. Roots were removed from
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Figure 4. Data collection points for each site. Center point designates center of infestation
site (Open ring) where beetle release occurred. Plants were destructively sampled
from all • marks. Plant density measurements were taken for two contiguous
square quadrats for each plant sample in each cardinal direction starting at one
meter from the release center. Control plants and density measurements were
taken outside the apparent area of insect colonization.
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soil, cleaned, and dried and belowground biomass (roots/ sample) and number of buds
(counted after rinsing) were taken. Spurge roots were considered to be those either directly
attached to the spurge crown or pieces showing root buds.
For each spurge and control patch, density measurements were taken by placing a 50
cm x 30 cm box, in lieu of a square meter, in four compass directions (north, east, south, and
west) at one and two meters from the center point~ near where a plant was removed by
destructive sampling. The density box was placed at one meter and two meters such that the
one meter reading was the density between one and two meters from the center point, and
the two meter reading was between two and three meters. Only one or two densities were
taken at the control site by random selection of sampling locations. All density readings
were extrapolated to 1m x 1m densities for data analysis. The control area used was
considered as any area past the release area where no beetles could be found and spurge was
still plentiful. A second attempt to quantify the amount of spurge was done by using
measurements along a line marked with beads at 15 cm intervals in each direction (north,
south, east, west) by noting spurge/plantlbare ground for 20-30 intervals. If leafy spurge
was noted in the measurement, the following data were taken on each plant: height, number
of stems from crown root, number of flowers, number of flowering branches, number of
vegetative branches, life stage, and insect presence/ absence indicated by feeding.

1993
In 1993,21 sites were visited in Montana (14) and North Dakota (7), including eight
Montana sites visited in 1992. Density measurements were taken using a 1m x 1m quadrant.
As in 1992, density was taken by placing the square at the 1 and 2 meter mark from the
center point; thus the one meter density reading was actually between one and two meters,
and the two meter density reading was between two and three meters. Twelve plants were
pressed and roots were chilled as in 1992. The roots were further studied for presence of .
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pathogens and vesicular-arbuscular mycorrhizae 01AM) fungi. Only one site was plated for
pathogens, and twenty sites were used for determination of VAM fungi.
Sites were dated as having beetle releases in 1990 and 1991, and plant data collection
occurred in 1992 and 1993. Separate analysis was done for each of the insect release years.
For the 1992 data, density measurements were extrapolated from the smaller box density
measurements so that all data were expressed on a per m 2 basis. Mycorrhizal work was
done only in 1993 root collection. Originally data for both years were taken of the
following: direction from insect release point, distance from release, aboveground biomass
(stem, leaves, flowers), plant height, number of rays, number of flowering branches, number
of vegetative branches, number of leaves, number of root buds, belowground biomass (roots/
sample), and stem density / m 2• In 1993, additional data were taken on the presence/absence
of fungal hyphae and the number of vesicles present in the roots in regard to vesiculararbuscular mycorrhizae 01AM) fungi at each distance. Site information included year of
insect release, year of plant collection, number of insects, soil type, sand, silt, and clay
percentages, drainage, slope, and location.
The four data points (north, east, south, and west plant samples) at each of the three
distances were averaged for each site for each variable. Plant and site characters that
showed little insect effect, or were noted in the literature to be highly variable, were not
tested after an initial principal components analysis was done. Data were analyzed using
general linear model procedures (Manly 1986, SASR Institute Inc. 1985, Schlotzhauer and
Littell 1987) to find whether or not these variables showed significant effects (p<.05) by
either distance or year. Finally, a multiple analysis of variance test was done to test the
hypothesis and error effects.
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Results
Thirty-one sites over two field seasons were analyzed. Two 1992 sites were
excluded due to extreme variability, and eight of the sites were sampled twice, once each
year. The key plant variables affected by beetles were determined to be aboveground
biomass, plant height, number of root buds, belowground biomass, density, and VAM fungi.

Correlations
Tables 3 and 4 are hypothesis correlation matrices for site, divided into 1991 and
1990 release years. Hypothesis correlation shows correlation among sites rather than
between sites (partial correlation matrices). Correlations were done between each of the five
key variables. In 1991, the strong correlation between height and aboveground biomass
indicates that both are related to plant size. Root weight was negatively correlated with both
aboveground biomass and height; more energy is put into flowering than into food storage in
the summer time.
In the older 1990 releases, belowground biomass was not correlated with aboveground biomass, and was weakly correlated with plant height and number of root buds. It
may be. that once the beetles have affected the plants, a more even ratio of above- to belowground growth occurs, such that not as much energy is available in the affected roots for
aboveground growth. In both tables, density is negatively correlated with the other
variables, especially in the older 1990 sites. As above- and below- ground plant parts are
affected by the beetles, fewer stems are produced and plant stand density declines. Stem
density appears to be a good indicator of effects of beetle release on a site.

Analysis ofvariance
Two hypotheses were originally considered at the start of the project. First, beetle
effects should become greater from one year to the next. Second, these effects should be
characterized by a comparison of plant characteristics for distances near the insect release
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Table 3. Correlation matrix (r-values) for 1991 release sites for the variables aboveground
biomass, plant height, number of root buds, belowground biomass, and density.
The computations used averaged values of each variable from each of 13 sites.
(Key: above=aboveground biomass, height=plant height, buds=number of root
buds, below=belowground biomass, density=density).

above
height
buds
below
density

above
1.00
0.87
0.21
-0.52
-0.65

height

buds

below

density

1.00
0.18
0.l45

1.00
-0.59

1.00

1.00
-0.55
-0.40

Table 4. Correlation matrix (r-values) for 1990 release sites for the variables aboveground
biomass, plant height, number of root buds, belowground biomass, and density.
The computations used averaged values of each variable from each of 18 sites.
(Key: above=aboveground biomass, height=plant height, buds=number of root
buds, below=belowground biomass, density=density).

above
height
buds
below
density

above
1.00
0.89
0.39
-0.44

height

buds

below

density

1.00
0.35
0.26
-0.40

1.00
0.34
-0.30

1.00
-0.29

1.00

point (1m and 2m) compared to those farther away in non-infested beetle areas (>3m, the
control). For the key variables (aboveground biomass, plant height, number of root buds,
belowground biomass, and density), significance tests were run to distinguish which effects
(site, distance from the insect release point, year of insect release, or interactions between
these variables) showed greatest beetle effects. Table 5 summarizes the results of the
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Table 5. Importance of site, distance, and time on population characteristics expressed as
significance values (small p-values indicate consistent effects). The analysis was
done separately for 1990 and 1991 insect release years. Key: above=aboveground
biomass, height = plant height, buds = number of root buds, below=belowground
biomass, density=density.
1990 release
variable

site

distance

site x
distance

year

distance x
year

above
height
buds
below
density

.01
.0001
.01
.71
.37

.003
.0007
.0007
.30
.11

.85
.37
.18
.77
.71

.35
.32
.04
.37
.42

.49
.93
.41
.80
.85

variable

site

distance

site x
distance

year

distance x
year

above
height
buds
below
density

.0008 .0001
.0001 .0001
.13
.16
.11
.38
.004 .06

.49
.63
.96
.42
.10

.32
.12
.05
.27
.42

.09
.001
.19
.30
.94

1991 release

analysis of variance for both 1990 and 1991. Site, distance, and year showed the greatest
significance, with no significance for either (site x distance) or (distance x year)
interactions.
In both years, aboveground biomass and plant height were significantly affected by
site and distance. Since plant depression around the release point is visually apparent in the
field, this quantifies the visual beetle effect. Number of root buds was not significantly
affected by distance in 1991 sites but was significantly affected in 1990 sites. However,
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number of root buds was significantly affected by year for both release years, indicating
some decline from older 1990 release sites to 1991 release sites. The lack of significant
results for belowground biomass and density may be due to sampling procedure or youth of
sites.
The series offigures, Figures 5-9, show means and standard errors of the mean
(error) for each of the five variables, at each distance, for both 1991 and 1990 releases.
From Table 5 above, 1991 aboveground biomass and plant height both differ significantly
with distance at the p < .001 level. In 1990, aboveground biomass, plant height, and number
of root buds are all

si~ficant

for distance. Figures 10-14 show means and standard errors

of the mean (error) for yearly effects for each variable, although only number of root buds is
significant (p < .05). Table 6 shows means and standard errors of the mean for plant
parameters. Data are sorted by both insect release year (1990 and 1991) and plant collection
year (1992 and 1993).

Vesicular-arbuscular mycorrizal study
Materials and methods
Refrigerated roots from summer collections were washed in the greenhouse. All
major roots were labeled and dried at 600 C for 48 hours. Five to ten fine terminal feeder
roots, the primary site of V AM fungi development (Kormanic and McGraw 1982) were
removed before oven-drying the remaining roots. These roots were placed in small plastic
bags or between nylon foam disks and enclosed in reusable Tissue-Tek plastic capsules
(Fisher Scientific Co., Pittsburgh, PA.). Capsules were preserved in standard FAA solution
(Formalin-Aceto-Alcohol in a 90:5:5 v/v/v ratio). The methodology used for root clearing
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Figure 5. Aboveground biomass (leaves, stem, and flower) means and standard errors of the
means (error) at distances of 1m, 2m, and >3m from the insect release point for all
1991 and 1990 releases. The n values for all distances were 13 in 1991 and 18 in
. 1990. Only positive erroris shown.
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Figure 6. Plant height means and standard errors of the means (error) at distances of 1m,
2m, and >3m from the insect release point for all 1991 and 1990 releases. The n
values for all distances were 13 in 1991 and 18 in 1990. Only positive error is
shown.
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Figure 7. The number of root buds means and standard errors of the means (error) at
distances of 1m, 2m, and >3m from the insect release point for all 1991 and 1990
releases. The n values for all distances were 13 in 1991 and 18 in 1990. Only
positive error is shown.
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Figure 8. Belowground biomass (grams! sample) means and standard errors of the means
(error) at distances of 1m, 2m, and >3m from the insect release point for all 1991
and 1990 releases. The n values for all distances were 13 in 1991 and 18 in 1990.
Only positive error is shown.
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Figure 9. Stem density (plants/ m2i means and standard errors of the means (error) at
distances of 1m, 2m, and >3m from the insect release point for all 1991 and 1990
releases. The n values for all distances were 13 in 1991 and 18 in 1990. Only
positive error is shown.
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Figure 10. Aboveground biomass (stem, leaves, and flowers) means and standard error of
the means (error) for each insect release year sorted by plant collection year. For
1992 collections, n values were 12 and 27 for 1991 and 1990 release years,
respectively; for 1993 collections, n values were 18 and 36 for 1991 and 1990
releases, respectively. Only positive error is shown.
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Figure 11. Plant height means and standard errors of the means (error) for each insect
release year sorted by plant collection year. For 1992 collections, n values were
12 and 27 for 1991 and 1990 release years, respectively; for 1993 collections, n
values were 18 and 36 for 1991 and 1990 releases, respectively. Only positive
error is shown.
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Figure 12. The number of root bud means and standard errors of the means (error) for each
insect release year sorted by plant collection year. For 1992 collections, n values
were 12 and 27 for 1991 and 1990 release years, respectively; for 1993
collections, n values were 18 and 36 for 1991 and 1990 releases, respectively.
Only positive error is shown.
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Figure 13. Belowground biomass (grams/ sample) means and standard errors of the means
(error) for each insect release year"sorted by plant collection year. For 1992
collections, n values were 12 and 27 for 1991 and 1990 release years,
respectively; for 1993 collections, n values were 18 and 36 for 1991 and 1990
releases, respectively. Only positive error is shown.

49

160
140
120

-N

E
en
c

100
80

CIS

C. 60

D

error

g

mean

40
20
0
1991

1990

1991

1990

1992 collection 1993 collection

Figure 14. Stem density (plantJ m2) means and standard errors of the means (error) for each
insect release year sorted by plant collection year. For 1992 collections, n values
were 12 and 27 for 1991 and 1990 release years, respectively; for 1993
collections, n values were 18 and 36 for 1991 and 1990 releases, respectively.
Only positive error is shown.
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Table 6. Means and standard errors of the means () of plant parameters at 1m, 2m, and
>3m from the insect release point. Data are sorted by 1991 and 1990 release year
for each plant collection year (1992 and 1993). Key = aboveground biomass =
above, plant height = height, number of root buds = buds, belowground biomass =
below, density = density.
1991 releases
-------1992 collection year
1m
1.99 (0.64)
42.10 (7.10)
21.40 (2.77)
0.51 (0.03)
111.86(52.98)

variable
above
height
buds
below
density

2m
2.20 (0.61)
42.69 (7.84)
18.81 (2.70)
0.57 (.045)
111.86(52.98)

>3m
3.45 (1.01)
45.04 (6.66)
34.35 (4.60)
0.52 (0.07)
141.10 (22.40)
/

-----1993 collection year-------variable
above
height
buds
below
density

1m
1.16 (0.15)
37.97 (3.10)
13.00 (2.05)
0.46 (0.30)
99.02(17.52)

2m
1.42 (0.20)
41.44 (3.64)
16.22 (2.61)
0.45 (0.04)
100.86 (16.41)

>3m
3.44 (0.16)
53.42 (4.13)
16.42 (2.10)
0.54 (0.06)
141.11(22.40)

1990 releases
--1992 collection year
variable
above
height
buds
below
density

1m
- 1.70 (0.29)
49.90 (8.86)
16.50 (3.20)
0.56 (0.07)
65.66(13.35)

2m
1.7 (0.026)
48.00 (7.69)
16.0 (1.47)
0.55 (0.06)
73.50(21.88)

>3m
2.30 (0.44)
55.30(10.00)
31.90 (4.20)
0.66 (0.06)
184.20(75.40)

---1993 collection year
variable
above
height
buds
below
density

1m
1.40 (0.28)
43.80 (6.32)
14.80 (2.94)
0.50 (0.05)
94.10(15.20)

2m
1.90 (0.34)
49.70 (6.39)
14.80 (1.70)
0.50 (0.06)
97.60(16.43)

>3m
3.30 (0.55)
58.60 (4.80)
20.60 (1.77)
0.57 (0.04)
121.67 (16.83)

51

and staining followed Konnanik and McGraw (1982). This technique removes the cellular
contents and makes the root opaque, but the VAM fungal structure stains bright red to light
pink with an acid fuchsin dye. Roots were examined with an Olympus CH-2 light
microscope at 10X magnification using a systematic grid intersection slide technique
(Giovannetti and Mosse 1980). Five to six intersections per sample (twelve samples per
site) were examined for presence/absence of hyphae and vesicles. Vesicles were noted as
large, red ovals, indicating presence of VAM fungi.

It was hypothesized that the presence of hyphae and the number of vesicles of leafy
spurge roots would differ between the infestation (insect release site) and the control area
(no beetles present). Almost all samples showed hyphae present, usually in large quantities,
indicating fungal presence. Leafy spurge appears to be readily invaded by soil fungi. Table
7 represents the findings for V AM fungi in 1993. Both release years had significant effects
of distance from the beetle release point,p < .05 andp < .0071 for 1991 and 1990
respectively. As the time of the beetle. infestation increases, the amount of V AM fungi
found around the release site decreases compared to the control (>3m) zone.
Pathogens
The role of pathogens was also investigated. It was hypothesized that the infested
site would have roots with a greater number of pathogens or pathogens different from the
healthy roots of control plants. Roots from a very successful (high bug numbers and
obvious depression of plants) two-year old release site were examined lor pathogens. If
pathogens were affecting leafy spurge plants, it was felt that this site would be a good
indicator of insect/root interaction.
The roots were rinsed in running water for 30 minutes to remove soil. Segments near
rotted lesions were removed and carefully plated on water agar. Plates were grown for 10
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Table 7. Fraction of spurge roots showing presence of vesicles from
vesicular-arbuscular mycorrhizae fungi. Means and standard
error of the mean (s.e.) are given for 1m, 2m, and >3m (control)
distances for 20 release sites for both 1991 and 1990 insect
release years. Data were collected in 1993 only.

Distance

1991
mean (s.e.)

1990
mean (s.e)

1m
2m
>3m

0.378 (.05)
0.441 (.06)
0.526 (.08)

0.418 (.06)
0.444 (.06)
0.623 (.08)

F=
Pr>F=

3.61
0.05

6.25
0.0071

days at room temperature. Only contaminants and expected soil fungi were found on all
plates, and mycelium growth was normal.

Discussion
This study examines the effects of only one species, A. nigriscutis. More recent
Biological Control of Persistent Weeds Progress Reports (1991, 1992) from Canadian
studies indicated that 31 of 50 release sites showed excellent success with this species.
Successful Canadian sites showed some of the following common characteristics: open dry
sites on slope or ridge tops with southern exposures, continuous spurge (35% to 75%), an
average flowering height of 60 cm or less, 40-55 stems/m2, and sandy soils. The sites with
successful control used in this study included a wide variety of soil types, slopes, and spurge
heights. Best site characteristics for release are still undetermined and not agreed upon
between researchers for the different Aphthona spp., and while some trends have been noted,
they do not appear to be transferable to from site to site. Undoubtedly, there are important
factors associated with the latex and possibly unknown factors that affect the ability of the
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insects (as a species) to be able to feed on leafy spurge that have not yet been assessed in the
field. This suggests a need for a Wide variety of introduced enemies--there appears to be a
wide range of feeding behavior and high variation in population growth, both with regard to
Aphthona spp. and to the location (environment) of the release site. Since Aphthona is a
natural enemy of the plant and conditioned somewhat to the plant's chemical nature, it is
hoped that the new environment may be inherently more conducive to the insect than the
original one, as it is for the weed itself (Huffaker 1957).
Greater weed abundance increases the chance of an insect fmding a patch to feed in
(Huffaker 1957). Genetic structure may increase leafy spurge's vulnerability or resistance to
disease. Its clonal structure also weakens the plant's resistance; since the plants are
genetically similar and linked by underground parts, control of the genotype will affect all
plants of that genotype, plus it will be able to be spread by interlocking belowground parts
(Burdon and Marshall 1981, Ellstrand and Roose 1987). They note that weedy invaders
originally showed less variation in genetic structure in early invasions due to the "founder"
effect. The "founder effect" arises from chance spread of a small amount of the plant part or
seed be.ing moved to a new area. Since the population starts small and is not near other
genetically similar species, the gene pool is restricted to that of the original population.
Genetic structure also plays a role in chemical compounds present in the plants.
Maw (1981) states that the perennial root tissue consumption depends on the state of
. the latex system, scleroid density, and size of the root relative to the size of the larva.
However, the larvae may be inhibited from effectively feeding on roots due to the amount of
perennial root in older infestations and non-drought (increased latex) conditions.
Established infestations have enormous amounts of root material and higher amounts of
litter, and many times the shoot/root transition does not occur near the surface. High litter
may inhibit the female from ovipositing eggs close to the larval food source, aiding in larval
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starvation (Neal Spencer, USDA-ARS Sidney, Montana, pers. comm.). The effect of the
recent cool, wet Montana summers on beetles is not yet known.
Huffaker (1957) notes that a great emphasis has been placed on insects that attack
seeds or that bore into the roots or stem; but regardless of injury, existing stand reduction
and the increase of competing plants is key to the success by biological control agents.
Other characteristics for success are host specificity, synchrony of life cycle with important
pest phases, change in population size relative to pest size, ability to complete life cycle with
few pest individuals present, and a high searching ability (Murdock et al. 1985). Improved
pairing of insects to leafy spurge in different parts of the country will also aid in biological
control success. This can be done with triterpenoid profiles with good success. Matching
profiles of US leafy spurge sites and European leafy spurge sites and release of those
European biological control agents most effective at the European sites should increase
success in the States (Holden and Mahlberg 1992). This is undoubtedly the next step in
demonstrating host specificity of exotic phytophagous insects to be introduced on a weed
(Harris and Zw6lfer 1968).
.The temperature required for incubation of flea beetles could be a major problem in
dense patches. Since 23°C is optimum, it is necessary that this temperature is approached
and larvae have time to go through all necessary pupal stages before cold weather sets in. In
years where the weather does not become warm or stay warm, life cycle completion could
be a factor in site success. Tall dense spurge may result in lower ground temperatures,
causing beetles to congregate for survival (Biological Control of Persistent Weeds Progress
Report 1991). Another issue associated with insect biological control in general is problems
of mass rearing of insects. Efforts to screen and mass-rear insects and diseases for leafy
spurge biocontrol agents have been hampered by low success in propagation and slow
growth ofleafy spurge in the greenhouse (Lym 1992), which increases lab to field release
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time.
Improved success may be obtained by more complete examination of the weed itself.
Navas (1991) discusses the importance of weed ecology and what kinds of data are
necessary for increased understanding of weed populations and dynamics. Although there
are a vast number of studies already shedding light on the leafy spurge problem, a better
understanding of spatial spread characteristics and equilibrium stages is needed.
Economics ofcontrol

Leafy spurge infestations affect not only plant biodiversity, but economics. Reduced
carrying capacity of pastures can necessitate a reduction in livestock up to 75% due to both
decrease of herbage production and change of cattle foraging behavior (Lym and Kirby
1987, Thompson et al. 1990). Spurge infested land is not readily saleable; in fact, many
buyers are aware of the high cost of control and will not even consider purchasing land with
spurge present. Heavily infested land is of no value when the cost of pasture rental rates,
taxes, fence upkeep, and chemicals are considered (Bovey 1987). This influences not only
the ranchers, but the associated rural and regional community (Leistritz et al. 1992).
Funding for biological control programs is unfortunately controversial, often causing
rivalry instead of cooperation between agencies, both private and governmental, as well as
being hampered by political trends, i.e., genetic engineering (Harris 1991). Pre-release
screening studies are imperative to biological control releases to discern the possible
deleterious side effects or physiological tolerances of the insect, even though population
dynamics in the field may be difficult to discern (Murdock et al. 1985, Wapshere 1974).
Costs can be greatly reduced by joint prescreening studies between cooperating countries
(e.g., the United States and Canada) or by capitalizing on studies done elsewhere, e.g.
overseas studies (Harris 1979, 1991). However, it is acknowledged that biological control
research is expensive, time consuming and of real value only if it is maintained over several
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years (Carlson and Littlefield 1983).
Selective grazing has often been used to control undesirable rangeland weeds.
Cattle, sheep, goats, horses, poultry and certain wildlife species control many weeds this
way (Bovey 1987). Sheep have been shown to be more effective than goats in reducing
germinability and viability of ingested leafy spurge seeds (Lacey et al. 1992). Leafy spurge
is unpalatable and poisonous to many animals due to certain leafy spurge chemicals
(Kronberg and Walker 1993). Animals grazing mature leafy spurge should be confmed for
five days before they are rotated onto pastures that are devoid of leafy spurge to ensure that
all viable seed have passed through their digestive system (Lacey et al. 1992). Grazing
rotation concerns, spurge unpalatability, and vast and vigorous growth of leafy spurge make
grazing alone an unfeasible alternative.
Picloram is the chemical most widely used for eradication of leafy spurge. Hickman

et al. (1989) quantified picloram released by leafy spurge roots in the field as affected by
picloram application rate, plant growth stage, and time interval after treatment. They found
that picloram release from roots was greater from plants treated in the flowering and seedfilling stages than from plants in the vegetative state, with 86% of the picloram detected in
1-13 cm soil depth one week after application. Thus, picloram soil residue had little effect
on leafy spurge root growth or shoot emergence. A second recent study by Lym and
Messersmith (1991) showed that optimum timing ofpicloram application for maximum
translocation to the root was during the flower growth stage. Translocation was a function
of relative humidity, not air temperature. This implies that water stress influences the
effectiveness of application programs. They also noted that 14C-picloram did not move with
photosynthates to the roots in fall herbicide application. This agrees with the earlier work of
Croizat (1945), who found that spring growth draws most heavily on accumulated reserves,
followed by summer growth whose main function is to replenish these reserves. This is a
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good point about fall spraying--while it kills the plant, it is after seed set and replenishment
of food reserves, and thus may do no real damage.

Persistence problems
Persistence can be defined by such anatomical features as the formation of several. layered cork, the accumulation of starch in various tissues of subterranean organs, the
development of a continuous ring of pericyclic meristem in roots, and the lateral growth of
spurge in general (Bakshi and Coupland 1959). The well-developed cork layer along with
the latex makes the root system fairly resistant to drying out (Messersmith et al. 1985), and
the double storage system of storage parenchyma and cortex enables the plants to survive
long periods of shading or clipping and still have stored food available for growth and
reproduction. The deep root system enables deep water use (Bakke 1936).
Once seedlings have been established, their underground parts persist and produce
adventitious buds even when above ground parts die (Raju 1985, Selleck et al. 1962).
Hanson and Rudd (1933) noted that the most vigorous seedlings have been reported to
penetrate to a depth of24 inches (61 cm) and to produce stems 5 inches (13 cm) tall. Bakke
(1936) noted that many seedlings emerged before first frost around hay stacks. Seeds are
able to germinate the same year as they are produced and to establish a root system, which
gives them a head start for the following year.
Ariother problem is the seed bank. Bower and Thomas (1978) noted that with
adequate chemical control for three years, from 3,500 to 11,000 viable seeds ofleafy spurge
remained in the soil as a source for reestablishment, and that regardless of the degree of
control of shoots the number of seeds remaining in the soil was high. Continuous sheep
grazing for 8 years prevented annual seed set and reduced the size of the soil seed bank from
>3500 to 15 seeds/m2, but at least three years of continual sheep grazing were necessary to
greatly reduce the shoot density ofleafy spurge. Messersmith et al. (1985) believe that
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dispersal of roots is usually a minor factor compared with dispersal of seed in the spread of
leafy spurge.
The difficulty in depleting the seed bank and the longterm viability of leafy spurge
seeds make spurge success even more likely. Research on microorganisms selective for
seed decay has been largely overlooked. Kremer (1993) states that limited studies have
indicated that microorganisms associated with weed seeds can contribute to seed bank
depletion, but that the best opportunity for success will be through integration of selected
microorganisms or microbial products with other approaches including biological control
agents for effectively eliminating dormant, persistent seeds from soil.
A recent study by Al-Henaid et aZ. (1993) found that leafy spurge viable seed
production and germination were reduced by 2,4-D applied during flower development and
seed formation. Viable seed production was reduced when the chemical was applied at all
growth stages after the start of flower bud development. This research shows that 2,4-D
must be applied prior to flower bud development to prevent seed production, but most
importantly can be used to slow addition to the seed bank and to decrease viability of seeds
in the seed bank.
The root and the difficulty in depletion of the underground food reserves is
considered by many to be the largest obstacle in overcoming spurge. Coupland and Alex
(1954) found over four tons per acre of underground leafy spurge plant material at infested
sites, suggesting that effective eradication by cultivation alone will be difficult. Selleck et

aZ. (1962) noted that leafy spurge is capable of tolerating a remarkable degree of
disturbance. They found that removal of a depth of one foot of roots and rhizomes did not
significantly affect density or vigor of the species, while the removal of two feet of
underground parts resulted in decreased densities of top growth. Coupland et aZ. (1955)
found similar results in their experiments. They demonstrated that roots were able to

59

produce vegetative shoots for 5 successive years from a depth of3 feet (.9 m) after the major
portion of the root system was removed. Root buds also confound control. Raju et al.
(1966) found that 11 of 12 introduced persistent field weeds in western Canada had budproducing roots.
It was noted in the field that where leafy spurge has been removed by plant death,
competing plants were not reestablishing themselves. The ground remains bare or seedling
leafy spurge appear--it may be that the ground is affected by allelopathic substances, or there
may be a lack of seeds of native species in the seed bank. There appears to be at least a twoyear time delay before native vegetation returns to a release site (Karen Boulton, York
Consulting Inc., Saskatchewan, Canada, pers. comm.). Belcher and Wilson (1989) studied
cover values for native plants and leafy spurge. They found that most native species were
absent where leafy spurge was most abundant and species richness declined from outside the
infested area to the center of an infestation. The effect this decline would have on the seed
bank has not been noted.

Vesicular-arbuscular mycorrhizae implications
Roots are invaded by flea beetle larvae. While feeding, the larvae leave miniscule
external holes, which increase the possibility of invasion by pathogens in infested sites
versus non-infested sites. The positive significant results of a decline in the beneficial VAM
fungi in both distance from the insect release center and over time of insect release are
indicative of two things. First, V AM fungi are important for leafy spurge roots, and second,
the decline of plant health in infested areas is linked to a decline in V AM fungi. Whether it
is because pathogens are invading roots or because root damage decreases the area available
to V AM fungi by decreasing root mass needs to be examined. These fmdings do not agree
with Harbour (1992), who suggested V AM fungi might adversely affect leafy spurge and
thus be used in a biocontrol capacity.

60

Kremer and Spencer (1989) were able to link decreases in velvetleaf (Abutilon

theophrasti) seed viability and survival in soil and associated seed fungi to integrated use of
two biological control agents. Soil pathogens have been found on leafy spurge. Caesar

et al. (1993) found a fungus, Rhizoctonia solani AG-4, affected leafy spurge in wet years.
They noted that diseases occur widely in Montana. When isolated, leafy spurge plants
showed crown rot, necrotic root buds, stem cankers, and blights. However, although their
results suggest effective use as a biological control agent, the disease is broad and presents a
threat to major crops grown in the Northern Plains (Caesar and Hertoghe 1993).
Kremer et al. (1990) suggested that weed seedling rhizospheres might also be
manipulated to host a majority of specific deleterious rhizobacteria, needed to obtain
detrimental effects on weeds. Rhizobacteria as biocontrol agents are potential sources of
natural herbicides that could be integrated into current weed management systems, thereby
reducing chemical herbicide use (Kremer and Kennedy 1994). For E. esula, rhizosphere and
adventitious shoots appear to be good sources of potential biological control
microorganisms (Kremer and Stanley 1993).
.The lack of positive results showing an increase in pathogens in the roots could be an
indicator of many things; no insect damage to the roots may have occurred this early in the
season (roots were taken before larval deposition in the soil), the site itself was too young to
show much root damage from the previous year, pathogens are not important to the
insect/plant interaction, or this particular site just showed no pathogen dissimilarity for
infested versus control areas. Noting how spurge was removed by insect feeding in some
areas, the lack of pathogen differences in the spurge versus control areas was disappointing,
especially when considering the VAM fungi results. The next step of research should be to
examine more closely the pathogen! VAM fungi interactions, as VAM appears to be very
important to spurge health. Many mycorrhizal plants have been shown to be both more
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resistant to and tolerant of several fungal pathogens and parasitic nematodes. Thus, there is
a significant decline in V AM fungi, indicating infection whether due to beetles, pathogens,
or some other factor.

Conclusions
The original impetus for this field work was to identify any visible effects of insects
from biological control releases, to determine if the effects changed with time from the
original year of release, and finally to use these findings to quantify what should be
occurring in biological control release sites in Iowa.
There are many indicators that biological control of leafy spurge will be successful.
High environmental variability in the field may allow for more insect niches. Murdock et al.
(1984) in a study of olive scale and parasitoids found that spatial aggregation by parasites is
not an essential feature of successful biological control, and stability of the enemy
population is not requisite. They found no density-dependent mechanism for control. Since
flea beetles are released from a single point, the fast outward spread of flea beetles, which
affects sweep count numbers, may not be a good indicator of site success in some cases.
This is .in part a reason for not relying too heavily on sweep net insect counts, especially in
initial establishments.
Canada's leafy spurge research has been ongoing for about 20 years. It is thought
that the leafy spurge problem there will be under control in about another 20 years or less,
judging by current site success work (Karen Boulton, York Consulting Inc., Saskatchewan,
Canada, pers. comm.). Site aspect, soil types, and snow cover have been noted for their
importance in flea beetle success. Current research at ARS-USDA Sidney, Montana
includes weather stations at successful and non-successful releases at the same site area to
further understanding of wind, temperature, and humidity on leafy spurge/flea beetle
interactions (Neal Spencer, USDA-ARS Sidney, Montana, pers. comm.).
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It appears that the introduction of the flea beetle, Aphthona nigriscutis, does affect
leafy spurge sites, both visibly and quantitatively as shown in Figures 5, 6, 7, and 12. The
ultimate success of any leafy spurge program will be dependent upon successful competition
by desirable species in such a way as to affect leafy spurge root reserves and seed
production.
The results of this paper suggest that although there is a visible and quantitative
difference between areas where beetles have been released and where no beetles are present,
these differences are still quite small, presumably due to the length of time the beetles have
been present. However, significant results occurred at some level for four to five important
plant characters, indicating these types of data are useful. Further, significant results with
underground parts (buds, vesicular-arbuscular mycorrhizal fungi) suggest this area of
research may be the most useful in determining beetle effects and success of leafy spurge
control in the future.
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