
AN ABSTRACT OF THE THESIS OF

Marjolein Schat for the degree of Master of Science in Entomology presented on

April 5,2002.

Title: Biological Control of Purple Loosestrife Lythrum salicaria (Lythraceae):
Stability of Control and Integration with Wetland Management Practices

Abstract approved:

Peter B. McEvoy

Purple loosestrife is a wetland perennial that came to the eastern seaboard of

North America in ship ballast and raw wool in the 1800's. Since coming to the

United States, it has spread across the country, forming dense monospecific stands

in wetlands. Mechanical and chemical control was expensive and ineffective, and a

biological control program was initiated in the 1980's. Four biological control

agents were released to control purple loosestrife: two leaf-feeding beetles

Galerucella calmariensis and G. pusilla (Coleoptera: Chrysomelidae), a root-

mining weevil Hylobius transversovittatus (Coleoptera: Curculionidae), and a

flower-feeding weevil Nanophyes marmoratus (Coleoptera: Curculionidae). The

leaf-feeding beetles are the most widespread.

Most biological control programs monitor the release and establishment of

control agents, but neglect to measure control agent spread, suppression of the

weed, and community succession. In this thesis I report on the suppression of

purple loosestrife, the spread of the beetles in relation to a spreading purple

loosestrife population, the potential to integrate biological control of purple

loosestrife with traditional management practices, and community succession

following purple loosestrife suppression in western Oregon.

In the first part of my study I monitored weed suppression and subsequent

community changes associated with. biological control at two sites in western
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Oregon. Two biological control agents, Galerucella calmariensis and G. pusilla

were released at Baskett Slough National Wildlife Refuge and Aquatic Gardens in

western Oregon in 1992 to control purple loosestrife. An intensive quantitative

monitoring program began in 1994. My objectives were to compare the outcome

of biological control at two sites, determine the stability and long-term pattern of

biological control, and to evaluate the ability of control agents to keep up with the

spread of purple loosestrife. I used estimates of Galerucella feeding damage,

purple loosestrife biomass, and purple loosestrife stem density to evaluate the

presence and density of beetles and suppression of purple loosestrife.

Beetle damage varied within and between years at both sites, but increased

faster at Baskett Slough than at Aquatic Gardens. Damage rates reached 100% at

least one year earlier at Baskett Slough. Initial purple loosestrife density was

higher at Aquatic Gardens (48 stems m2) than Baskett Slough (32 stems m2), but

final densities converged to less than 12 stems m2. At Baskett Slough, purple

loosestrife biomass varied over time. Galerucella beetle spread lagged 676 meters

behind the spread of purple loosestrife. As purple loosestrife declined, biomass of

forbs and grasses increased, and when purple loosestrife increased again,

abundance of forbs decreased.

To summarize the results of the first study, control developed one to two

years earlier at Aquatic Gardens than Baskett Slough over an eight-year study

period. Purple loosestrife biomass was suppressed to 10% of pre-control

abundance and seeds in the seedbank declined 55.2% over three years. Forbs and

did not vary over time, but reed canary grass was higher in 1998 than in the other

four years of the study.

In the second part of my study I evaluated how biological control of purple

loosestrife and the community responded to mowing, tilling, herbicide, and burning

to control reed canary grass using a randomized block experiment. Although there

have been several studies examining the effects of herbicides on biological control

agents, few studies have evaluated the potential to integrate biological control with

mowing, tilling, and burning. I evaluated the responses of our focal species and



purple loosestrife - Galerucella interactions for two years after the application of

treatments by measuring the biomass of each species in the community and

Galerucella damage to purple loosestrife.

My experiment detected no effect of treatments on colonization of treatment

plots by purple loosestrife or biological control agents. Galerucella beetles

colonized all plots, and we detected no difference in insect damage levels among

treatments in either year. Tilling and herbicide treatments decreased reed canary

grass biomass the first year after treatment, increased purple loosestnfe biomass the

second year after treatment, and increased plant diversity both years. I detected no

differences in biomass or diversity measures in mow, burn or control treatments

either year.

To summarize the results of the second part of my study, tilling and

herbicide treatments reduced dominance of reed canary grass and increased purple

loosestrife biomass and plant diversity indices. The reduced dominance of reed

canary grass in tilling and herbicide treatments allowed purple loosestrife and other

plant species to successfully compete with reed canary grass and grow in treated

plots. The treatments did not interfere with the ability of biological control agents

to re-colonize and completely defoliate purple loosestrife in treated areas in this

small scale experiment.

The third part of my study used an observational study to evaluate plant

community changes accompanying biological control of purple loosestrife growing

along an elevation-moisture gradient on a lakeshore in western Oregon. Prior

literature documents the tendency of vegetation to form distinct bands along

lakeshores, and indicates little correspondence between the growing community

and the abundance and distribution of seeds in the seed-bank. Prior studies also

document the ability of insects to affect plant succession and zonation by feeding

selectively on preferred species. Weed management requires controlling specific

weeds as well as succession to control a weed and encourage desired vegetation. I

evaluated plant community changes following biological control of purple



loosestrife along an elevation gradient over three years using estimates of biomass

of species along the gradient, buried seed density, and Galerucella feeding damage.

The dominant species in this study formed bands along the lake-shore, and

the buried seeds were more broadly distributed than the growing plants. This

agrees with prior literature showing that the actual range inhabited by growing

plants is narrower than the potential range indicated by the buried seeds. Reed

canary grass was found only at the high and dry end of the gradient. Purple

loosestrife was predominately found in the low and wet end of the gradient and was

uncommon in the reed canary grass zone, except in 1999, the only year that beetle

feeding did not cause 100% defoliation across the entire gradient. In 1999

defoliation levels increased linearly with elevation.

To summarize the third part of this study, zonation occurred in the dominant

species along the gradient. Purple loosestrife was uncommon in the reed canary

grass zone except in 1999, when Galerucella feeding damage was low, suggesting

that the beetles indirectly affect purple loosestrife - reed canary grass interactions.

Overall, biological control of purple loosestrife was successful at two sites in

western Oregon. The Galerucella beetles were able to control purple loosestrife

under a variety of conditions despite annual variation in beetle population. Further

studies are necessary to determine the direct effects of treatments to Galerucella

beetles, and to clarify the effects of Galerucella beetles on reed canary grass -

purple loosestrife interactions.
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Biological Control of Purple Loosestrife Lythruin salicaria (Lythraceae): Stability
of Control and Integration with Wetland Management Practices

Chapter 1

Introduction

I evaluated biological control of purple loosestrife by two chrysomelid

beetles Galerucella calmariensis, and G. pusilla at two locations in western Oregon

over seven years. We also evaluated community succession following control of

purple loosestrife and the potential to integrate biological control with other weed

management practices at one location. Biological control of weeds progresses by

stages including identifying a target weed and control agents; importing, releasing

establishing, increasing, and spreading the control agent; damaging and suppressing

the target weed, and monitoring community succession following the control of the

target weed. Scientific attention in biological control has focused on releasing

biological control agents and monitoring their establishment, neglecting long term

monitoring to estimate increase and spread of control organisms, suppression of

target weed populations, or plant community succession following weed

suppression. By combining observational studies and experiments, we studied

three aspects of biological weed control that have received little attention before

now.

In the first part of our study I evaluated the speed of control, suppression of

purple loosestrife, the changes in the plant community, and the spread of control

agents in relation to spread of the weed population. I continued the monitoring

program begun in 1994 at two sites in western Oregon, and analyzed the population

and community changes from 1994 through 2000. I evaluated speed of control by

monitoring the changes in Galerucella feeding damage and stem density at each

site over time. I used annual estimates of biomass to evaluate the degree of purple
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loosestrife suppression at one site. I also studied the potential for purple loosestrife

to re-colonize the site from seeds and perennial roots by conducting seed bank

assays and comparing the length of sterns after control with the length of stems

before control was achieved. Evidence of beetles (presence of eggs, larvae, adults,

or damage) along the invasion path of purple loosestrife was recorded to determine

if Galerucella beetles were able to keep up with the spread of purple loosestrife. I

evaluated plant community changes by comparing the biomass of grasses, forbs,

and purple loosestrife over time.

I conducted a randomized complete block experiment to determine the

potential of integrating biological control of purple loosestrife with mowing, tilling,

herbicide, and burning to control reed canary grass. I evaluated how our focal

species, purple loosestrife and reed canary grass, responded to treatments by

comparing biomass of each species across treatments. I used species richness and

Shannon-Weiner and Simpson indices to evaluate the response of the community to

each treatment. Intensity of interactions between biological control agents and

purple loosestrife in each treatment was analyzed using degree of Galerucella

feeding damage on plants in each treatment.

I examined plant community changes accompanying biological control of

purple loosestrife along an elevation-moisture gradient with an observational study

conducted on the shore of Morgan Lake in western Oregon. I examined the

zonation of vegetation along the gradient by comparing the elevation ranges where

each species was found in the growing community and in the seed bank. I used

biomass and seed bank assays to delineate the ranges where each species was

found. I determined the pattern of Galerucella feeding and evaluated the

interactions of purple loosestrife, Galerucella, and reed canary grass along a the

elevation gradient using Galerucella feeding damage and purple loosestrife and

reed canary grass biomass along the gradient.



Chapter 2

Plant Community Changes and Weed Suppression Associated with Biological

Control of Purple Loosestrife Lythrum salicaria (Lythraceae) in Oregon

Marjolein Schat, Shon S. Schooler, Eric M. Coombs, and Peter B. McEvoy

3
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INTRODUCTION

Scientific attention in biological control tends to focus on finding,

screening, and releasing control agents and neglects monitoring target weed

suppression, plan succession, and stability of control (McEvoy and Coombs 1999,

McClay 1995, Harris 1997). Several authors have stressed the need to improve

estimates of the increase and spread of control agents, the suppression of weed

populations, the pattern of community succession following control of the target

(McEvoy and Coombs 1999, Harris 1997, Blossey 1999), and the success of

programs in terms of specific suppression goals (Harris 1997). To help improve

monitoring of introductions, we report the events leading to the suppression of

purple loosestrife, changes in the community, and the spread of the control agents

based on observational studies conducted over eight years at two wetland locations

in western Oregon.

Harris (1991) suggests setting specific goals for agent establishment, attack

rates, and suppression and then monitoring each step to determine if control is

successful. An unsuccessful program could be due to lack of establishment, the

inability of the control agent to increase, or spread throughout an infestation, or the

inability of the agent to suppress the target weed. Monitoring each stage is

necessary to determine why a program was successful or unsuccessful and to

improve the ability of biocontrol practitioners to predict environmental and

economic effect of a program (McEvoy and Coombs 1999, Harris 1997, Blossey

1999). Long term monitoring is needed to answer growing concerns over the

safety and effectiveness of control (McEvoy and Coombs 1999).

Evaluations of success of biological control vary due to the subjective

definitions of successful control. Insect pest control utilizes economic injury levels

and thresholds to determine when treatments are necessary and to evaluate

treatments. Weed biological control tends to occur on rangelands and natural areas

and economic thresholds have not been identified for many weeds. The degree of

suppression is important in the evaluation of success. For instance, leafy spurge
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(Euphorbia esula) needs to be reduced below 10% cover for a pasture to be

considered suitable for cattle grazing (Harris 1997). The stability of control or the

ability of control agents to maintain the target weed below a certain level, or within

a target range over time is also important in evaluating success.

Significant suppression of target weeds in biological control can take 5 to

20 years (Harris 1997, McBvoy 1985, Huffaker and Kennett 1959). The ability of a

control agent to cause tissue damage to individual plants does not necessarily

translate into the ability to suppress the weed population (Crawley 1983, McClay

1995). Control agents also need to be able to spread throughout the weed

population, move onto new host patches and spread with the weed (Andow et al

1990, Crawley 1983).

Success of control also depends on the environmental conditions at release

sites. Huffaker and Kennett (1959) reported differences in increase of control

agents and subsequent decline of Klamath weed (Hypericum perforatum). Beetles

increased faster at some sites than others and reached higher populations at some

sites than others. Environmental differences at the sites could be responsible for

differences in timing and degree of control.

OBJECTIVES

In this paper we evaluate the long-term pattern of control of purple

loosestrife (Lythrum salicaria L.) by two leaf-feeding beetles Galerucella

calmariensis L. and G. pusilla Duft. at two sites and the ability of beetles to move

with a spreading population of purple loosestrife. Our objectives were to 1)

determine if biological control was progressing at the same rate at two sites where

the beetles were released at the same time, 2) determine the stability and long-term

pattern of biological control, 3) evaluate the ability of the control agents to keep up

with the spread of purple loosestrife, and 4) characterize the community changes

associated with biological control of purple loosestrife.
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STUDY SITES

Our studies were conducted at two purple loosestrife infested sites in

western Oregon, Morgan Lake at Baskett Slough National Wildlife Refuge in Polk

County and Aquatic Gardens in Yamhill County (Figure 2.1). Baskett Slough

National Wildlife Refuge (44.98117° N, 123.26178° W) has riparian, prairie, and

upland habitats and is managed for Dusky Canada Geese (Branta canadensis subs.

occidentalis) that overwinter in Oregon and summer in Alaska. Geese are present

on the shores of Morgan Lake from October through March. Morgan Lake is a

reservoir created in 1962 to maintain water levels in wetlands throughout the

refuge. The lake is surrounded by a wet-meadow zone with approximately 8 ha. Of

potential purple loosestrife habitat. We estimate that purple loosestrife colonized

the shores of Morgan Lake in the early 1970's (Eric Coombs, personal

communication). When biological control agents were released in 1992, purple

loosestrife was a major component of the riparian community that is now

dominated by reed canary grass. The wet meadow is flooded in winter and dry in

summer. The upland areas surrounding Morgan Lake are cultivated for grass seed

using practices that do not interfere with the geese.

The Aquatic Gardens site (45.126° N, 123.0535° W), owned by the Ediger

family, has a stream at the base of an east-facing slope with a 0.2 ha. riparian zone

bounded on the west side by a wooded slope and the east side by a cultivated

cornfield. We estimate that purple loosestrife colonized the site in the mid 1980's

(Eric Coombs personal communication). When biological control agents were

released in 1992, purple loosestrife was a major component of the plant

community. Directly to the south and upstream of our site is a pasture that is

actively grazed by dairy cows throughout the summer. Runoff from the pasture

goes directly into the stream. The riparian area is under standing water most of the

year, except in late summer and early fall. Even when there is no standing water,

the soil at Aquatic Gardens remains saturated.



Figure 2.1 Location of our field sites, Baskett Slough and Aquatic Gardens in Oregon.
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Biological control programs were initiated at both sites in 1992 with the

release of two leaf feeding beetles Galerucella calmariensis and G. pusilla. We

released 1050 Galerucella beetles at one location in the 8 ha. Baskett Slough

infestation and 630 Galerucella beetles at one location in the 0.2 ha. Aquatic

Gardens site. Both releases were mixtures of the two leaf beetles. Since 1992, the

beetles have established, increased and spread through the entire riparian zone

around Morgan Lake (Schooler 1998) and the entire loosestrife population at

Aquatic Gardens. Two other biological control agents were released on purple

loosestrife at both sites as well. The root-mining weevil (Hylobius

transversovittatus) was released at both sites in 1993 and the flower-feeding weevil

(Nanophyes marmoratus) was released at both sites in 1994. The release sites for

each agent were spatially separated at both sites.

STUDY ORGANISMS

Purple loosestrife. Purple loosestrife (Lythrum salicaria L.) is an emergent

wetland plant that was introduced to the United States from Europe in the 1800's in

ship ballast and as an ornamental plant (Thompson et al 1987, Stuckey 1980).

Since its introduction to the United States, it has spread with the help of canals,

road right-of-ways, and nursery sales (Thompson et al 1987, Wilcox 1989) to all

the continental states except Florida (Blossey et al 2001). Large stands of purple

loosestrife can alter wetland structure and function by altering nutrient cycles

increasing decomposition rates (Emery and Perry 1996, Barlocker and

Biddiscombe 1996, and Grout et al 1997), changing porewater chemistry (Templer

et al 1998), and increasing evapotranspiration rates (Blossey et al 2001). Purple

loosestrife has also been shown to out-compete native species (Gabor et al 1996,

Welling and Becker 1990, Weiher et al 1996, Mal et al 1997, Weihe and Neely

1997) and reduce pollination and seed set in the native loosestrife Lythrum alatum

(Blossey et al 2001).
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Purple loosestrife is a long-lived perennial plant that can produce large

numbers of seeds each year. Mature plants reportedly live over 20 years and

produce an increasing number of shoots each year (Anderson 1995). First year

plants produce one to 3 stems and reach heights of 1 to 2 meters (personal

observation) whereasmature plants can produce 30-50 annual shoots and grow 2

to 3 meters tall (Thompson et a! 1987). Shoots emerge from perennial root stocks

and germinating seeds in early spring and grow rapidly, producing flowers on

terminal spikes in July and August (Thompson et al 1987). Flower spikes vary in

length from 2 cm to over 30 cm with 3 to 16 seed capsules per cm (personal

observation). Each seed capsule contains 90 120 seeds (Thompson et al 1987,

Malecki et a! 1993). Seed set can range from 1.6 x iO3 to 2.8 x 106 seeds per plant

per year. Seeds disperse in water and on mud adhering to animals and vehicles and

require open, warm (15° - 30°C), and moist conditions to germinate (Mal et al

1992, Shamsi and Whitehead 1974).

Biological control agents. The leaf feeding beetles Galerucella pusilla

Duft. and G. calmariensis L. were first introduced to the United States to control

purple loosestrife in 1992. Both species have similar life histories and share similar

niches. Although the beetles appear similar, males show different courtship

behavior (Blossey 1995a) and isozyme analysis indicates they are genetically

distinct species; G. calmariensis has one genetic marker lacking in G. pusilla

(Manguin et al 1993). Adult G. calmariensis tend to get larger than G. pusilla (3.6

- 5.6 mm and 3.6 - 4.6 mm respectively) and are darker in color with a black stripe

on the pronotum. Larvae of the two species are indistinguishable. At high

densities (2 to 3 per stem) larvae can completely defoliate entire stands of purple

loosestrife preventing flowering and seed production (Blossey 1995b). Larval

feeding damage also reduces plant height as well as stem, leaf, and root biomass

(Blossey and Schat 1997).

Adults of both species over-winter in leaf litter within or near stands of

loosestrife and emerge in early spring (late March to mid April) as purple
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loosestrife stems begin to grow. G. calmariensis and G. pusilia adults feed on

leaves and lay eggs in batches of 1 to 15 (5.3 ± 0.2 and 2.9 ± 0.06 mean ± one

standard deviation respectively) on stems and the undersides of leaves (Lindgren

1997). Oviposition peaks in late May and early June, but continues at a reduced

rate into July. Larvae emerge approximately 10 days after oviposition and feed

preferentially on shoot tips causing tip kill and young leaves. After 3 instars, larvae

pupate in soil beneath purple loosestrife plants, or if there is standing water, in the

aerenchyma tissue of purple loosestrife stems. It takes 30 to 40 days to complete

the life cycle from oviposition to teneral adult (Blossey 1995a). In univoltine

populations teneral adults may have a brief oviposition period before overwintering

or go directly into reproductive diapause. In multivoltine populations, two

generations of adults have been seen in Oregon (personal observation) and up to

four generations per year have been reported in Northern Italy (Batra et al 1986).

Galerucella leaf beetles increase and spread readily, making them well

suited to be biological control agents. Grevstad (1996) estimated an intrinsic rate of

increase r = 1.11/year for G. calmariensis. This estimate was calculated using

estimates of fecundity (175 eggs/female with a standard deviation of 36), sex ratio

(1:1), and survivorship from egg to adult (0.02) for a univoltine population of

beetles (Grevstad 1996). Assuming a positive linear relationship between damage

and beetle density for a population that produces 2 generations per year, Schooler

(1998) estimated an intrinsic rate of increase r= 2.24/ year. A recent study has

confirmed the positive linear relationship between amount of damage and beetle

density when damage levels are under 100% (Schooler unpublished data). Both

estimates of intrinsic rate of increase are within the range of other successful

biological control agents.

In a study conducted at Baskett Slough National Wildlife Refuge, Schooler

(1998) modeled the spread of Galerucella beetles around a lake from their point of

release. Using a simple diffusion model Schooler (1998) estimated that beetles

spread around the lake at a rate of 147.51 meters per year in a habitat with dense



purple loosestrife. In the absence of purple loosestrife, the beetles have been

shown to be able to reach a host patch from as far as 847 meters within a single

generation, although probability of an individual reaching a host patch decreased

sharply with increasing distance from the patch (Grevstad and Herzig 1997).

METHODS

We measured temporal and spatial variation in biological control by

sampling beetle and purple loosestrife populations monthly during the summers

from 1994 until 2000 at Baskett Slough and Aquatic Gardens.

Density of beetles and purple loosestrife. We sampled the riparian zone

around Morgan Lake by designating a line parallel to the lakeshore extending 300

meters to either side of the beetle release site as X and perpendicular transects as Y.

We sampled random locations in Y at regular locations in X. The interval on X

increased overtime as the beetles spread around the lake (Table 2.1). The Y-axis

varied in length with the width of the potential purple loosestrife habitat at each

sample location in X. Samples were taken from 1994 through 2000.

At Aquatic Gardens we established a transect parallel to the stream running

from 30 meters to the south of the beetle release site to 100 meters to the north of

the release site as X and perpendicular transects as Y. We sampled random

locations in Y at regular locations in X. We sampled every 5 meters in X up to 30

meters to either side of the beetle release site and then every 10 meters from 30 -

100 meters north of the release site. The width of the Y-axis varied with the width

of the riparian zone. Samples were taken in 1994, 1995, 1997, 1999, and 2000.

In each rectangular quadrat (0.25 m by 0.5 m = 0.125 m2), we measured

insect variables (the present or absence of eggs, larvae, and adult Galerucella

beetles), purple loosestrife variables (stem length, flowering status, and % damage),

and other variables (damage to purple loosestrife by other herbivores such as deer,

Oedocoileus virginianus, and nutria, Myocastor coyus).

11



Table 2.1 Sampling interval at Baskett Slough over time. We sampled at
regular intervals along an transect parallel to the lake shore. The sample
interval parallel to the lake at Baskett Slough increased as the beetles spread
around the lake.

Distance
from

Interval in X release
Year (m) point(m)

12

1994 5 30
1995 10 100
1996 10 100

1997-2000 20 300
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From 1994 through 1997 we used discrete damage classes (0%, 1 - 5%, 6 - 25%,

26 - 50%, 51 - 75%, 76 - 95%, and 96 100%) and in 1998, 1999, and 2000, we

used continuous estimates of % damage. Percent damage values were obtained by

examining entire stems and estimating the % of leaf damage.

We assessed suppression of purple loosestrife in the plant community at

Baskett Slough annually by estimating the aboveground biomass of purple

loosestrife from samples taken in September 1996-2001. Two quadrats were

sampled in the Y-direction (perpendicular to lake) every 30 meters around the edge

of the reed canary grass zone along the X-axis (parallel to the lakeshore). We

sampled a total of 44 square 0.25-rn2 quadrats each year. For each quadrat, we

harvested the current year above ground growth, sorted plants by species, dried

plants to constant weight at 100°C, and measured dry mass. Purple loosestrife

biomass in 1994 and 1995 was estimated using a regression of biomass on stem

length (biomass (g) = 0.2336 stem length (cm) + 0.4413) (Schooler 1998). We

sorted biomass data by functional classification (purple loosestrife, other forbs, and

grasses) to compare changes in functional groups over time.

Potential for purple loosestrife re-colonization. We quantified soil seed

banks and root reserves of purple loosestrife at Baskett Slough to assess their

potential contributions to the weed's persistence.

Soil seed bank samples. We collected 30 soil cores, each 5 cm in diameter

and 10.5 cm deep from each location on 2 June 1998, 24 June 1999, and 15 June

2000, after the spring flush of seedlings would be expected to emerge. Sampling

was structured in three spatial dimensions referred to as X, Y, and Z. The X-axis

runs around the perimeter of the lake, and the Y-axis is perpendicular to it. The Z-

axis represents depth in the soil. Starting at the origin (X, Y) = (0,0) where beetles

were released in 1992, we sampled two, randomly chosen locations in Y for every

40 m in X extending 240 m NW direction and 300 m SE direction (NW 240,

200,160, 120, 80, 40, 0, 40, 80, 120, 160, 200, 240, 280, 300 SE) for a total transect

length of 540 m. The soil cores were sliced into five layers (0-1.5, 1.5-3.0, 3.0-5.5,
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5.5-8.0, 8.0-10.5 cm), spread in a thin layer over sterilized potting soil in a

greenhouse maintained at 210 to 230 C and natural photoperiod , and watered daily.

Purple loosestrife seedlings were counted as seeds germinated and seedlings

emerged. A voucher collection was made of emerging seedlings and then identified

with the aid of Dr. Richard Halse, Department of Botany and Plant Pathology at

Oregon State University. Subsequent seedling were identified by comparing them

with the voucher collection.

Root reserves. Purple loosestrife produces annual stems from perennial

roots, and dead stems from previous years are persistent. We used the ratio

between maximum length in cm stems initiated in 1998 and 1999 (LL) over

maximum length of dead stems initiated prior to 1998 (LD) an index to measure the

waning capacity for re-growth from root reserves.

Ability of control agents to spread with weed. In 1998 and 1999, we

surveyed the entire area around Morgan Lake and downstream to the South Slough

pond south of Coville Road, recording locations of plants and evidence of

Galerucella beetles (egg, larvae, adults, or damage) using a Garmin GPS 45

Personal NavigatorTM. In 2000 the entire refuge was surveyed for purple

loosestrife plants and evidence of leaf beetles and flower weevils.

ANALYSIS

Galerucella and purple loosestrife density. We used % defoliation as an

indication of beetle populations. We examined the within year patterns of

defoliation by plotting monthly defoliation patterns over time. We categorized our

continuous % defoliation estimates into 7 damage classes (no damage, 0 - 5%, 6 -

25%, 26 50%, 51 - 75%, 76-95%, and 96 100% defoliation) and plotted the

number of stems falling into each damage class each month. For Baskett Slough

we plotted data from 1994-2000, for Aquatic Gardens we plotted data from 1994

1995, 1997, and 1999-2000.
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To compare between year variation in damage and to examine the

synchrony of control at two sites, we plotted median percent defoliation for July,

when damage levels peaked seasonally for both Baskett Slough and Aquatic

Gardens. We visually compared the two curves to determine if control was

proceeding at the same rate at two sites that had beetles released at the same time

using the same release protocols.

We examined the density of purple loosestrife at both sites using an

ANOVA (SYSTAT 7.0, SPSS 1999, Ott 1993) on the number of stems per sample

plot. We transformed the data using the natural logarithm (ln (stems per plot + 1))

to normalize the data and reduce patterns in the residuals.

We calculated the suppression of purple loosestrife at Baskett Slough in

three ways. We calculated degree of purple loosestrife biomass suppression and

examined the potential for purple loosestrife to re-colonize the site from the active

seed bank and perennial roots. To examine degree of purple loosestrife

suppression, we plotted geometric mean biomass over time and calculated the "q"

values for each year. We defined q as the ratio of the geometric mean purple

loosestrife biomass in the presence of herbivores (V*) over the average abundance

of the purple loosestrife in the absence of herbivores (K) such that q=V*/K

(Caughly and Laughton 1981). Values used for abundance of purple loosestrife in

1994 and 1995 were calculated by Schooler (1998) based on a regression of plant

height and biomass, biomass was estimated from clip plots from 1996 - 2001. We

also plotted geometric mean biomass of reed canary grass, the plant that appears t o

be replacing purple loosestrife, measured from 1996 - 2001. We did not calculate

degree of change "q" for reed canary grass since we did not have biomass estimates

for reed canary grass in the absence of purple loosestrife control agents. We

examined changes in functional groups over time by graphing the biomass of each

group over time and examining the patterns.

We examined changes in the recruitment potential of purple loosestrife over

time by plotting the mean number of seeds in the seed bank over time. The number
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of seeds found at each depth were log transformed and an ANOVA was run using

year and seed depth as explanatory variables. We evaluated the re-growth

potential of perennial root stocks by plotting the length of annual stems initiated

prior to 1998 (x-axis) against the length of stems initiated in 1998 and 1999 (y-

axis) and comparing the points to the line predicted if old and new stems were

approximately the same size. Points falling below the line indicate stems growing

after control were shorter than stems growing before control. Points falling above

the line indicate plants growing after control are taller than plants growing before

control.

Ability of Galerucella to spread with purple loosestrife. To determine if

the Galerucella beetles were able to keep up with a spreading purple loosestrife

population, we calculated the distance from the release point that beetles were

found (based on presence of larvae, adults, or feeding damage) down the

watershed, and determined the farthest point where purple loosestrife was

encountered on the refuge.

RESULTS

Damage levels varied within and between years at both sites. At both

Aquatic Gardens and Baskett Slough damage levels increased over the course of

the summer (Figures 2.2 and 2.3). The majority of stems were 0 - 5% defoliated in

April and May and by July the majority of the stems had reached the year's

maximum defoliation levels. In August the proportion of stems with low levels of

defoliation increased again.

Galerucella damage increased faster at Baskett Slough than at Aquatic

Gardens. Adult Galerucella beetles dropped off of plants when quadrats were

placed, and counts of adults did not accurately represent the density of beetles

present. Based on the positive linear relationship between beetle attack rate (beetle

days) and percent damage (Figure 2.4) we used damage levels as a measure of

beetle density. Median percent damage calculated for July of each year varied over



- no damage

5-25%

50-75%

95-100%

N

1994 1995 1996 1997 1998 1999 2000
Date Sampled

Figure 2.2 Defoliation levels at Baskett Slough over time. Leaf damage increased from very low levels in 1994-1995, to a

range of intermediate levels in 1996, and then to very high levels in 1997 and 1998. Damage in 1999 was low again, rising

slightly again in 2000. Monthly damage within a year increased from their lowest level in early spring to the maximum

level in July. Damage decreased again in August and September.
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Figure 2.3 Defoliation levels at Aquatic Gardens over time. Leaf damange increased
from low levels in 1994, 1995, and 1997, to very high levels in 1999. Damage in 2000
was low again. With-in years, damage level increased from the lowest levels in early
spring to maximum levels in July. Damage decreased again in August and September.
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time. At Baskett Slough, damage levels were low in 1994, 1995, and reached

intermediate levels in 1996. In 1997 and 1998 median percent defoliation was

100%. Damage levels crashed to 5% in 1999, and began increased to 25% in 2000

(Figure 2.5A). At Aquatic Gardens, defoliation levels were less than 5% in 1995,

1996, and 1997. No sampling occurred in 1998, but median percent damage

reached 100% in 1999. In 2000, defoliation levels dropped to 50% (Figure 2.5A).

Purple loosestrife density decreased over time. The number of purple

loosestrife stems decreased over time. There were initially more stems per plot at

Aquatic Gardens than at Baskett Slough (48 and 32 stems m2 respectively) (Figure

2.5B). At both sites the density of stems converged to 11 stems m2.

Biomass of purple loosestrife exhibited a pattern of damped oscillations

over time. At Baskett Slough, purple loosestrife biomass decreased from high

levels in 1994 and 1995 to low levels in 1997 and 1998 and rebounded slightly in

2000 (Figure 2.6A) and reed canary grass biomass did not change (Figure 2.6B).

Purple loosestrife biomass in 1997 and 1998 was 5% of pre-control levels (Figure

2.7). Although biomass in 1999 was 2.5 times greater than in 1997 and 1998, it

was still just 11% of pre-control levels. In 2000, biomass was 1.3 times greater

than in 1999. Biomass decreased again in 2001 to 8% of pre-control levels. The

increase of biomass in 1999 coincided with a decrease in damage (Figure 2.6).

We detected no change in plant community over time. Biomass of forbs

remained at a low steady level throughout the sample period (Figure 2.8A).

Biomass of grasses increased in 1998 and decreased to 1996 and 1997 levels again

in 1999 - 2001. Reed canary grass was the dominant grass, making up 78% to 93%

of the total community biomass.

Purple loosestrife recolonization potential decreased over time. Mean

stem length of new purple loosestrife stems were shorter and independent of stem

length in prior years (Figure 2.9A). At Baskett Slough, the number of purple

loosestrife seeds in the active seed bank decreased with depth of burial



I 'E

j
:

6H

2
E

0z

A
- - 0 - - Aquatic Gardens

Baskett Slough

0

1994 1995 1996 1997 1998 1999 2000

Year

Figure 2.5 Pattern of damage and decline of purple loosestrife at two
sites. Biological control agents were released at both sites in 1992. A.
July median percent defoliation of purple loosestrife reached 100%
two years earlier at Baskett Slough than Aquatic Gardens. B. Number
of stems per plot decreased to a similar level over time despite the
difference in initial density.
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Figure 2.6 Biomass of purple loosestrife and reed canary grass at Baskett
Slough. A. Purple loosestrife biomass mass declined from high levels in
1994 to low levels in 1997 and 1998 as damage levels increased. Purple
loosestrife rebounded slightly in 1999 and 2000 when damage levels
declined. Biomass estimates for 1994 and 1995 were calculated using a
regression equation on stems length and biomass. B. Reed canary grass
biomass varied slightly between years, but differences were not significant.
Data shows mean +1- 95% confidence interval.
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Figure 2.7 Biomass of purple loosestrife declined to a low level in
1997 and 1998 following the increase of biological control organisms
released in 1992 at Morgan Lake. Biomass of purple loosestrife in
1997 and 1998 was 5% of the biomass in 1994 and 1995. There was
2.5 times as much purple loosestrife in 1999 than in 1997 and 1998.
Biomass increased again by a factor of 1.3 in 2000. In 2001 biomass
was down to 8% of 1994 and 1995 biomass. Open circles denote
biomass estimated from stem length, closed circles denote biomass
measured directly.
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Figure 2.8 Changes in the plant community over time. A. Forbs did not vary with time
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Figure 2.9 Recolonization potential of purple loosestrife declined over
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(linear regression coefficient 0.301 0.015; t= -20.567, p < 0.000 1) and over

time (coefficient 0.2 19 ± 0.059; t= - 3.726, P < 0.00 1) (Figure 2.9B). Over 80%

of purple loosestrife seeds were found in the top 3 cm of soil, and less than 5%

were found below 8 cm. The number of purple loosestrife seeds in the seed bank

decreased by 35% each year.

Galerucella spread lagged 676 m behind purple loosestrife spread.

Purple loosestrife was initially found only around Morgan Lake at Baskett Slough

but has since spread down the water shed in the refuge. Galerucella beetles have

spread down the watershed as well. In 1998 beetles had spread 1 km down the

watershed, and by 2000, beetles had spread 3184 meters below their release point.

The leading edge of the purple loosestrife population was 676 meters beyond the

leading edge of the leaf beetles.

DISCUSSION

Within and between year variation of Galerucella damage. Median

percent defoliation varied both within and between years at both Baskett Slough

and Aquatic Gardens. This pattern is consistent with Gallerucella life history and

behavior. Adults emerge from late March to early April and begin feeding at that

time. Oviposition peaks in late May and eggs hatch approximately 10 days after

oviposition (Blossey 1 995a). Larvae feed voraciously for approximately 10 days

before pupating. This would put peak damage in early July. Purple loosestrife

plants initiate annual shoots throughout the summer Shoots emerging after the

majority of larvae have stopped feeding will escape the severe defoliation early

shoots are exposed to, and thus damage levels decrease again in late July and early

August.

The out of phase fluctuations in purple loosestrife biomass and percent

damage suggest classical predator-prey oscillations. In the first years after insect

release, insect populations would have been low, and food plentiful. As the insect
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population increases, insects would be expected to spread to more plants and cause

more damage as food became limiting resulting in increased damage levels and

decreased numbers of purple loosestrife stems and biomass. In 1998, when purple

loosestrife biomass was at its lowest, we observed that the first generation of

Galerucella beetles defoliated the entire stand of purple loosestrife, and the second

generation of beetles was left little green material to survive on. A higher than

usual mortality rate in the second generation may have occurred, reducing the

population of adults emerging from over-wintering 1999. The smaller population

would be expected to cause less damage and allow purple loosestrife plants to grow

with renewed vigor resulting in increased biomass. Although the purple loosestrife

population increased, it is important to note that it remained well below pre-control

levels.

If the out of phase fluctuations in biomass and damage were true predator-

prey oscillations, a plot of predator (beetle density) over prey (plant abundance)

would display a spiral. When we compared beetle damage in lieu of density to

purple loosestrife biomass (Figure 2.10) the beginning of a spiral is detected, but

there is not enough data to call the pattern a classical predator prey oscillation. The

one data point that suggests oscillations (1999) could be an aberration caused by

weather conditions. The winter of 1999 was a very wet one causing high lake

levels. Purple loosestrife is able to grow up through standing water, but beetles are

unable to feed under water. The low beetle damage rates could be due to a crash in

the beetle population, or due to the high water. It is also important to note that the

positive linear relationship between beetle damage and damage levels enables us to

estimate beetle density as long as damage remains below 100%. When damage is

100% the relationship becomes asymptotic and density can not be estimated.

Asynchrony of control between sites. Biological control of purple

loosestrife was asynchronous in space. Biological control agents were released at

both Baskett Slough and Aquatic Gardens using the same release strategy in 1992,

although the release sizes differed between sites, reflecting the different infestation
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Figure 2.10 Purple loosestrife density and beetle population
fluctuations suggest possible predator-prey oscillations. If a classical
predator presy oscillation was occurring, the plot would form a spiral.
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sizes. Beetles increased faster and caused complete defoliation at least one year

early at Baskett Slough than at Aquatic Gardens. It is not clear if 100% defoliation

was reached at Aquatic Gardens in 1998 or 1999 since sampling did not occur in

1998. If the pattern of several years of low damage followed by a transition year

when damage reached intermediate levels, followed by 100% defoliation was the

same at both sites, we would expect 1998 to be a transition year. The Aquatic

Gardens site was smaller than the Baskett Slough site, and had a higher initial

density of stems. The high stern density may have required higher population

numbers to cause 100% defoliation. Aquatic Gardens is also a privately owned site

without the regulations restricting cultivation that are in place at Baskett Slough.

Each year that sampling occurred at Aquatic Gardens we noticed that the farmer

expanded the size of his cornfield further into the riparian area sampled. The

disturbance caused by plowing could have affected the growth rate and survival of

control agents released at that site. The cow pasture adjoining the upstream edge of

our sample area was actively grazed throughout the growing season for purple

loosestrife and the runoff from the cow pasture could have increased the nutrient

availability at that site. The higher nutrients concentrations could have helped the

purple loosestrife compensate forfeeding damage when the insect population was

at its lowest. Baskett Slough has a large goose population that over-winters at

Morgan Lake, but that influx of nutrients only occurs in the winter when purple

loosestrife is dormant.

Plant community changes. Our data showed that the abundance of forbs

did not vary over the course of the study, but biomass of grasses was higher in 1998

than in the other years. Without biomass data from 1994 and 1995 before

biological control agents had increased enough to cause much damage to purple

loosestrife, it is difficult to interpret this result. In 1997, purple loosestrife was low,

and biomass of grasses was low. In 1998, although purple loosestrife biomass was

still low, the grasses increased in abundance. The changes in the abundance of



30

grasses seems to be delayed one year from changes in purple loosestrife, increasing

a year after purple loosestrife biomass declined, and then decreasing again a year

after purple loosestrife reached its second peak. We hesitate to claim the changes

in grass abundance are in response to changes in purple loosestrife since purple

loosestrife made up only 0.04% to 11% of the community biomass at our study site.

The purple loosestrife and reed canary grass zone is bordered by a narrow strip of

diverse vegetation. Each year we generated random coordinate pairs from which to

collect biomass samples. If more quadrats happened to fall in this narrow diverse

strip in one year, it could increase the abundance of forbs, and decrease the

abundance of grasses. It would have been interesting to have biomass data for the

community in 1994 and 1995, since in those years purple loosestrife was the

dominant species in the community rather than reed canary grass.

Decreased potential for re-colonization. Along with decreasing the

biomass of growing purple loosestrife plants, the biological control agents have

reduced the potential for purple loosestrife populations to regenerate from reserves

in the seed bank and perennial roots. The number of seeds decreased significantly

over the three years of sampling. There was no flowering purple loosestrife in

1998 and in 1999 and 2000 flowering was delayed from late June and July until

August and September. This is consistent with other data on the effects of

Galerucella feeding on purple loosestrife. Blossey (1995b) found that at high

densities larvae defoliated entire stands of purple loosestrife and eliminated

flowering by killing apical meristems. Schat and Blossey (unpublished data) found

that feeding produced by two pairs of adult beetles and their offspring delayed

flowering by 4 weeks and reduced the flowering period by 2 weeks. The

elimination of flowering in 1998 and the reduced and delayed flowering in 1999

and 2000 may have reduced the number of seeds entering the seed bank and seed

mortality may have reduced the number of viable seeds in the seed bank.

Another biological control agent against purple loosestrife (the flower-

feeding weevil Nanophyes marmoratus was released at Baskett Slough in 1994.
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Nanophyes weevils mine out purple loosestrife ovaries, reducing the number of

viable seeds produced. Although we found Nanophyes throughout the entire

loosestrife zone in 2001, we do not believe they are responsible for the decrease in

seeds. In order for Nanophyes to affect seed set, the purple loosestrife plants have

to produce flowers. There was no flowering at Baskett Slough in 1997 and 1998,

and only minimal flowering outside of our sample area in 2000.

There was evidence of decreased vigor in perennial roots over time. When

purple loosestrife stems growing in 1998 and 1999 were compared to persistent

stems from prior to 1998, we found that new stems were consistently shorter than

old stems. Blossey and Schat (1997) found that Galerucella larval feeding reduced

root biomass The root-feeding weevil Hylobius transversovittatus, released at

Baskett Slough in 1993, mines out purple loosestrife roots during its larval stage.

The Hylobius weevils were released one year later and 500 meters from the

Galerucella release site. The spread of Hylobius weevils was not closely

monitored until 1999 when both Galerucella beetles and Hylobius weevils were

found throughout the purple loosestrife zone surrounding Morgan Lake. Hylobius

weevils could be partially responsible for decreased shoot size, although the plants

sampled had been exposed to Galerucella damage for 3 to 7 more years than

Hylobius damage. Purple loosestrife roots are the primary reserves used for

initiating annual shoot growth. By reducing root biomass, beetles are reducing the

ability of the plant to produce annual shoots.

Biological control of purple loosestrife shows a propensity to fluctuate over

time (high plant densities tend to produce high herbivore densities which tend to

depress plant populations which in turn cause herbivore densities to decrease)

though the fluctuating beetle damage could be due to water level fluctuations rather

lower beetle densities. The beetles have shown themselves to be able to rebound

from low populations in a short amount of time and have been able to spread down

the watershed with purple loosestrife. The oscillations in plant biomass appear to

be damped which suggests that although beetle populations may crash, the resulting



increase in purple loosestrife stays well below pre-control levels in the five years

we sampled. The pattern of oscillating beetle damage is consistent across sites,

though the initial rate of increase in the beetle damage varies between sites.
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Chapter 3

How Biological Control of Purple Loosestrife Lythrum salicaria (Lythraceae)

Responds to Mowing, Tffling, Herbicide, and Burning for Control of Reed

Canary Grass Phalaris arundinacea (lPoaceae) in Wetlands
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INTRODUCTION

Natural area managers often use mowing, tilling, herbicides, and controlled

burns to control weeds. There have been few studies assessing the compatibility of

mowing, tilling, and controlled burning with classical biological weed control.

Studies evaluating the compatibility of herbicides with biological control agents

have come up with mixed results (McCaffrey and Callihan 1988, Story et al. 1988,

Center et al. 1999, and Lindgren et al. 1998). As biological control becomes more

common in natural areas it is important to determine the compatibility of biological

control with traditional control strategies. To increase our understanding of the

potential to integrate biological control of weeds with traditional control strategies,

we report the results of an experiment where we examined the response of purple

loosestrife, the beetles released to control purple loosestrife, and the diversity of the

plant community to mowing, tilling, herbicide, and burning to control reed canary

grass.

Biological control utilizes host specific parasites, predators, and pathogens

to regulate pest populations (Harris 1991). Harris (1991) also includes natural and

genetically modified organisms in his definition and implies that the agent must be

alive and attack a pest to be considered a biological control agent. There are

several types of biological control including (1) inundative, (2) augmentative, (3)

broad spectrum, and (4) classical. Inundative, augmentative and augmentative

controls rely on repeated human intervention to maintain control of target species

(Harris 1991). Classical biological control involves the introduction of one to

several natural enemies from a pest's area of origin that are released one at a time

or together (Murdoch et al. 1985). Once classical biocontrol agents are released,

they are left to establish, reproduce, spread through, and suppress the infestation

without human intervention.

Mowing, tilling, herbicide and burning are non-specific strategies that

impact the entire community. Herbicides such as Glyphosate can kill the entire

community, whereas others are specific to grasses or broad-leaved species.
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Although all four strategies affect the entire communities, they are likely to have

different effects. Mowing and herbicides leave a litter layer, whereas tilling and

burning leave open soil. The presence of litter can reduce species richness and

seedling density by reducing light levels, lowering temperatures, and physically

blocking emerging seedlings (van der Valk 1986). Tilling treatments break up the

root and rhizome layers of the established community, turn under the litter, and

expose the soil. Many species require open warm conditions to germinate (Shamsi

and Whitehead 1974, King 1975) and the higher temperatures at the soil surface

after tilling could encourage germination of seeds. Burning affects different

species differently (Maret and Wilson 2000, Lloret 1998). Burning removes litter

layers and exposes the soil and may also increase soil resources by mineralizing

plant and litter materials (Hurlburt 1988). The open soil and increased nutrient

availability can enhance germination of certain species, but dried soil and burned

seeds can inhibit germination of other species (Lamont et al 1993).

Traditional control methods applied to areas where the biological control

target is intermixed with other target species could potentially interfere with

biological control agents. Mowing, tilling, burning, and herbicide treatments can

indirectly affect biological control agents by removing the target weed or directly

affect them by killing them outright. Few studies have been conducted on the

effects of mowmg, tilling, and burning on biological control agents. If tilling,

mowing, or burning occur during a quiescent stage of a biological control agent life

cycle (egg, pupal or over-wintering) direct mortality could result. Removing host

plant material during heavy feeding periods could cause mobile stages to disperse

out of a site, thereby reducing control.

Herbicides are compatible with some classical biological control programs,

but not with others. The use of Triclopyr Amine to control purple loosestrife was

found to have no effect on the ability of 3fl instar larvae to pupate to adulthood,

fecundity, or adult survival when applied at 12 kg ha' (Lindgren et all 1998). The

application of 2-4 D (2-4 dichlorophenoxy) to maintain low levels of water
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hyacinth and spotted knapweed was found to be compatible with biological control

agents (McCaffrey and Callihan 1988, Story et al 1988, and Center et al 1999)

although Story et al (1988) caution that this only holds for spring applications.

Stoyer and Kok (1987, 1989) found that 2-4 D reduced the survival of

Trichosirocalus horridus (Coleoptera: Curculionidae) larvae by 50% when applied

to infested rosettes at 15% of the suggested field application rate, but did not

directly affect oviposition by adults.

The best control strategy controls target weeds, does not interfere with

control strategies for other weeds (such as biological control), and promotes desired

vegetation. Reduction of one weed occasionally results in the increase in other

weeds (McEvoy and Coombs 1999). At Baskett Slough in Oregon, the control of

purple loosestrife resulted in the increase of another weed, reed canary grass (Eric

M. Coombs, personal communication).

OBJECTIVES

We sought to answer the following questions with a field experiment

measuring the effect of four weed-control treatments on the abundance of two focal

plants and insects, as well as other plant species growing within the plots.

How do the abundances of the focal plants (reed canary grass and

purple loosestrife) respond to mowing, burning, tilling, and

herbicide?

How do the abundances and consumption rates of the focal insects

(Galerucella calmariensis and G. pusilla) respond to mowing,

burning, tilling, and herbicide?

How do the number and abundances of other plant species in the

community respond to mowing, burning, tilling, and herbicide?

We expected tilling to have the greatest impact on abundance of reed canary

grass and species richness due to the removal of litter and the breaking up of the

reed canary grass rhizome layer. We expected purple loosestrife biomass to have
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the same response across all treatments due to its ability to produce annual shoots

from perennial root-stocks and root fragments. We did not expect treatments to

affect the density and consumption of purpic loosestrife since treatment plots were

surrounded by purple loosestrife infested with the biological control agents.

STUDY SITE

Our study was conducted at Baskett Slough National Wildlife Refuge (Polk

County, Oregon) around the shores of Morgan Lake (44.98117 N, 123.26178 W), a

reservoir created in 1962 to maintain water levels in wetlands throughout the

refuge. The refuge is managed primarily for Dusky Canada Geese (Branta

canadensis subs occidentalis) that winter in Oregon and summer in Alaska. The

geese are resident around Morgan Lake from October through April and feed

preferentially on tender grasses and forbs of low stature around Morgan Lake.

Around Morgan Lake is a wet meadow bounded on one side by a band of

emergent vegetation and open water and on the other side with fields cultivated for

grass seed. The wet meadow varies from 4 m to 130 m in width (Schooler 1998)

and is dominated by reed canary grass and purple loosestrife. There were about 43

g m2 (95% CI: 20.9-61.5 g m2) of loosestrife in the wet meadow prior to

loosestrife control (Schooler 1998).

Purple loosestrife has been documented spreading down the watershed from

Morgan Lake throughout the refuge and has been recorded 2.5 km below the initial

colonization point along the lake shore. Four biological control agents have been

released at Baskett Slough against purple loosestrife. Two leaf feeding-beetles,

Galerucella calmariensis L. and G. pusilla Dufi were released in 1992, a root-

mining weevil, Hylobius transversovittatus Goeze, was released in 1993, and the

seed-feeding weevil, Nanophyes marmoratus Goeze, was released in 1994. The

two Galerucella species are the most widespread of the control agents both in

Oregon and the United States. The biological control agents have reduced purple

loosestrife to about 10% (6 g m2) of pre-control levels (Schooler 1998). As the
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abundance of purple loosestrife has decreased, the amount of reed canary grass has

increased. In the past when reed canary grass was controlled, purple loosestrife

increased (R. Guadagno, personal communication 1998). Current management

goals at Baskett Slough are to integrate the control of purple loosestrife and reed

canary grass in an effort to control both species and encourage the growth of

herbaceous species low in stature. Managers at Baskett Slough have 4 management

tools available to them, 1) mowing, 2) tilling, 3) herbicide application, 4) controlled

bums.

STUDY ORGANISMS

The four focal organisms in this experiment were two plant species

(Lythrum salicaria and Phalaris arundinacea) and two purple loosestrife

biological control agents (Galerucella pusilla, and G. calmariensis).

Purple loosestrife Purple loosestrife (Lythrum salicaria L.) is an invasive

wetland species that was introduced to the northeastern Unites States from Europe

around 1820 in ship ballast and on raw wool (Stuckey 1980). Since the 1 800ts

purple loosestrife has spread south and east, along canal and road right of ways and

by sales of wildflower mixes containing purple loosestrife seeds (Wilcox 1989).

The spread of purple loosestrife in the United States since 1940 has been estimated

to be 645 km2 yr4 (Thompson 1991). The first report of purple loosestrife escaped

from cultivation in Oregon was in Polk County in 1952 (Stuckey 1980) and there

are purple loosestrife specimens in the Oregon State University herbarium collected

in 1954 in Malheur County. Purple loosestrife can be found in dense monotypic

stands in wetland areas and the cost of purple loosestrife to wildlife and agriculture

was estimated to be $45 million annually in the late 1980's (Thompson et al 1987).

Purple loosestrife is a long-lived perennial plant that can produce a large

number of seeds each year. Mature plants have been documented to live 20 years

(Anderson 1995), produce 30-50 shoots annually, and reach heights of 2 to 3

meters (Thompson et a! 1987) depending on age and growth conditions. Shoots
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emerge from perennial rootstocks in early spring and grow rapidly, producing

flowers on terminal spikes in July and August. Flower spikes vary in length from 2

to over 30 cm with 3 to 16 seed capsules per cm (personal observation). Each seed

capsule contains 90-120 seeds (Thompson et al 1987, Malecki et al 1993). Seeds

disperse in water and mud adhering to animals and vehicles (Mal et a! 1992,

Shamsi and Whitehead 1974). Welling and Becker (1990) reported over 410,000

seeds m2 in wetlands in Minnesota. Seeds were found primarily in the top cm of

soil and numbers decreased with depth. Seeds germinate readily in warm (15- 30°C

with 20°C being the optimum temperature) moist conditions (Ma! et al 1992,

Shamsi and Whitehead 1974) in spring and throughout the summer. Germination

of buried seeds decreases linearly with depth of burial from 90% at the surface (in a

green house in pots sitting in 3cm water, with a maximum temperature of 40°) to

0% for seeds buried 2 cm or deeper (Welling and Becker 1990)

Traditional control methods such as mowing, tilling, herbicide application,

and burning have proved ineffective or inefficient for long-term management of

purple loosestrife. Tilling and mowing are often difficult in wet areas, are

disruptive (Blossey et al 2001), and all cut materials must be collected and removed

since purple loosestrife can regenerate from stem and root fragments (Blossey et al

2001). Mowing late in the growing season can cause initial reductions in the

number of shoots and seed production, but plants readily regenerate from seeds,

root-stocks and cut materials (Mal et a! 1992). Herbicides are effective at killing

seedlings and killing the growing shoots of established plants (Welling and Becker

1993, Gabor et a! 1995), however, yearly treatments are necessary to prevent

regeneration from the seed-bank and perennial root stocks (Balogh and Bookhout

1989, Gabor et a! 1995, Ma! et a! 1992). There are concerns about impact of

herbicides on wetland environments, and in Canada there are currently no

herbicides registered for use over water (Blossey et al 2001). Burning is ineffective

at controlling purple loosestrife, since the buds are below the soil surface and

purple loosestrife tends to grow in moist areas (Mal et a! 1992).
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A grass roots effort was initiated in the late 1980's to begin a biological

control program for the control of purple loosestrife (Blossey et al 2001). There are

currently four biological control agents available for release on purple loosestrife,

two leaf-feeding beetles, one root-mining weevil, and a seed-feeding weevil.

Biological control agents The leaf feeding beetles Galerucella

calmariensis L. and Galerucella pusilla Duft. were first introduced to the United

States to control purple loosestrife in 1992 (Hight et al 1995). Both species have

similar life histories and appear to share similar niches. Although the beetles appear

similar, they differ in size, males show different courtship behavior (Blossey

1995a). Isozyme analysis indicates they are genetically distinct species; G.

calmariensis has one genetic marker lacking in G. pusilla (Manguin et al 1993).

Adult G. calmariensis can get larger than G. pusilla (3.6 - 5.6 mm and 3.6 - 4.6

mm respectively) and are darker in color with a black stripe on their pronotum. At

high densities (2 to 3 per stem) larvae can completely defoliate entire stands of

purple loosestrife preventing flowering and seed production (Blossey 1995b).

Larval feeding damage also reduces plant height as well as stem, leaf, and root

biomass (Blossey and Schat 1997).

Adults of both species over-winter in leaf litter beneath or near stands of

loosestrife and emerge in early spring (late March to mid April) as purple

loosestrife stems begin to grow. G. calmariensis and G. pusilla feed on leaves and

lay eggs in batches of ito 15 (5.3 ± 0.2 and 2.9 ± 0.06 mean ± one standard

deviation respectively) on stems and the undersides of leaves (Lindgren 1997).

Oviposition peaks in late May and early June, but continues at a reduced rate into

July. Larvae emerge approximately 10 days after oviposition and feed

preferentially on shoot tips and young leaves. After 3 instars, larvae pupate in soil

beneath purple loosestrife plants, or if there is standing water, in the aerenchyma

tissue of purple loosestrife stems. It takes 30 to 40 days to complete the life cycle

from oviposition to teneral adult (Blossey 1995 a). In univultine populations teneral

adults may have a brief ovipostion period before overwintering or go directly into
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reproductive diapause. In multivultine populations two generations of adults have

been seen in Oregon (personal observation) and up to four generations per year

have been reported in Northern Italy (Batra et al 1986).

Reed canary grass Reed canary grass (Phalaris arundinacea L.) is an erect

perennial C3 grass considered to be native to temperate regions of Europe, Asia,

Africa, and North America (Finnel 1936), but it is unclear if it occurred naturally in

the Pacific northwestern part of the United States (Merigliano and Lesica 1998).

Several uses have been attributed to reed canry grass including forage for cattle

(Finnel 1936, Aiway 1931, Wilkins and Hughes 1932, Sheaffer et al 1992), bank

stabilization (Comes 1971, Lefor 1987),. irrigation with waste water as pollution

control (Naglich 1994) and as a competitive component in biological control of

purple loosestrife (Thompson et a! 1987). Despite those uses, reed canary grass is

considered a weed in many areas due to its aggressive growth and the tendency to

form dense monospecific stands that reduce diversity of native plants (Merigliano

and Lesica 1998, Apfelbaum and Sams 1987, Hutchinson 1992, Spuhier 1994).

Reed canary grass has also been shown to trap silt and form berms along banks, fill

in wetland areas, and restrict water flow (Comes 1971, Lefor 1987).

Reed canary grass shoots develop from buds on rhizomes and axillary buds

on above ground shoots in early spring and late summer (Evans and Ely 1941).

Shoots developing in spring survive the winter whereas shoots emerging in late

summer tend to die back in winter (Comes 1971). Reed canary grass stems reach

heights of 1.5 to 2.5 meters and begin to develop inflorescences in late May or

early June. Seeds mature rapidly after fertilization occurs and disarticulation

begins at the tips of the inflorescences (Finnel 1936). Seedlings emerge in spring

and early summer (Murphy and Amy 1939). Light and diurnally fluctuating

temperatures stimulate seed germination (Juntilla et al 1978). The ideal

temperature for germination is between 26°C and 32°C (Juntilla et al 1978). The

percent of seeds germinating decreases with depth of burial. In a greenhouse study

60% of seeds buried at depths of less than 2.5 cm germinated, 37% geminated at
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2.5 to 5 cm depth, and less than 7% germinated when buried between 5 and 8.5 cm

deep (Murphy and Amy 1939).

Much of the economic literature on reed canary grass stresses the forage

value of reed canary grass compared to other grasses and ignores effective control

methods. Prior literature has shown that frequent mowing (every two weeks to

twice a year) to a height of less than 10 cm can control reed canary grass (Naglich

1994, Apfelbaum and Sams 1987). There is experimental evidence that removing

the entire rhizome mat can control reed canarygrass, but only anecdotal evidence of

the ability of tilling to control it (Wilkens and Hughes 1932, Naglich 1994, Lefor

1987):. Several herbicides have been successful in controlling reed canary grass in

the short term. Glyphosate can effectively control reed canary grass seedlings 5 to

10 weeks old when applied at 1.1 kg/ha (Apfelbaum and Sams 1987), but repeated

application during the active growth stage is required to control mature stands

(Apfelbaum and Sams 1987, Hutchinson 1992, Naglich 1994). Annual late spring

or late autumn burning over the course of 6 years can control reed canary grass

(Hutchinson 1992). Burning is more effective in areas with fire adapted species

present in the seed bank (Naglich 1994).

METHODS

We quantified the effects of fire, mowing, tilling, and herbicide application

on purple loosestrife, the insects, reed canary grass, and the insect plant interactions

using a randomized complete block experiment. We used a blocked design to

account for spatial differences in plots and temporal differences in when treatments

were applied.

Four blocks were set up in the reed canary grass zone on the southeastern

side of Morgan Lake (Figure 3.1). Each block contains five 10 m by 20 m plots,

with one treatment randomly assigned per plot. Each plot was surrounded by at

least a 2.5 m buffer to isolate treatments from another and promote independence of

experimental units. The buffer strip was wide enough to prevent herbicides and



Figure 3.1 Layout of an experiment implemented at southeast end of
Morgan Lake in 1998. We are using a randomized complete block
design (4 blocks x 5 treatments = 20 experimental units, each unit 10
mx 20 m) to measure the effects of fire (controlled burn), mowing,
herbicide application, tilling, and no manipulation (control).

43
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burning from drifting into other treatments. We applied the five treatments (mow,

till, herbicide, burn, and un-manipulated control) in 1998.

Robert Little, USFW, mowed the plots assigned to the mowing, tilling, and

herbicide treatments leaving burn and control plots un-mowed. Blocks 1 and 2

were mowed 23 June 1998, and blocks 3 and 4 were mowed 8 July 1998. Plots

were mowed with a brush hog (John Deer 606) drawn behind a tractor (John Deer

950), cutting to a height of approximately 13 cm. Two passes were made over the

area, one pass perpendicular to the other to promote even cutting.

Robert Little tilled plots assigned the till treatment in all four blocks on 8

July 1998 using a rotary tiller pulled behind a John Deer 950 tractor. Tilling was to

15-20 cm depth, below the observed depth of reed canary grass roots. In all blocks

there were a few narrow strips of vegetation that were lodged, but not tilled under.

Eric Coombs, ODA, treated the herbicide plots in all four blocks on 20

August 1998 with the systemic herbicide Roundup® (glyphosate; 41% active

ingredient, EPA Registration No. 542-475) applied at a rate of 2.66 oz to a gallon

(a 2% spray solution). Insight® spray indicator (a blue dye) (5 ml/gal) was used to

avoid incomplete coverage or "skips." Roundup® was applied with a backpack

sprayer with an adjustable cone nozzle set to medium mist, and plants were sprayed

to wet.

Robert Little mowed buffer zones around the plots to be burned on 22

September 1998, and the plots were burned by a USFWS fire management crew on

23 September 1998. The buffer vegetation and adjacent plots were wet with a hose

before burning began to prevent burning of non-burn plots. Fires were ignited

around the edges of the plots using a drip torch to create a convection fire. Burning

left some standing vegetation in all plots. Un-manipulated plots were established

as experimental controls.

Effect of treatments on biological control agents The effect of treatments

on purple loosestrife and insect interactions were monitored once a month. In May

1999, 20 individual plants in each plot were marked with uniquely numbered flags.
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We monitored marked plants once a month (May - September) in 1999 and 2000.

On each marked plant we measured four plant variables (if the plant was a seedling

or mature plant, number annual shoots, flowering status, and stem length) and five

insect variables (number of adult Galerucella pusilla, and G. calmariensis present,

the presence of eggs and larvae, and % leaf area removed by Galerucella species)

were monitored on each plant. We classified a plant as coming from a root or root

fragment rather than from seed by gently probing the base of the stem. If we felt a

woody root we classified it as coming from roots, if we felt no woody root, we

classified the plant as coming from seed. To determine the % defoliation of plants,

we estimated the proportion of leaf area damaged per stem and then calculated the

median percent defoliation for the entire plant.

Effects of treatments on plant community. The effects of the treatments

on purple loosestrife, reed canary grass and the plant community were estimated by

taking above-ground community samples once a year. In September 1999, we

harvested all the above-ground plant materials from three randomly selected

quadrats (0.5 m x 0.25 m = 0.125 m2). Harvested material was sorted by species,

dried to constant weight and weighed to the nearest hundredth gram. Litter was

also collected, dried and weighed. In September 2000, five randomly selected

quadrats (0.5 m x 0.5 m = 0.25 m2) were clipped and sorted as described above.

The size and number of clip plots were increased to more accurately characterize

the community of each plot. We defined biomass as stems that initiated growth in

the year we sampled. Standing stems from previous years, and lodged litter were

collected and weighed separately.

ANALYSIS

We measured how the abundance of target weeds (dry mass), the damage to

loosestrife caused by biological control agents (percent defoliation), and the

abundance and diversity of all plant species varied with treatments.
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Effect of treatments on biological control agents The effects of mowing,

tilling, herbicide, and burning on the ability of the insects to control purple

loosestrife were determined by comparing the median percent defoliation across

treatments and blocks using a blocked ANOVA (SYSTAT 7.0, SPSS 1999). We

evaluated 1999 data separately from 2000 data.

Effect of treatments on abundance of target species To determine the

effect of each treatment on the two target species, we compared biomass across

blocks and treatments using a blocked ANOVA. We took the natural log of

biomass to normalize the data and reduce patterns in the residuals. We analysed

1999 data separately from 2000 data since we took more samples and increased the

size of quadrats in 2000. We compared blocks and treatments with a post hoc pair-

wise comparison using model mean square error to calculate pairwise mean

differences and a Bonferroni adjustment to calculate probabilities (Ott 1993).

Purple loosestrife and reed canary grass were analyzed separately.

Effect of each treatment on the plant community To determine the effect

of each treatment on the community, we calculated several diversity indices and ran

a blocked ANOVA to determine if treatments differed in any of these measures

(Magurran 1988). We compared block and treatments with a post hoc pair-wise

comparison and used a Bonferonni adjustment to calculate probabilities (Ott 1993).

We assessed differences in species richness, and heterogeneity among

treatments in the four blocks using biomass as our measure of importance.

Biomass was chosen to represent abundance in the community due to the difficulty

involved in distinguishing individuals in clonal and tightly clumped plant species

(Magurran 1988). We used two functions of heterogeneity, Shannon-Weiner and

Simpson's Diversity that are non-parametric approaches to measuring diversity.

We chose these two indices because they allow for the use of biomass (Krebs

1999), and are fairly commonly used and well understood (Magurran 1988).

The Shannon-Weiner Function (also known as the Shannon Weaver

Function) is based on information theory and estimates the amount of order or



47

disorder in a system. The value produced by the function is a measure of

uncertainty, so the greater the value, the greater the uncertainty of your ability to

predict the species of an individual collected at random from a community The

function takes into consideration both the number of species present and the

evenness of the species present. The Shannon-Weiner function is very sensitive to

abundances of rare species in the community (Krebs 1999), moderately sensitive to

sample size (Magurran 1988) and has been shown to have moderate ability to

discriminate between different plots (Magurran 1988). We calculated Shannon-

Weiner functions as H'=
S1p1

lnp, where p1 is the proportion of the total

sample belonging to the th species and s is the total number of species.

Simpson's Index is based on the assumption that diversity is inversely

related to the probability that two individuals picked at random belong to the same

species. Simpson's Index is heavily weighted by very abundant species (Krebs

1999), has low sensitivity to sample size (Magurran 1988), and is considered

moderately effective at discriminating between different plots (Magurran 1988).

We calculated Simpson's Diversity index for an infinite population as I -D where

D= Pi2 and p1 is the proportion of species i in the community. Routledge (1979)

cautioned that in cases where fewer than 10 quadrats were counted, Simpson's

Diversity is underestimated. We used fewer than 10 quadrats per treatment, and

thus our estimates of diversity are likely to be lower than the actual diversity.

We calculated Shannon-Weiner functions and Simpson Diversity indices

for each quadrat sampled (N= 3 quadrats per plot in 1999, and N=5 in 2000).

ANOVA is fairly robust to departures from normality, but is sensitive to unequal

variance. Values of S, H', and 1-D were log transformed help meet the normality

and equal variance requirements for ANOVA (Ott 1993). Transformation

improved normality, reduced the pattern, and equalized the variance of the

residuals. Data were analyzed separately for 1999 and 2000 since the number and

size of quadrats sampled was greater in 2000 than in 1999. Sample size affects

species richness, and both H' and 1-D use species richness in their equations.
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RESULTS

The four blocks appeared different before treatments were applied. Blocks

1, 2, and 3 were at similar elevations near the lakeshore, and block 4 was higher

and drier than the other three (Figure 3.1). Winter 1998 was wet and blocks 1 3

were flooded to a depth of I m at the low edge to 10 cm at the high end. Water

receded by mid May. Block 4 was saturated, but did not have any standing water.

Blocks 1 and 4 bordered the cultivated fields, and were edged with a narrow strip

of diverse vegetation. The diverse strip was not part of block 1, but did extend into

block 4.

In October 1998, reed canary grass was re-growing in mow and herbicide

plots. Bum plots had no re-growth before October, and tilled plots had some re-

vegetation, though it did not appear to be dominated by reed canary grass. The

refuge is closed in winter and no data were collected until May 1999.

Treatments had no detectable effect on colonization by purple

loosestrife or its biological control agents. Purple loosestrife colonized 19 out of

20 plots (the exception was the control plot in block 3), regenerating from

surviving roots rather than recruiting from buried or dispersing seeds. Galerucella

beetles colonized all loosestrife. We encountered few adults, but eggs and larvae

were recorded on all plants in late May and early June. Blocks and treatments did

not differ in purple loosestrife defoliation level in either year although damage

levels did differ between years (Table 3.1, Figure 3.2). Damage in 2000 reached

100% for almost all plants sampled, but reached a maximum of only 50% in 1999.

Treatments affected purple loosestrife and reed canary grass biomass.

Reed canary biomass was affected one year after treatments were applied. In 1999

there were significant block and treatment effects (Table 3.2, Figure 3.3A). In

2000, there was a significant block effect, but no treatment effects



Table 3.1 Defoliation levels did not differ among treatments or
blocks. Anova was calculated using median defoliation levels from
20 plants per plot. F-ratios were calculated using Mean-Square
residual as the denominator

Table 3.2 Reed canary grass biomass differed among treatments in
1999. ANOVA tables were obtained using biomass from three

2 . 2
0.125 m quadrats per treatment plot in 1999 and five 0.25 m
quadrats per treatment plot in 2000. F-ratios were calculated using
the mean square interaction term as the denominator.

Source sum-of-squares df F-ratio P

1999
Block 5.354 3 8.114 <0.005

Treatment 16.402 4 18.636 <0.001

Blockx Treatment 2.639 12

2000
Block 12.914 3 3.743 <0.05

Treatment 5.693 4 1.237 >0.25

Blockx Treatment 13.798 12

49

Source sum-of-squares df F-ratio P

1999
Block 1932.957 3 3.242 0.064

Treatment 652.266 4 0.82 0.538

Error 2186.191 11

2000
Block 173.4 3 3.365 0.055

Treatment 68.7 4 1 0.445

Error 206.1 12
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Figure 3.2 Median percent defoliation of purple loosestrife across treatments. Defoliation
levels estimated in late July were used for this figure. Defoloation levels were not
significantly different between blocks and treatments in either year, although defoliation
levels were higher in 2000 than in 1999.
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Figure 3.3 Reed canary grass biomass was lower in till and herbicide
treatments in 1999 but not in 2000
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(Table 3.2, Figure 3.3B). In 1999 there was approximately half as much biomass

in till and herbicide plots as there was in unmanipulated control plots. Mowing and

burning treatments did not differ significantly from control plots. In both years

Block 4 was different from the rest of the blocks.

Purple loosestrife biomass differed between treatments in 2000, but did not

differ in 1999 (Table 3.3, Figure 3.4). In 2000 biomass of purple loosestrife in till

and herbicide plots was approximately 3 times greater than in control plots. There

was no detectible difference between burn, mow, and control plots in 2000.

Diversity of plots differed between treatments and blocks. All three

diversity indices had significant treatment effects in 1999 (Tables 3.4 - 3.6, Figure

3.5A, B, C). In 2000 all three diversity indices had significant block and treatment

effects (Tables 3.4 - 3.6, Figure 4.4D, E, F). In both years, till and herbicide plots

were had higher diversity measures than control plots. Burn, mow, and control

plots did not differ for any index in either year. In 2000, block 4 was different from

the other blocks

DISCUSSION

We found that tilling and herbicide applications were most effective at

controlling reed canary grass and no detectible effect on the ability of Galerucella

calmariensis, and G. pusilla to colonize and damage purple loosestrife. One year

following control, biological control agents re-colonized the purple loosestrife in

our study plots. We found that adult Galerucelia beetles dropped from plants as we

approached them, and thus we did not sample adult populations directly. The

presence of eggs on all plants indicates that adults did colonize the treatment plots.

Eggs and larvae appeared on plants at the time we would expect them to, just after

adults emerge from overwintering. The presence of eggs and larvae through early

June match Galerucella life history data, and we assume larvae pupated in all plots.

Damage levels did not differ significantly between treatments but did vary with

year. A recent study found a positive linear relationship between the amount of



Table 3.3 Purple loosestrife biomass differed among treatments and blocks

in 2000. ANOVA tables were obtained using biomass from three 0.125 m2

quadrats per treatment plot in 1999 and five 0.25 m2 quadrats per treatment
plot in 2000. F-ratios were calculated using the mean square interaction term
as the denominator.

1999
Block 0.962 3 0.262 >0.1

Treatment 4.087 4 0.839 >0.1

Blockx Treatment' 14.729 12

2000
Block 3.201 3 2.583 >0.1

Treatment 8.006 4 4.845 <0.025

Blockx Treatment 4.958 12
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Source sum-of-squares df F-ratio P
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Figure 3.4 Purple loosestrife biomass was higher in till and herbicide
treatments in 2000, but not in 1999.



Table 3.4 Shannon -Weiner heterogeneity was higher in tilled and herbicide
plots than control plots. 1999 AINOVA was calculated based on 3 plots per
treatment, and the 2000 ANOVAwas calculated based on 5 plots per
treatment. F-ratios were obtained using the Mean square interaction term as
the denominator.

Table 3.5 Simpson's diversity index was higher in tilled and herbicide plots
than control plots. 1999 ANOVA was calculated based on 3 plots per

treatment, and the 2000 ANOVA was calculated based on 5 plots per
treatment. F-ratios were obtained using the Mean square interaction term as
the denominator.
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Source sum-of-squares df F-ratio P

1999
Block 109.901 3 1.392 >0.25

Treatment 354.903 4 3.37 <0.05

BlockxTreatment 315.913 12

2000
Block 337.072 3 7.416 <0.005

Treatment 355.075 4 5.859 <0.01

Blockx Treatment 181.795 12

Source sum-of-squares df F-ratio P

1999
Block 82.129 3 1.481 >0.25

Treatment 299.15 4 4.044 <0.05

Blockx Treatment 221.877 12

2000
Block 265.656 3 7.938 <0.005

Treatment 234.925 4 5.26 <0.025

Blockx Treatment 133.863 12



Table 3.6 Species richness was higher in tilled and herbicide plots than
control plots. 1999 ANOVA was calculated based on 3 plots per treatment,
and the 2000 ANOVA was calculated based on 5 plots per treatment. F-
ratios were obtained using the Mean square interaction term as the
denominator.

Source sum-of-squares df F-ratio P
1999

Block 5.189 3 4.675 <0.025
Treatment 13.454 4 9.092 <0.001

Block x Treatment 4.446 12

2000
Block 16.683 3 12.038 <0.001
Treatment 9.11 4 4.93 1 <0.025
Blockx Treatment 5.545 12
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damage and density of Galerucella beetles (Schooler, unpublished data). This then

suggests that the same number of beetles colonized each treatment, though more

beetles colonized all treatments in 2000 than in 1999. The lower colonization and

damage levels recorded in 1999 are consistent with damage levels at other locations

around the lake (see chapter 2), and are likely to be due to annual population

fluctuations at the entire site rather than to the application of our treatments.

Our results show the colonization of treatments plots by over-wintering

adults 6 months and 1.5 years after treatments were applied. We did not sample for

insects directly after treatments were applied and can therefore not say what the

effects of each treatment was on the population of insects colonizing plots when

treatments took place. Beetles over-winter in leaf litter beneath and near stands of

loosestrife (Blossey 1995a). Our blocks only encompassed a small portion of the

loosestrife colony and over-wintered adults that colonized treatments in 1999 and

2000 could have come from areas outside the blocks.

Tilling and herbicide treatments reduced reed canary grass biomass and

increased purple loosestrife biomass and diversity indices. At Baskett Slough

managers have reported in the past that when purple loosestrife was controlled,

reed canary grass increased, and when they controlled reed canary grass, purple

loosestrife increased. The pattern observed in the till and herbicide plots is

consistent with this observation. The increased purple loosestrife and increased

diversity measures in till and herbicide plots could be due to the reduced

dominance of reed canary grass in those treatments. Reed canary grass can

compete with purple loosestrife and Thompson et al (1987) reported that combining

biological control of purple loosestrife with competition with reed canary grass (by

planting reed canary grass in purple loosestrife stands) could increase the speed and

degree of purple loosestrife control. By reducing the abundance of reed canary

grass, tilling and herbicide could be increasing the nutrient availability to purple

loosestrife allowing it to flourish.
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Tilling removes the litter layer creating open warm conditions that promote

germination in many species. Our plots were tilled to a depth of 15 20 cm, which

was below the depth of reed canary grass rhizomes. Tilling left reed canary grass

rhizomes on the soil surface and exposed them to desiccation. Two months after

the tilling treatments took place there was some re-growth in tilled plots, although

there was still a lot of bare ground. This open ground was then available for

colonization by spring annuals and perennials the following year. The lack of a

litter layer and no closed reed canary grass canopy may have allowed purple

loosestrife and other species to 'get a foot hold, and enabled them to compete with

the reed canary grass that did re-colonize those sites. Herbicide was applied in

August, after the growing season of many species including reed canary grass.

This could have allowed other species to get a foothold the following spring as

well. The lack of a significant treatment effect in 2000 for reed canary grass

suggests that tilling effects last only one year after treatment, and to maintain

control of reed canary grass yearly treatment may be necessary

Purple loosestrife biomass was not affected by treatments after one year, but

two years after treatments were imposed there was a difference. This result could

be partially due to the small sample size taken in 1999. We sampled only three

0.125 m2 quadrats in each treatment plot. Although there was purple loosestrife

growing in all plots (except the control plot in block 3), we only came across purple

loosestrife in 24 of the 60 biomass samples taken. Several treatments had no purple

loosestrife in the 1999 community sample, and the common zeros could affected

the results. In 2000 we increased the size of quadrats and increased the number of

quadrats sampled. We consequently found purple loosestrife in 73 of the 100

community samples. Small sample size could also have been responsible for the

lack treatment effects of mowing and burning treatments in our study. We only had

four replicates and our power to detect differences was fairly weak.

The differences we noticed in the blocks before the experiment was initiated

were born out in the results. Block 4 crossed out of the reed canary grass zone into
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a diverse zone of which reed canary grass was just a small component. The

presence of this other zone affected the results. Block 4 differed from the other

three blocks in 2000 in diversity indices and reed canary grass biomass.

At our field site, tilling or herbicide application had the biggest impact on

the dominance of reed canary grass and did not affect the ability of the purple

loosestrife biological control agents to control purple loosestrife. Tilling and

herbicide treatments also increased the diversity of the community up to two years

after application. If there is no purple loosestrife refuge left when treatments are

applied, our result that the Galerucella beetles were able to cause 100% defoliation

in all treatment plots may not hold. At our site, there was untreated purple

loosestrife that could have served as a reservoir for control agents to recolonize

treated areas from. We also only applied treatments once. It is important to

determine how frequently treatments need to be applied to maintain control of reed

canary grass, and how repeated treatments affect the biological control agents.



Chapter 4

Plant Community Changes Accompanying Biological Control of Purple

Loosestrife Lythrum salicaria (Lythraceae) Growing Along an Elevation-

Moisture Gradient on a Lake in Oregon

Marjolein Schat and Peter B. McEvoy
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INTRODUCTION

Plant zonation is common along gradients such as moisture gradients found

along lake shores (Welling et al 1988, Keddy and Reznicek 1985). Prior studies

have found that insects can cause changes in the plant community and affect

succession (Bach 1990, Bach 1994, Carson and Root 2000). Biological control

agents in particular have been found to affect plant succession and communities

(Huffaker and Kennet 1959, and McEvoy 1985). Few studies have reported the

effects of biological control on community zonation along lake shores. To better

understand the community impacts of biological control agents released to control a

weed along a moisture gradient, we report community changes along a gradient

where two biological control agents Galerucella calmariensis and G. pusilla were

released based on an observational study conducted over four years along a lake

shore in western Oregon.

Vegetation along lakeshores often occurs in bands with wet meadow

perennials on higher ground, mudflat annuals just above the water line, and

emergent perennials in standing water (Welling et a! 1988, Keddy and Reznicek

1985). The bands of vegetation shift as water levels change over time (Welling et

al 1988). Zonation patterns have been attributed to both regeneration and adult

plant niches (Seabloom et a! 1998, Welling et al 1988, Keddy and Reznicek 1982).

The regeneration niche is defined by environmental factors that

differentially affect rates of seed production, propagiile dispersal, seed germination,

and or seed mortality (Seabloom et a! 1998). Seed banks tend to contain more

species (Welling et al 1988) and have wider distributions (Keddy and Reznicek

1982) than growing communities. The high species richness in the seed bank as

compared to the growing community is due to the accumulation of seeds over time

and the long lived nature of many wetland seeds (Welling et al 1988, Wienhold and

van der Valk 1989, Wetzel et a! 2001). The wider distribution of species in the

seed bank than in the plant community has been attributed to movement of seeds by

water as the water levels fluctuate (Keddy and Reznicek 1982). The regeneration
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niche is correlated with adult distributions (Seabloorn et al 1998), but recruitment

patterns alone cannot explain patterns observed in adult patterns (Keddy and

Reznicek 1982). Temperature, soil moisture (Seabloom et al 1998), presence of

litter (van der Valk 1986), and presence of an overstory (King 1975) can all affect

the ability of seeds to germinate.

The adult niche is defined by factors affecting adult mortality (Seabloom et

al 1998). The narrow species bands making up lakeshore vegetation can be due to

a fundamentally narrow niche in which the plant is physiologically restricted to

conditions in a narrow band, or narrow realized niche in which intense competition

restricts the area a plant occupies (Keddy 1984). Physiological restrictions are due

in part to hydrology (02 concentration) and fertility (N, P, (Gaudet and Keddy,

1988) and K concentrations) (Keddy 2000). The ability of a plant to compete for

limiting resources can further constrict the band it occupies (Keddy 1984).

In older literature, the effects of insect herbivores on plant communities has

been downplayed due to their perceived inability to influence net primary

production of terrestrial plants (Hairston et al 1960, Hairston and Hairston 1993).

There is evidence suggesting that natural enemies prevent herbivores from causing

significant damage to their host plants (Strong et al 1984, Spiller and Schroener

1990). In particular bird predation of grasshoppers limits the ability of

grasshoppers from causing major damage to their host plants (Bock et al 1992,

Fowler et al 1991). Another body of evidence suggests that insects have a minimal

effect on host plants due to host plant defenses (Crawley 1989).

In cases when native insects have irrupted or in biological control programs

when insects have been introduced without their natural enemies, it has been shown

that herbivores have strong effects at the individual and population levels on plant

growth, fitness, recruitment, and interspecific competitive ability (Carson and Root

2000, Louda et al 1990, Crawley 1997, Huffaker and Kennet 1959, and McEvoy

1985). Recent studies have also shown that insect feeding can affect the

composition of the rest of the community by decreasing the amount of nitrogen in
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the leaf litter and thereby slowing nitrogen cycling (Uriarte 2000), by increasing

light penetration to the understory (Carson and Root 2000), or by reducing growth

of target plants (Bach 1990, Bach 1994, Carson and Root 2000). These studies

show that selective herbivory on one species can mediate interactions between the

host plant and other species in the community (Figure 4.1).

Plant zonation along lake shores is caused by fundamental and realized

niches restricted by nutrient and hydrologic gradients. Fundamental niches can

further be restricted by competition with other species. Insects have been shown to

affect competitive ability of plants and nutrient availability and can therefore affect

zonation of species along gradients. When controlling weeds along lakeshores, the

seed bank and water levels play important roles in what species replace a controlled

weed. Combining water level manipulation and biological control together may

help achieve a desired plant community.

OBJECTIVES

Our objectives were to (1) Describe the distribution of purple loosestrife,

reed canary grass, and other plant species along a topographic moisture gradient,

(2) Compare species distributions and abundances in the soil seed bank and

actively growing communities, and (3) Characterize patterns of association and

interaction along the gradient among purple loosestrife, reed canary grass, and the

purple loosestrife control agents.

STUDY ORGANISMS

Purple loosestrife. Purple loosestrife (Lythrum salicaria L.) is an invasive

wetland species that was introduced to the northeastern Unites States from Europe

around 1820 in ship ballast and on raw wool (Stuckey 1980). Since the 1800's

purple loosestrife has spread south and east, along canal and road right of ways and

by sales of wildflower mixes containing purple loosestrife seeds (Wilcox 1989).

The spread of purple loosestrife in the United States since 1940 has been estimated
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Figure 4.1 Host specific herbivores can mediate interactions between
target and non-target species. Solid lines indicate direct effects and
dashed lines indicate indirect effects. Arrows indicate positive effects
and open circles indicate negative effects.
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to be 645 2yf1 (Thompson 1991). The first report of purple loosestrife escaped

from cultivation in Oregon was in Polk County in 1952 (Stuckey 1980) and there

are purple loosestrife specimens in the Oregon State University herbarium collected

in 1954 in Malheur County. Purple loosestrife can be found in dense monospecific

stands (Thompson et al 1987) in wetland areas, out-competes native plants (Gabor

et al 1996, Welling and Becker 1990, Weiher et al 1996, Mal et al 1997, Weihe and

Neely 1997), and reduces pollination and seed set of a native loosestrife Lythrum

alatum (Blossey et al 2001). Large stands of purple loosestrife negatively affect

the nesting and foraging behavior of several bird species including, black tern

(Chlidonias niger), least bittern (Lxbrychus exilis), pied-billed grebe (Podilymbus

podiceps), Sora (Porzana carolina) Virginia rail (Rallus limicola) (Blossey et a!

2001), and long billed marsh wren (Cistothoruspalustris) (Rawinski and Malecki

1984, Blossey et al 2001). Purple loosestrife also affects wetland function by

altering nutrient cycles (Emery and Perry 1996, Blossey et al 2001, and Grout et al

1997), changing porewater chemistry (Templer et al 1998), and increasing

evapotranspiration rates (Blossey et al 2001).

Purple loosestrife is a long-lived perennial plant that can produce a large

number of seeds each year. Mature plants have been documented to live over 20

years (Anderson 1995), produce 30-50 shoots annually and can reach heights of 2

to 3 meters (Thompson et al 1987) depending on age and growth conditions. Plants

tend to produce an increasing number of shoots each year (Anderson 1995) with

first year plants producing just one to 3 stems and mature plants producing upwards

of 30. Shoots emerge from perennial rootstocks and from germinating seeds in

early spring and grow rapidly, producing flowers on terminal spikes in July and

August. Flower spikes vary in length from 2 to over 30cm with 3 to 16 seed

capsules per cm (personal observation). Each seed capsule contains 90-120 seeds

(Thompson et al 1987, Malecki et a! 1993) (16,000 - 2.8 million seeds per plant per

year). Seeds disperse in water and mud adhering to animals and vehicles (Mal et al

1992, Shamsi and Whitehead 1974). Welling and Becker (1990) reported a mean
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density of 410,000 seeds/m2 in wetlands in Minnesota. Seeds were found

primarily in the top cm of soil and decreased with depth. Seeds germinate readily

in warm (15- 30°C with 20°C being the optimum temperature) moist conditions

(Mal et al 1992, Shamsi and Whitebead 1974) in spring and throughout the

summer. Emergence of buried seeds decreases linearly with depth of burial from

90% at the surface to 0% for seeds buries and 2 cm or deeper (Welling and Becker

1990).

Biological control agents. The leaf feeding beetles Galerucella

calmariensis L. and Galerucellapusilla Duft. were first introduced to the United

States to control purple loosestrife in 1992 (flight et al 1995). Both species have

similar life histories and share similar niches. Although the beetles appear similar,

males show different courtship behavior (Blossey 1 995a) and isozyme analysis

indicates they are genetically distinct species; G. calmariensis has one genetic

marker lacking in G. pusilla (Manguin et al 1993). Adult G. calmariensis tend to

get larger than G. pusilla (3.6 - 5.6 mm and 3.6 - 4.6 mm respectively) and are

darker in color with a black stripe on their pronutum. Larvae of the two species are

indistinguishable. At high densities (2 to 3 per stem) larvae can completely

defoliate entire stands of purple loosestrife preventing flowering and seed

production (Blossey 1995b). Larval feeding damage also reduces plant height as

well as stem, leaf, and root biomass (Blossey and Schat 1997).

Adults of both species over-winter in leaf litter beneath or near stands of

loosestrife and emerge in early spring (late March to mid April) as purple

loosestrife stems begin to grow. G. calmariensis and G. pusilla feed on leaves and

lay eggs in batches of ito 15 (5.3 0.2 and 2.9 0.06 mean ± one standard

deviation respectively) on stems and the undersides of leaves (Lindgren 1997).

Oviposition peaks in late May and early June, but continues at a reduced rate into

July. Larvae emerge approximately 10 days after oviposition and feed

preferentially on shoot tips and young leaves. After 3 instars, larvae pupate in soil

beneath purple loosestrife plants, or if there is standing water, in the aerenchyma
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tissue of purple loosestrife stems. It takes 30 to 40 days to complete the life cycle

from oviposition to teneral adult (Blossey 1995 a). In univultine populations teneral

adults may have a brief oviposition period before overwintering or go directly into

reproductive diapause. In multivultine populations two generations of adults have

been seen in Oregon (jersonal observation) and up to four generations per year

have been reported in Northern Italy (Batra et al 1986).

Reed canary grass. Reed canary grass (Phalaris arundinacea L.) is an

erect perennial grass is considered native to temperate regions of Europe, Asia,

Africa, and North America (Finnel 1936), but it is unclear if it occurred naturally in

the Pacific northwestern part of the United States before European settlement of the

area (Merigliano and Lesica 1998). Several uses have been attributed to reed

canary grass including forage for cattle (Finnel 1936, Alway 1931, Wilkins and

Hughes 1932, Sheaffer et a! 1992), bank stabilization (Comes 1971, Lefor 1987),

irrigation with waste water as pollution control and as a competitive component in

biological control of purple loosestrife (Thompson et al 1987). Despite those uses,

reed canary grass is considered a weed in many areas due to its aggressive growth

and the tendency to form dense mono specific stands that reduce diversity of native

plants (Merigliano and Lesica 1998, Apfelbaum and Sams 1987, Hutchinson 1992,

Spuhler 1994). Reed canary grass has also been shown to trap silt and form berms

along banks, fill in wetland areas, and restrict water flow (Comes 1971, Lefor

1987).

Reed canary grass shoots develop from buds on rhizomes and axillary buds

on above ground shoots in early spring and late summer (Evans and Ely 1941).

Shoots developing in spring survive the winter whereas shoots emerging in late

summer tend to die back in winter (Comes 1971). Reed canary grass stems reach

heights of 1.5 to 2.5 meters and begin to develop inflorescences in late may or early

June. Seeds mature rapidly after fertilization occurs and disarticulation begins at

the tips of the inflorescences (Finnel 1936). Seedlings emerge in spring and early

summer (Murphy and Amy 1939). Light and diurnally fluctuating temperatures
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stimulate seed germination (Juntilla et a! 1978). The optimal temperature for

germination is between 26°C and 32°C (Juntilla et a! 1978). The percent of seeds

germinating decreases with depth of burial. In a greenhouse study 60% of seeds

buried at depths <2.5 cm germinated, 37% geminated at depths of 2.5 to 5 cm, and

less than 7% germinated at depths of 5 and 8.5 cm deep (Murphy and Amy 1939).

STUDY SITE

Our study was conducted at Baskett Slough National Wildlife Refuge (Polk

County, Oregon) around the shores of Morgan Lake (44.981 iT N, 123.26178° W),

a reservoir created in 1962 to maintain water levels in wetlands throughout the

refuge (Figure 4.2). The refuge is managed primarily for Dusky Canada Geese

(Branta canadensis subs occidentalis) that winter in Oregon. The geese feed

preferentially on tender grasses and forbs of low stature around Morgan Lake.

Around Morgan Lake is a riparian zone bounded on one side by an

Eleocharis (spike rush) band and open water and on the other side with fields

cultivated for grass seed. The riparian zone varies from 4 m to 130 m in width

(Schooler 1998) and is dominated by reed canary grass and purple loosestrife.

There were about 43 gm2 (39 - 50 gni2) of loosestrife in the riparian zone prior to

loosestrife control (Schooler 1998). The soils around Morgan Lake are all silt

barns and the soil at the site of this study is classified as Santiam silt loam.

Purple loosestrife has been spreading down the watershed from Morgan

Lake throughout the refuge and in 2000 colonization was confirmed 2.5 km below

the initial colonization point on the lake shore. Four biological control agents have

been released at Baskett Slough against purple loosestrife. The leaf feeding beetles,

Galerucella calmariensis L. and G. pusilla Duft were released in 1992, a root

mining weevil, Hylobius transversovittatus Goeze, was released in 1993, and the

seed feeding weevil, Nanophyes marmoratus Goeze, was released in 1994. The

biological control agents have reduced purple boosestrife to about 10% (6 gm2) of
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Figure 4.2 The gradient sampled was on the southeast shore of Morgan Lake at Baskett Slough
National Wildlife Refuge, Polk Co. OR. The light gray areas are wooded and the white areas are
agricultural areas.



pre-control levels (Schooler 1998). As the abundance of purple loosestrife had

decreased, the amount of reed canary grass has increased. In the past when, reed

canary grass was controlled, purple loosestrife increased (Guadagno, personal

communication 1998).

METHODS

We assessed spatial and temporal variation in species distributions and

interactions along an elevation/moisture gradient for the target weeds (purple

loosestrife and reed canary grass), the purple loosestrife control agent (Galerucella

sp), and the background community. We sampled from a rectangular area (150 m x

20 m = 3000 m2) southeast of Morgan Lake (Figure 4.3). The longer Y-axis of the

rectangle runs 150 m perpendicular to the lakeshore along an elevation/moisture

gradient; the shorter X-axis runs 20 m perpendicular to Y. We designated strata

every 10 m on the Y-axis and randomly sampled two 0.5 m x 0.5 m = 0.25 m2

quadrats within each stratum. In 1998, the "high and dry" (100 m x 20 m) area of

terrestrial vegetation was sampled on 13 - 14 July and the remaining portion (50 in

x 20 m) was sampled on 25 September 1998 after receding water exposed mud flats

and made sampling easier. In subsequent years the entire transect was sampled

each July (20 July 1999, 10 July 2000, and 13 July 2001). In each quadrat we

measured quadrat elevation, control agent variables, target weed variables, and

plant community variables detailed below.

Quadrat elevation. We measured the elevation above sea level for each

quadrat in 1998 and 1999 using a Spectra-Physics Laserplane® 650 theoclolyte

(Laserplane leveling systems, Spectra Physics Laserplane Inc., Dayton, Ohio) and

using the benchmark at Morgan Brothers Dam as a reference point. In 2000 and

2001 plot elevations were estimated using a regression of plot elevation on distance

along the Y-axis from 1998 and 1999 (Elevation = 67.19043 + 0.014296 x

(Distance); N41, R2 = 0.98).
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Two 0.25 m2
quadrats
sampled per
stratum per
year

Figure 4.3 We used a stratified random sampling design to sample a 20 mX 150 m = 3000 m2 area on an elevation
gradient on the shores of Morgan Lake. Strata were designated every 10 meters on the x-axis (perpendicular to the shore)
and two random samples were taken in each stratum in 1998, 1999, and 2000 in mid July (13, 20, 10 respectively).
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Control agent variables. We recorded the presence or absence of

Galerucella eggs and larvae and counted the number of adults on each purple

loosestrife stem in a quadrat. We made visual estimates of leaf area missing or

destroyed (ranging from 0 to 100%) due to Galerucella feeding. Galerucella

beetles are the only phytophagous beetles to cause significant damage to purple

loosestrife leaves at our field site, and their feeding patterns (small holes chewed

through the leaves) are distinctive. All damage estimates were made by a single

observer to make sure any observer bias was consistent throughout the study.

Target weed variables. We estimated the density of growing (in all four

years) and dead (in 1998 and 1999) purple loosestrife stems per quadrat, and

measured the length of each stem. If a dead stem was broken off, the basal

diameter was measured and stem length was estimated using a regression equation

developed at the field site (Stem length = -24.86 + 23.98(Stem diameter); N = 31,

R2=0.75). The phenological stage (vegetative, budding, flowering, or senesced) of

each purple loosestrife stem was also recorded.

Plant community We assessed both the actively growing community and

the active seed bank community in each quadrat. We harvested above ground

biomass, sorted plants to species, dried plants at 60°C until constant weight

(approximately 48 hours), and weighed them to the nearest 0.1 gram. To determine

the community composition of the active seed bank, we collected a soil core 5 cm

in diameter and 10.5 cm deep from the center of each quadrat. The soil cores were

sliced in to five layers (0-1.5, 1.5-3.0, 3.0-5.5, 5.5-8.0, 8.0-10.5 cm), spread in a

thin layer over sterilized potting soil in a greenhouse kept under controlled

fluctuating temperatures (15° - 24°), and moist conditions (watered daily). A

voucher collection of emerging seedlings was made and identified with the aide of

Dr. Richard Halse, Oregon State University, Department of Botany and Plant

Pathology. Seedlings were then identified by comparison with the voucher

collection. Galinato arid van der Valk (1986) and Keddy and Reznicek (1982)

found that seed bank assays may not produce reliable estimates of the number of



seeds in.the substratum, but they do give an estimate of the number of seeds that

would germinate if drawdown conditions were to occur. For the purposes of this

study we considered the number of seeds that germinated under these laboratory

conditions the active seed bank.

ANALYSIS

Distribution and abundance of plant species along the gradient. We

measured plant abundance as above ground dry mass and distribution by plotting

dry mass against elevation. The dry biomass (g/m2) was calculated for each species

represented in the actively growing community. The number of seeds/rn2 was

calculated for each species represented in the soil seed bank and plotted against

elevation. Each species was plotted separately for each year.

In order to characterize the spatio-ternporal associations of purple

loosestrife and reed canary grass along the gradient we conducted a two-part

analysis. The first part of the analysis used logistic regression to determine which

variables affected the presence or absence of purple loosestrife and reed canary

grass in the community and seed bank. Linear regression was then used to

determine which variables affected the abundance of purple loosestrife and reed

canary grass where each species was present.

For the logistic regression, purple loosestrife and reed canary grass were

analyzed separately and a separate analysis was done for growing plants and buried

seeds. Data were converted from abundance (plant biomass and number of seeds)

to present or absent (1 and 0 respectively). Backwards selection was used to

determine the independent variables (year, elevation, depth in soil of buried seeds)

that best described the variation in the dependent variables (presence or absence of

purple loosestrife seeds, reed canary grass seeds, purple loosestrife plants, reed

canary grass plants) (SYSTAT 7.0, SPSS 1999).

For the linear regression backwards selection was used to determine which

independent variables (year, elevation, depth in soil for buried seed) best described

74
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the variation in the dependent variables (number of purple loosestrife seeds,

number of reed canary grass seeds, dry mass of purple loosestrife, and dry mass of

reed canary grass) (SYSTAT 7.0, SPSS 1999). The seed bank data and biomass

data were in transformed (ln(number of seeds +1) and ln(biomass + 0.01)

respectively) before analysis to help meet the normality and constant variance

assumptions of regression. Histograms and residual plots were visually inspected

to determine if the transformations had the desired effects. The transformations of

biomass met all the assumptions of the ANOVA (Ott 1993), but the transformations

on the seed count data improved the residual plots, but still left a slight pattern.

Comparison of species distributions and abundances in the seed bank

and growing community. We plotted the abundances of each species in the soil

and in the community against elevation. We compared the range of elevations

where seeds and growing plants were found, and the diversity of species in the seed

bank and growing community.

Characterization of patterns of association and interaction along the

gradient among purple loosestrife, reed canary grass, and purple loosestrife

control organisms. The percent defoliation for each stem sampled was plotted

against elevation for each year sampled. Pearson correlation matrices were

calculated to determine if percent defoliation was correlated with purple loosestrife

biomass or elevation in 1999. We also tested for a one year delay in the

relationship of insect damage and purple loosestrife biomass by calculating a

Pearson correlation matrix for damage from 1999 and biomass in 2000. We also

calculated a Pearson correlation matrix to determine how purple loosestrife

biomass and reed canary grass biomass were colTelated. Bartlett Chi Square

statistics were then calculated to generate a Bonferroni probability matrix (Krebs

1999, SYSTAT 7.0, SPSS 1999). For these analyses, abundance data was in-

transformed (ln(biomass + 0.01), and percent defoliation was arcsin square root

transformed.
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RESULTS

The gradient varied 1.5 meters in elevation (from 67.0 to 68.5 meters above

sea level) over 100 meters. Temperature varied over the course of the summer, but

the pattern did not noticeably vary from year to year or from the 30-year average

temperature (Figure 4.4A). Precipitation varied within the year and between the

years of the study. Winter 1998 - 1999 was wet with 150% (127 cm) of the 30-

year average rainfall for October thru April. Winter 1999 - 2000 was average with

84 cm of rain, and winter 2000 - 2001 was dry with only 51% (43 cm) of the

average rainfall for October thru April (Figure 4.4B).

Distribution of species along the topographic moisture gradient. Purple

loosestrife seeds were abundant and varied little across the entire gradient sampled

(linear regression p = 0.498), but the number of seeds decreased with year (p =

0.008) (Figure 4.5 I, J, and K) and depth of burial (p < 0.000 1) (Figure 4.6 A, B,

and C). We found purple loosestrife seeds in every core taken. We estimated there

were on average 61,000 seeds/rn2 across the gradient in 1998 and declined to

24,900 seeds/rn2 in 1999. In 2000 the seed bank was more variable with a mean of

26,300 seeds/rn2 (Table 4.1). Over 80% of purple loosestrife seeds were found in

the top 3 cm of soil, and less than 5% of purple loosestrife seeds were found below

8cm.

Reed Canary grass seeds were abundant across the gradient above 67.3

meters above sea level. The number of seeds did not vary with year (P = 0.121),

but increased with elevation (P < 0.0001) (Figure 4.5 I, J, K), and decreased with

depth of burial (p <0.0001) (Figure 4.6 D, E, F). We estimated there were on

average 1745 seeds/rn2 over the whole gradient (95% CI: 1047 - 6113). Over 90%

of reed canary grass seeds were found in the top 1.5 cm of soil and less than 5%

was found below 8 cm.

The abundance of purple loosestrife varied over time and space. Purple

loosestrife grew on the low wet end of the gradient (Figure 4.5 E, F, G, and H,

Table 4.2). With a 1 meter decrease in elevation there was an average of 14 times
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Figure 4.6 Distribution of purple loosestrife and reed canary grass seeds in the soil column over time. Values shown are
the geometric mean number of seeds per depth across the whole gradient plus/minus the 95% confidence band.
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Table 4.1 Mean number of purple loosestrife seeds/rn2 and
the 95% confidence interval.

Mean

Year seeds/rn2 95% CI

Table 4.2. Distribution and abundance of purple loosestrife growing along the
gradient. The upper and lower boundaries are the highest and lowest elevation
(meters above sea level) at which purple loosestrife was found. Abundance is

the geometric mean g/m2 with a 95% confidence interval.

Table 4.3 Distribution and abundance of reed canary grass growing
along the gradient. The lower boundary is the lowest elevation
(meters above sea level) at which reed canary grass was found.

Abundance is the geometric mean g/m2 with a 95% confidence
interval. The upper boundary of reed canary grass was a cultivated
field beyond the end of our sample area.

80

Variable
Year

1998 1999 2000 2001

Distrubtion
lower boundary 67.0 67.0 67.0 67.0
upper boundary 68.0 68.4 67.6 67.9

Biomass

mean g/rn2 1.3 14.4 2.4 0.5
95% CI 0.6 - 2.7 4.4 -46.5 0.7-2.4 0.4-0.8

Variable
Year
1998 1999 2000 2001

Distrubtion
lower boundary 67.3 67.3 67.3 67.3

Biomass

mean g/m2 82.8 134.7 172 41.8
95% Ci 14- 489 26.5 - 685.3 25.2 - 1 184. 9.3 - 188.4

1998 61,000 35,300-105,800
1999 24,900 18,300 - 33,900
2000 26,300 14,800 - 46,700
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greater likelihood of seeing purple loosestrife (logistic regression, p 0.002, 95%

CI = 3.9 to 49 times). The abundance of purple loosestrife varied over time with

significantly more purple loosestrife growing in 1999 than in 1998, 2000, or 2001

(Figure 4.7A, Table 4.2).

Reed canary grass grew above 67.3 meters above sea level all 4 years

sampled and comprised over 99% of the biomass above 67.5 meters above sea level

(figure 4.5 E, F, G, and H). Where reed canary grass grew abundance varied over

time, but not space. Biomass of reed canary grass in 1998 and 1999 was

significantly lower than biomass in 2000, but significantly higher than biomass in

200 1(Figure 4.7 B, Table 4.3).

Comparison of species distribution and abundance in soil and growing

communities. The seed bank community was much more diverse than the growing

community. There were 20 species represented in the soil seed bank (Table 4.4)

and 11 species in the actively growing vegetation (Table 4.5). Of the eleven

species in the growing community, two (Solanum dulcamara and Potamogeton

natans) were not represented in the seed bank. The sample distribution of seeds

was uniform across the gradient for some species (Gnaphaliurn palustre, Juncus

bufonius, Rotala romosior in 1999 and 2000 and Eleocharispalustris in 1998) and

patchy for other species (Polygonurn hydropiperoides and Lythrum hyssopfolia)

(Appendices 1 - 3). The species found in the greatest abundance in the soil seed

bank across all years were Lythrum salicaria, Gnaphalium palustre, Phalaris

arundinacea, Juncus bufonius, and Rotala raniosior (Table 4.1). The dominant

species sampled occurred in bands along the gradient (Appendices 1 - 3) with

Potamogeton natans occurring only in the wettest part, bordered on the uphill side

by a band of Polygonum hydropiperoides which was bordered by a dense stand of

reed canary grass.

Patterns of association and interaction along gradient among purple

loosestrife, reed canary grass, and Galerucella species. The level of Galerucella

attack waxed and waned across years. In 1998, 2000, and 2001 insects caused
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Table 4.4 Seed bank community along an elevation gradient at Morgan Lake. Percent of total seeds is the mean
percent of the total number of seeds per core. 95% CI is for the mean percent. All means were calculated from 20
cores taken from along the entire gradient. Cores were 5.5 cm in diameter and 10.5 cm deep.

I Exotic species. Status determined from Hickman, iC., ed (1993) The Jepson manual:Higher plants of California. Berkeley, California, University of California Press. Native status
of Phalaris arundinacea is in question. See Merigliano and Lesica (1998) "The native Status of reed canary grass (Phalaris arundinacea) in the inland northwest USA.' Natural Areas

Journal, 18: 223-230.
2 Native species. Status determined from Hickman, J.C., ed (1993) The lepson manual:Higher plants of California. Berkeley, California, University of California Press. And

Hitchcock, CL. and A. Cronquist (1973) Flora of the Pacific Northwest. Seattle Washington, University of Washington press

Species

geo
metric
mean

1998

percent of
total seeds

+ I- 95%
CI for %

1999

geo metric percent of
mean total seeds

+ I- 95%
CI for %

geo metric
mean

2000

percent of + I- 95%
total seeds CI for %

'Lytlirum salicaria 122.22 55.76 9.47 50.19 39.75 7.71 54.70 42.05 9.94

2 Gnaphalium palustre 19.89 12.31 5.65 29.57 24.99 7.45 23.48 18.77 6.80

Plialaris arundinacea 17.29 15.99 7.96 5.93 8.39 4.28 12.02 13.04 5.32
2 Juncus bufonius 19.25 9.98 3.60 12.90 11.37 3.39 12.11 10.65 4.73

Rolala ramosior 0.00 0.00 0.00 12.08 11.55 4.42 7.74 7.90 3.58

Gnaphalium uliginosum 0.00 0.00 0.00 0.00 0.00 0.00 1.65 3,11 3.23

Eleocharis palustris 5.66 5.61 5.35 2.32 1.43 0.73 2.19 1.51 1.14

2 Polygonum hydropiperoides 1.50 0.18 0.14 1.50 0.51 0.39 1.87 0.82 0.59
l Lythrum hyssopfo1ia 0.00 0.00 0.00 1.51 1.33 1.65 1.32 1.93 2.70

2 Galium aparine 0.00 0.00 0.00 1.07 0.15 0.32 1.07 0.05 0.01
2 Carex unilateralis 1.15 0.17 0.26 0.00 0.00 0.00 1.06 0.05 0.10

2 Epilobium watsonhi 0.00 0.00 0.00 0.00 0.00 0.00 1.03 0.03 0.07

l Vicia tel rasperma 0.00 0.00 0.00 0.00 0.00 0.00 1.03 0.06 0.12

Holcus lanatus 0.00 0.00 0.00 1.12 0.27 0.46 0.00 0.00 0.00

Hypochaeris radicata 0.00 0.00 0.00 1.06 0.11 0.22 0.00 0.00 0.00

Cirsium vulgare 0.00 0.00 0.00 1.03 0.06 0.12 0.00 0.00 0.00

Hypericum perforatum 0.00 0.00 0.00 1.03 0.05 0.11 0.00 0.00 0.00

'Mentha pulgium 0.00 0.00 0.00 1.03 0.03 0.06 0.00 0.00 0.00
2 Navarittia squarosa 0.00 0.00 0.00 10.30 0.03 0.06 0.00 0.00 0.00

2 Bidens cenura 1.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



Table 4.5 Growing community along an elevation gradient at Morgan Lake. Mean refers to mean dry biomass (g /

0.25 m2) and percent is the percent of the total biomass.

Species
geo

mean

1998

+1-
95% CI

per- cent for %

1999

+1-
gee 95% CI

mean per- cent for %
gee

mean

2000

per-cent

+1-
95% CI
for %

gee
mean

2001

per-cent

+1-
95% CI
br %

Phalaris arundinacea 10.33 64.43 22.68 18.93 67.92 21.09 21.65 68.29 21.68 8.41 73.53 18.41
2 Eleocharis palustris 0.07 4.43 8.49 0.03 5.25 8.50 0.07 12.86 14.73 0.04 15.46 14.99
1 Lythrznn salicaria 0.09 0.83 1.16 0.69 13.87 11.53 0.14 9.42 11.35 0.02 0.68 1.32
2 Polygonurn hydropiperoides 0.30 24.41 19.94 0.05 6.72 10.60 0.07 4.50 4.11 0.02 1.24 1.91
2 Potornogeton natans 0.02 5.90 10.48 0.02 3.28 5.36 0.03 4.94 8.60 0.00 0.00 0.00
2 Bidens cenura 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
2 Galium aparine 0.01 0.00 0.00 0.01 0.00 0.02 0.01 0.00 0.00 0.00 000 0.00
2 Juncus bufonius 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 3.77 5.83

Gnaphalium uliginosum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 4.50 6.84

'Solanum dulcamara 0.00 0.00 0.00 0.02 2.95 6.17 0.00 0.00 0.00 0.0! 0.26 0.55

Vicia tetrasperma 0,00 0.00 0.00 0.01 0.00 0.03 0.00 0.00 0.00 0.02 0.55 0.69

l Exotic species. Status determined from Hickman, J.C., ed (1993) The Jepson manual:Higher plants of California. Berkeley, California, University of California Press. Native
status of Phalaris arundinacea is in question. See Merigliano and Lesica (1998) "The native status of reed canary grass (Phalaris arundinacea) in the inland northwestUSA."

Natural Areas Journal, 18: 223-230.

2 Native species. Status determined from Hickman, J.C., ed (1993) The Jepson manual:Higher plants of California Berkeley, California, University of California Press.

* Species represented in the actively growing community that were not represented in the seed bank.
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100% defoliation of nearly all purple loosestrife stems across the entire gradient

sampled. In 1999 the damage increased linearly with elevation, with little or no

damage at 76 meters above sea level and 75% damage at 78.5 meters above sea

level (Figure 4.5 A, B, C). There was a positive correlation between damage level

and elevation in 1999 (Pearson correlation coefficient 0.938, N14, P<0.001).

There was no significant correlation between purple loosestrife biomass and

elevation in 1999 (Pearson correlation coefficient = -0.394, N14, P0.l47). There

was no significant correlation between percent defoliation and purple loosestrife

biomass in 1999 (Pearson correlation coefficient = -.0348, N14, P=0.223),

although damage in 1999 was correlated with biomass in 2000 (Pearson correlation

coefficient -0.52 1, N=15, P= 0.047). Plot elevations in 1999 and 2000 were

similar and highly correlated (Pearson correlation coefficient 0.990, N=20). The

correlation between purple loosestrife biomass and reed canary grass biomass

across all years was insignificant (correlation = -0.1000, N=36, P 0.569).

There were Gallerucella larvae on all plants with 1 to 75% defoliation in

1999. Each year we sampled the gradient at a time when adult beetles are in

diapause, so although we saw lots of residual feeding damage indicating a large

population of beetles, we saw few adults while sampling.

DISCUSSION

Zonation of species occurred along the topographic moisture gradient

sampled. In the standing water at the lowest points on the gradient there was a

narrow band of Potamogeton natans followed on the uphill side by a band of

Polygonum hydropiperoides. Above the P. hydropiperoides band was a large band

dominated by reed canary grass. Purple loosestrife was found throughout the

Potamogeto and Polygonum bands, and only penetrated a small distance into the

reed canary grass zone except in 1999 when purple loosestrife was found

throughout the reed canary grass zone.
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Purple loosestrife seeds float on water and can germinate in water (Keddy

and Ellis 1985), taking root when they come to rest on moist open ground. When

germinating on soil instead of in water, purple loosestrife seeds require moist warm

conditions with little other vegetation to germinate. Purple loosestrife seedlings

and shoots emerging from mature root stocks can withstand flooding to a depth of

30cm (Blossey et a! 2001), and mature plants flourish under flooded conditions

(Blossey et al 2001). Plants that emerge in flooded conditions have an enlarged

phellem, increased porosity, and decreased tissue density in the portion of stem and

root that is submerged, and tend to have more adventitious roots than plants grown

in non-flooded conditions (Stephens et al 1997). These characteristics are

consistent with aerenchyma tissues in intermediate and wetland plants that allow

plants in flooded conditions to exchange oxygen.

Reed canary grass requires high soil moisture to become established in a

new area (Morrison and Molofski 1997), and is flood tolerant under certain

inundation conditions (Rice and Pinkerton 1993). Reed canary grass requires moist

soils to facilitate tiller formation and below ground growth (Morrison and Molofski

1997). Once established, reed canary grass can remain vigorous under conditions

of cyclic inundation if the plants are flooded for less than 3 days out of 7 (Rice and

Pinkerton 1993). If inundation continues for more than 3 days out of 7, growth,

vigor, and tiller production decrease with each subsequent inundation period (Rice

and Pinkerton 1993). Comes (1971) found that moving water does not affect reed

canary grass in dormant or active growing stages, but that deep still water can be

fatal if enpoundment occurs during the active growth stage. Comes (1971) does

not state how deep the still water was or how fast the moving water was flowing in

his studies.

There were more species represented in the seed bank than growing

communities, and had a greater distribution than growing plants. Our findings

of more species represented in the seed bank than in the growing community and

the more restricted zones in the standing community are consistent with results of
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other shoreline studies (Welling et al 1988, Keddy and Reznicek 1982). Purple

loosestrife propagules were abundant across the entire gradient sampled and

number of seeds was not related to elevation, but decreased over time, whereas reed

canary grass seeds were only abundant above 67.3 meters and remained steady over

time. Propagules of both species decreased with depth, but reed canary grass seeds

were found at shallower depths.

The seed bank is a legacy of both the current vegetation and vegetation that

has been on the site in the past (Wetzel et al 2001). Many wetland species have

long lived seeds, some of which have been shown to remain viable after 20 years

(Wienhold and van der Valk 1989). Morgan Lake was created in 1962 in an area

that had previously been a dry meadow. Although we don't expect many seeds

from 1962 and earlier to still be viable, there is a chance that some seeds are still

present. Management of the water level at Morgan Lake has also varied over time,

from maintaining high water to letting the lake level drop. This variation in

management could have created a seed bank of species that cannot survive as adults

in the high water conditions we bad in this study. Many of the species found in the

seed bank but not in the community sample, were growing at a higher elevation at

the site. We did not sample beyond the reed canary grass zone, but there is a zone

between the reed canary grass and the cultivated fields where many of these species

(Gnaphalium palustre, G. uliginosum, Rotala ramosior, Lythrum hyssopLfolia,

Holcus lanatus, Hypochaeris radicata, Cirsium vulgare, Hypericum perforatum,

Mentha pulgia, Navarittia squarosa, Bidens cenura) do grow (Chapter 2, personal

observation). Those species could be a legacy of earlier vegetation.

Those seeds may not be germinating within the reed canary grass because

of the litter layer and the dense canopy. There was a thick litter layer in the reed

canary grass zone, and the tall reed canary grass has horizontal leaves that reduce

light penetration to the understory (Wetzel and van der Valk 1998). In a litter

removal experiment,, van der Valk (1986) found that there was a greater species

richness and seedling density in plots where litter was removed. He hypothesized
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that the litter was affecting germination by changing the light and temperature

regimes, and physically blocking the seedlings. In germination trials studying the

effect of light on germination of Arenaria serpyllfolia, Veronica arvensis, and

Cerastium holosteoides, King (1975) found that seeds shaded with aluminum foil

and unshaded seeds were able to germinate, but seeds shaded by Ti/ia leaves did

not germinate. The Tilia leaves shaded out more red than far red light, and be

hypothesized that this poor light quality induced dormancy in the seeds tested. At

least 19 other species differentially block red and far red light (King 1975), and it is

possible that reed canary grass does as well. Between the thick litter layer and the

dense canopy, reed canary grass could be preventing the germination of the

meadow species present in the seed bank but not in the community.

Purple loosestrife was uncommon in the reed canary grass zone along

our gradient. Four possible explanations of this pattern could be 1) purple

loosestrife can not compete with a mature stand of reed canary grass in low

moisture conditions, 2) there is not enough soil moisture in the high dry end of the

gradient for purple loosestrife to grow, 3) purple loosestrife can compete with reed

canary grass, but beetle feeding eliminates purple loosestrife in the reed canary

grass zone first and moves down as water recedes, 4) the combination of insect

damage and competition with reed canary grass eliminates purple loosestrife in the

reed canary grass zone.

Inability ofpurple loosestrfe to compete with reed canary grass. If the lack

of purple loosestrife in the reed canary grass zone was due to inability to compete

with reed canary grass, we'd expect to see evidence that reed canary grass prevents

germination, or shoot emergence and growth and we would expect to see a negative

relationship between purple loosestrife biomass and reed canary grass biomass.

We found no relationship between abundance of reed canary grass and abundance

of purple loosestrife in any of the years of the study.

Inability ofpurple loosestrfe to grow in low moisture conditions in high dry

end of the gradient. If the lack of purple loosestrife were due to decreasing soil
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moisture, we would expect to see a negative correlation between purple loosestrife

abundance and elevation, which served as our measure of moisture. Our results

showed that in the range where purple loosestrife grew, the abundance of purple

loosestrife did not vary with elevation, indicating that plants grew as large in higher

drier parts of the gradient, and in the reed canary grass as they did in the wetter,

more open areas of the gradient. The extensive literature on purple loosestrife also

indicates that it can grow in a variety of habitats, and that the amount of moisture at

the top of the gradient should have been sufficient to support growth.

Beetles controlling purple loosestrfe more in the reed canary grass zone

than in the lower zones. The beetles have been shown to be able to completely

defoliate entire stands of purple loosestrife, leaving bare stems (Blossey 1 995b).

These bare stems, if from young plants or shoots, can be difficult to distinguish in

dense vegetation. Purple loosestrife shoots can emerge from perennial root stocks

in standing water but Galerucella beetles cannot feed under water, and are

restricted to feeding on shoots that have emerged from the water, or in areas where

plants were not growing in water. Along our gradient, winter rains cause Morgan

Lake to flood and the flood waters recede slowly throughout the spring. We expect

beetles will begin feeding on any loosestrife in the reed canary grass zone and

move down the gradient as the water levels recede. If this were the case, plants in

the reed canary grass zone would have more damage than plants lower on the

gradient. We had complete defoliation across the entire gradient in three of the

four years of the study. Those defoliated stems found in the reed canary grass zone

were distinguishable from the other stems present.

The combination of biological control and competition prevent purple

loosestrfe from colonizing the reed canary zone. Reed canary grass plants and the

litter in the reed canary grass zone would reduce the number of plants emerging and

any plants that did emerge would have to contend with beetle feeding. Galerucella

beetles have been shown to slow plant growth, reduce root biomass (Blossey and

Schat 1997) and change plant architecture (Schat and Blossey unpublished
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manuscript). By reducing plant height and root biomass, beetles could be reducing

the ability of purple loosestrife to compete with reed canary grass for light and

nutrients.

The result of increased purple loosestrife biomass and purple loosestrife

penetration of the reed canary grass zone, and the variable insect damage in 1999

helps us guess which of the four possibilities is most likely. Winter 1998-1999

was wetter than usual (Figure 4.4), the lake level much higher than usual, and the

water level receded later than usual. We believe Galerucella beetles were unable to

begin feeding as early as usual in 1999 due to the high water levels. As the water

level receded, the beetles would be able to move down the gradient to feed on

purple loosestrife as it became exposed, but due to their late start would be unable

to completely defoliate the plants in the high dry range before sampling took place.

Plants at the lower end of the gradient were not released from water until after

Galerucella larvae had pupated and were only subject to feeding by newly

emerging adults before they went into diapause. Our results also showed that the

percent defoliation of plants in 1999 was correlated with purple loosestrife growing

at similar elevations along the gradient in 2000. This suggests that beetles are at

least partially responsible for abundance of purple loosestrife along the gradient

and that when purple loosestrife is released from beetle damage it has the ability to

compete with reed canary grass. It is important to note that although the elevations

of plots in 1999 and 2000 were similar, plots were randomly selected and we did

not sample the same plots and plants in both years.

Reed canary grass appears to be restricted to the high and relatively dry end

of the gradient, and purple loosestrife colonizes the low wet end. Raising water

levels and maintaining deep still water during the growing season of reed canary

grass may eliminate it, but purple loosestrife can grow in ponded water and will

presumably move up the gradient as the water level rises. The Galerucelia beetles

should be able to control any loosestrife growing through the water surface, or

above the water on the gradient. In order to encourage other species to germinate,
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the water level will need to be drawn down again. During draw down, both reed

canary grass, and purple loosestrife seeds can be expected to germinate and grow,

but other species may be able to effectively compete with reed canary grass, and

the biological control agents should be able to control newly emerging purple

loosestrife. The seed present in the seed bank will play a large roll in the new plant

community, and if desired species are not present, seeding and other active

management may need to take place. It should be noted that this was an

observational study and to show that beetles caused or partially caused the pattern

observed along the gradient would require an experiment where purple loosestrife

and reed canary grass were grown together with and without beetles present at

different water levels.



Chapter 5

Summary

In this thesis we investigated stability of purple loosestrife biological

control, plant succession accompanying biological control, and the integration of

biological control of purple loosestrife with mowing, tilling, herbicide, and burning

to control reed canary grass. Our objective was to estimate the long term effects of

biological control of purple loosestnfe and the compatibility of biological control

with common natural area weed control practices.

In the first section of this thesis we compared the speed of biological control

at two sites, determined the long term pattern of biological control at one site, and

evaluated the ability of Galerucella beetles to spread with a spreading population

of purple loosestrife. We found that the pattern of biological control was similar at

each site, but that the speed of beetle increase varied between sites where beetles

were released at the same time. We also determined that purple loosestrife and

Galerucella populations display a tendency to fluctuate over time. Despite increase

in purple loosestrife abundance after the initial crash, purple loosestrife biomass did

not exceed 11% of pre-control levels. We also found that beetles did spread with

the spreading purple loosestrife population, but lagged behind the leading edge of

purple loosestrife.

In the second part of the thesis we evaluated the response of biological

control of purple loosestrife responded to mowing, tilling, herbicide, and burning

for the control of reed canary grass. We found that tilling and herbicide reduced

the dominance of reed canary grass, and increased the abundance of purple

loosestrife and diversity measures. The Galerucella were able to colonize all

treatments and we detected no significant difference in beetle feeding damage

between treatments.
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In the third part of the thesis we characterized plant community changes

accompanying biological control of purple loosestrife growing along an elevation-

moisture gradient on a lakeshore in Oregon. The dominant species that colonized

the area formed bands that were not related to the distribution of seeds in the seed

bank. We also found that the remaining purple loosestrife was restricted to the low

wet end of the gradient and reed canary grass was dominant in the high dry section

of the gradient. Purple loosestrife was uncommon in the reed canary grass except

when beetle damage was low and water levels were high.

Biological control of purple loosestrife was successful in significantly

reducing the abundance of purple loosestrife at two sites in Oregon, but it took 5

years for purple loosestrife to crash as one site and 7 years for purple loosestrife to

crash at another site. The asyncbrony of control between sites and the long time

period between the release of control agents and the suppression of the weed

indicate that long term monitoring is important to accurately evaluate the success of

a biological control program, and that several sites should be monitored when

evaluating the efficacy of a biological control agents. Our results also showed that

when purple loosestrife was controlled, the community changed. At the dry side of

the former purple loosestrife zone, reed canary grass, another weed, became the

dominant species. Our study indicated that tilling and herbicide treatments could

effectively reduce reed canary grass biomass up to one year after treatment, but that

those treatments resulted in an increase of purple loosestrife. This indicates that

active management of succession will be important in breaking cycle of replacing

one weed with another. We found that biological control agents were able to re-

colonize and damage purple loosestrife in tilled and herbicide plots. It is important

to point out that in our study the treatment plots were surrounded by purple

loosestrife that could have served as a source of beetles for re-colonization.

Further studies are needed to determine what factors attribute to the

asynchrony of biological control between sites. A clear understanding of the

factors that contribute to asynchrony in control can be valuable in selecting sites to
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release Galerucella beetles. It could save time and money to avoid releasing

insects at sites where beetles will be unable to establish, and increase.

Understanding the reasons behind asynchrony can also help biological control

practitioners predict how long it will take to control target weeds at different sites.

Further studies should also be conducted to determine the effects of repeated tilling

and herbicide treatments on the biological control of purple loosestrife, and the

effects of treating an entire area, leaving no refuge for the beetles affects the control

of purple loosestrife.
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Appendix 1 Density of seeds buried in soil and above ground biomass
for plants along an elevational gradient in 1998.
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Appendix 2 Density of seeds buried in soil and above ground biomass
for plants along an elevational gradient in 1999.

Buried seed Above ground plant biomass
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Appendix 3: Density of seeds buried in the soil and above ground
biomss for plants along an elevational gradient for 2000.

Buried seed Above ground plant biomass
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Appendix 4. Species from the seed bank samples and above ground community samples not represented in Appendices
1-3. Seedbank species where less than 5 seeds germinated across the entire sample were not included in the figures.
Above ground community samples with less then 2 grams across the entire gradient were not included in the figures.

1998

seedbank above ground

Bidens cernua Gallum aparine
Carex unilateral/s

seedbank

Cirsium vulgare
Galium aparine
1-lolcus Ianatus
Hypericum perforatum
Hypochaeris radicata
Mentha pulgium
Navarretia squarrosa

1999

above ground

Gal/urn aparine
Solanum dulcarnara
Vicia tetrasperma

2000

seedbank above ground

Carex unilateral/s Bidens cernua
Epilobiurn watsonhi Gal/urn aparine
Galiurn aparine
V/cia tetrasperma




