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Weed control in Pacific Northwest forests has been criticized for its potential

impact on biodiversity. Changes were evaluated in conifer growth, diversity of

vegetation in situ and of recruiting plants through different regeneration mechanisms

after applying temporally-varied weed control by herbicide treatments based on the

critical period concept. Conifer size and vegetative surveys were conducted for up to

four years post-treatment in four sites planted with four conifer species.

Increasing volume, diameter, and height and decreasing height/diameter ratio for

all conifer species with increasing years of weed control indicated that conifer seedling

growth would benefit from longer weed control. Survival did not differ by herbicide

treatment.

Weed control caused up to a 90% decrease in total vegetation cover and significant

decrease in plant diversity (species richness and Shannon's index) for all treatments.

Total cover and plant diversity recovered steadily once herbicide application stopped.

Species richness results of herbs, the dominant growth form, were similar to those of

total species richness. However, shrub species richness usually did not vary by

treatment. Our results suggested repeated herbicide application may be harmful to

species richness of some families (e.g. Rosaceae) and native species. Therefore, forest

managers should minimize the time period of repeated applications to reduce harming

noncrop species.



The abundance and species diversity of regenerating individuals from three

regeneration mechanisms (seed bank, seed rain, and bud bank) were measured for up to

three years post-treatment. Potential germinable seeds for the seed rain were the largest

among mechanisms for all treatments. Herbicide application had significantly reduced

the abundance for all mechanisms. Plant diversity results were similar to those of

abundance but less significant. Nevertheless, treatment in the previous year usually had

more influence on the results for seed bank and seed rain than in the sampling year, but

bud bank results were affected mainly by treatment in the sampling year. More native

species than exotic species were recorded within the same treatment for bud bank, but

less native species for seed bank and seed rain. Both native and exotic species richness

decreased after spray for all regeneration mechanisms.
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Effects of Weed Control on Vegetation Dynamics in Pacific Northwest

Conifer Plantations

Chapter 1 Introduction and Literature Review

INTRODUCTION

As forests contain major stores of species, habitat, and genetic diversity (Noble and

Dirzo 1997), forest management practices will considerably affect biodiversity.

Therefore, activities on forest lands will have an important impact on local, regional,

and global diversity (Miller et al. 1999). Many forestry practices have been criticized

for potentially reducing biological diversity (Kimmins 1992). There is growing public

concern for the use of chemicals in the environment and the use of herbicides, in

particular, is one of the most controversial.

In the highly productive forests of the Pacific Northwest, competition from

vegetation can reduce tree survival and slow the growth of planted Douglas-fir

(Pseudotsuga menziesii (Mirbel) Franco), as well as other Pacific Northwest conifer

species. Forest vegetation management treatments are widely used in not only in Pacific

Northwest forests, but all over the world. Herbicides are one common tool to reduce

vegetative competition in forest management and have been used for many decades.

Because herbicides are designed to control plants, the plant community is directly

affected. Plant diversity, abundance and the composition of plant species will change

over time. In turn, applying herbicides will affect environmental factors and the fauna,

such as influences on wildlife through toxicity and br habitat change (Morrison and

Meslow 1983). Relatively little is known about the influence of herbicides on plant

diversity in plantation forests when compared to agriculture. Some examples in forests

are from Miller etal. (1995, 1999) and Boyd et al. (1995), who present several fine

results on forests in the Southern region of the US.



However, herbicides usually caimot permanently eradicate vegetation. Plants will

reinvade the site gradually once herbicide applications are discontinued. The

mechanisms of regeneration differ among plant species. Plants may invade from the

seed bank, seed rain or bud bank. In order to control weeds more efficiently, the

regeneration mechanisms of plant species were investigated in this study.

This chapter covers the background behind several concepts used in forest

vegetation management, including the critical period threshold theory, effect of

herbicides on plant diversity and vegetation reregeneration mechanisms, as well as the

dissertation objectives.

CRITICAL PERIOD OF WEED COMPETITION

King (1951) pointed out that not all weeds were undesirable and had to be removed

because, "there are times when their numbers must be controlled and there are times

when they may be allowed to run riot with no harm accruing to the garden but with

immense benefit to the soil." The "critical period" concept, first developed for

agricultural use in the late 1950s to early 1960s (Nieto 1960, Nieto et al. 1968), is the

time period when interspecific competition occurs between weed and crop plants during

crop development (Zimdahl 1988). The critical period, in practice, is defined as a time

when weeds should be controlled in order to avoid significant loss in crop yield.

The first study about critical periods was of competition between weeds and

tropical maize in Mexico (Nieto 1960). It indicated that weeds should be controlled

during the first 35 days after planting to achieve maximum maize yields. A few years

later, Nieto et al. (1968) extended the study to two crops, maize and beans, and began to

use the term "critical periods for competition". The development of the critical period

concept can aid managers in applying herbicides according to crop needs, as well as

controlling weeds rationally and economically (Nieto et al. 1968).

This concept was recently applied to forestry in order to optimize vegetation

management strategies in forest plantations (Wagner et al. 1995).

2



APPLICATION OF HERBICIDE

In silviculture, the herbicide treatment is one important method for managing

forest vegetation at the preharvest, site preparation and forest establishment stages of

the forest development cycle. Herbicides are often an important part of site preparation,

as much of site preparation involves weed prevention and weed treatments. The timing

of weed control initiation is critical (Nieto et al. 1968, Wagner et al. 1999). Herbicide

use in northern coniferous forests, for example, generally occurs within 10 years after

harvesting to release desired plants (both naturally regenerated and planted tree

seedlings) from competition with woody and herbaceous vegetation (Sullivan et al.

1998).

Herbicides kill plants by stopping some essential physiological activities. The

mechanisms by which herbicides act on plants are varied: interrupting respiration (cx:

chlorophenoxy), disrupting photosynthesis and nitrogen metabolism (cx: triazine),

arresting cell division (ex: sulfometuron methyl) or inhibiting enzymes producing

amino acids used in meristematic regions (ex: imidazolinoun). Still, some exact

mechanisms are not known. To function, herbicides must be absorbed into plants via

leaves, stems, twigs or roots and translocated to the target site of action in appropriate

form and quantity.

CHANGES IN PLANT DIVERSITY

Management practices, such as clearcutting, site preparation and thinning, can

directly or indirectly affect plant diversity. Swindel et al. (1984) compared the data

collected before clearcutting/site-preparation and for 3 years following planting of slash

pine (Pinus elliottii Engeim.) in north Florida. They concluded that the initial response

to these forest operations (clearcutting and site-preparation) increased species diversity.

Moreover, species richness of the understory vegetation was found to be greater in

thinned stands than in unthinned Douglas-fir/western hemlock (Tsuga heterophylla

3
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(Raf.) Sarg.) stands which had regenerated naturally after timber harvest 40-70 years

before thinning in western Oregon (Bailey et al. 1998). In some ecological systems

logging and site preparation may increase species richness and diversity. For example,

three mechanical site preparation methods (V-blade, toothed brush rake, and disking)

were compared for their effects on species diversity in eastern Quebec (Jobidon 1990).

They reported that Shannon's index of plant species density and frequency diversity

both increased with the increase of intensity of soil-site preparation. Not only

management activities but also natural succession produce changes in plant species

diversity. A study compared the differences in vascular plant diversity and species

abundance among three age-classes: young (30-80 years old), mature (80-195 years old),

and old-growth (195-900 years old) Douglas-fir forests in western Oregon and

Washington (Spies 1991); species diversity and species percentage cover tended to

remain constant or increase slowly with age-class.

THE INFLUENCE OF HERBICIDES ON PLANT DIVERSITY

Weed control treatments result in changes in vegetation composition. Therefore,

the application of herbicide is expected to influence plant diversity. Compared to

agriculture, effects of herbicide use on plant species diversity in forest lands have

received little attention. Of the few studies conducted, reduced species richness has

been reported as a result of herbicide treatment (Tschirley 1969, Sagar 1974). However,

more recent studies suggest that plant diversity could be maintained or even increased

after herbicide treatments for either site preparation or release treatments (less than 3

years after planting) (Freedman et al. 1993, Horsley 1994, Boyd et al. 1995, Sullivan et

al. 1998, Boateng et al. 2000).

Spotted knapweed (Centaurea maculosa Lam.) has infested rangelands and forest

sites with open overstories in the Northern Rockies. A study conducted after 3 years of

herbicide treatment to control spotted knapweed suggested that plant diversity was

sustained and even enhanced in response (Rice et al. 1992). Because herbicides

suppress the growth of the competitively dominant spotted knapweed, resources are
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released to support growth of other plant species. Varied species may respond to the

resource release differently. Herbicide resistant species are able to respond during the

year of spraying. Herbicide-susceptible species respond in subsequent growing seasons

after herbicide residuals decline.

Boateng etal. (2000) reported that 10 and 12 years post-treatment, a single

glyphosate application for site preparation for reforestation can improve planted white

spruce (Picea glauca (Moench) Voss) performance without unfavorably affecting

vascular plant diversity. At the spot-sprayed site, no significant differences in plant

community structure or diversity were revealed after 12 years. At the broadcast-sprayed

site, dominance of tall shrubs later declined while structural diversity and richness of

herbs increased after 10 years. Sullivan et al. (1998) also pointed out the different

responses between herbaceous and shrub species. Herbaceous species diversity was not

affected but shrub species diversity was reduced by herbicide. Even 10-12 years after

treatment, improvement of spruce performance was still obvious.

The effect of herbicides on plant richness and diversity is influenced by various

factors, including the plant community, the type of herbicide used and also the period of

time after treatment. One study conduced in an abandoned agricultural field in Quebec,

Canada, showed that younger plant communities and mature communities react

differently to herbicide application (Tomkins and Grant 1977). The younger (open,

recently-disturbed) plant community was drastically simplified after treatment, but

recovery was rapid and complete. The mature (closed) community was also affected by

herbicides, and recovery was complete. However, the overall fluctuations were less

pronounced than in the recently-disturbed community Moreover, Figueroa (1988)

reported that herbicide treatment effects on vegetation in a newly established red alder

(Alnus rubra Bong.) plantation in Washington were significantly different among

herbicides and combinations. For example, clopyralid treatments either stimulated or

changed the vegetation structure resulting in the increase of grass cover.



DIVERSITY MEASURES

There are many approaches to the measurement of diversity. The approach should

be chosen based on the objectives of the research. There are two components of

diversity: species richness (the number of species) and species eveimess (how equally

abundant the species are) (Magurran 1988). The use of indices, which is based on the

proportional abundance of species, is a useful approach to understand the effect of

herbicides on plant community Different indices weigh two components of diversity

differently (Hill 1973). For example, species richness emphasizes the rarer species.

Simpson's index is weighted towards the most abundant species and in turn is sensitive

to the most common species. Therefore, Simpson's index is referred to as a "dominance

measure" (Magurran 1988). Another commonly used index, Shannon's index lays less

emphasis on rare species than species richness and on dominant species when compared

to Simpson's index (Magurran 1988). In this study, species richness and Shannon's

index are used. Both measures are commonly used in other herbicide effect studies and

Shannon's index is particularly useful in describing the trends of ecological changes

following management practices (Lewis et al. 1988).

THE EFFECT OF HERBICIDES ON NATIVE AND EXOTIC SPECIES

The influence of herbicides on the ecology of native versus exotic plants is another

important issue. Due to intentional and unintentional human activities, plants were

introduced to areas where they were previously unknown and became exotic weeds.

The spread of Old World weeds to the Americas is one of many examples of the

worldwide trend towards floristic convergence (Veblen 1975). In the study of

Schweizer and Zimdahl (1984a), most native weed species were noticeably susceptible

to atrazine. DiTomaso et al. (1997) reported that the initial effect of a single application

of herbicide is to reduce native plant species richness. Nevertheless, the recovery of

native plants was rapid and diversity exceeded that in untreated areas within 8 years of

application (DiTomaso et al. 1997). The success of native forb and grass species in

6



herbicide-treated areas appeared to be due to early suppression of otherwise dominant

shrubs. In contrast, another study on fescue prairie vegetation in Wyoming, USA

showed a decrease in frequency of cover of native plants in clopyralid treated areas

(Tyser et al. 1998). Tyser et al. (1998) also pointed out that species composition was

less diverse in sprayed areas and more dominated by exotic grasses than in unsprayed

areas. Morghan et al. (2003) had similar findings in a study of bunchgrass prairie in

California and suggested that frequent use of clopyralid may harm native plants.

VEGETATION REINVASION

After herbicide application has ceased, many plant species will reinvade the site.

Therefore, plant abundance and diversity will gradually increase after herbicide

application has ended. Long-term use of residual herbicides in crop production was

reported to decrease seed banks; however, only very few species were eliminated, and

no new species appeared (Roberts 1983). Nevertheless, because they do not affect all

species uniformly, herbicides can change the flora significantly (Cavers and Benoit

1989).

Plant species might reinvade from the seed bank (seed reservoir in soil), bud bank

(viable vegetative parts) as well as from the seed rain (new seeds disperse via wind or

animals; other seeds are present due to herbicide resistant species) (Schweizer and

Zimdahl 1984b). There are two basic strategies for weeds to be able to survive and

colonize (Roberts 1983). Some species perennate and spread by means of creeping roots,

rhizomes, runners or bulbils and they may produce seeds as well. Others (the annuals

and biennials) depend totally on seeds for survival and dispersion. Therefore, the soil

contains a population of viable seeds, which is significant, as it represents the potential

weed flora and the weed problems of the future. Consequently, to investigate and to

estimate seed numbers in the soil would help to understand the potential invasiveness of

plant species. Much research on the influence of herbicides on weed seed number has

been done for arable soils (Hurle 1974, Roberts and Neilson 1981, Schweizer and

Zimdahl 1984a, Schweizer and Zimdahl 1984b). However, research on weed seed

7



number in plantation forestry is scarce (Morash and Freedman 1998, Sem and Enright

1996).

LONG-TERM EFFECTS OF HERBICIDES ON BIODIVERSITY

The use of herbicides in silviculture increased greatly in the mid-1970s. Studies on

the long-term effects of herbicides are few. Most studies are focused on short-term (<10

years) influence of herbicides (May et al. 1982, Neary et al. 1990, Freedman et al. 1993,

Sullivan et al. 1998). At a landscape scale, the diversity of a forest ecosystem is not

limited to some managed stands or treated blocks, but to a general mosaic of the whole

system. Sullivan et al. (1998) suggested that if herbicide-treated habitats induce only

short-term reductions in the diversity of weedy plants and have little effect on other

species such as herbaceous plants and small mammals, then there should not be a long-

term negative effect on biological diversity at the landscape scale. Diversity may even

increase if different types of habitat are part of the overall landscape of mosaic habitats

(Sullivan et al. 1998). If appropriately designed and implemented on a landscape scale,

silvicultural practices (including herbicide application) may maintain or provide a

greater diversity of stand structures and wildlife habitats (Halpern and Spies 1995).

CONCLUSION

Because herbicides are designed for controlling plants, the plant community is

directly affected. Plant diversity, abundance and the composition of plant species will

change over time. The effect of herbicides on plant richness and diversity will likely be

influenced by the plant community, the type and amount of herbicide(s) and also the

period of time after herbicide application. Few herbicide studies have documented

decreased species diversity after herbicide treatments. In fact, several studies suggest

plant diversity could be maintained or even increased after herbicide application. The

mechanisms of regeneration are different among plant species. Plants may invade by

seed or vegetative reproduction. If properly designed and applied, weed control
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treatments may maintain or enhance the diversity of plant community, and in turn,

provide more diverse wildlife habitats.

DISSERTATION OBJECTIVES

The primary objective of this dissertation was to investigate the influence of weed

control on vegetation dynamics during the early years of Douglas-fir and other conifer

plantations. The weed control treatment of this study was designed based on the critical

period concept. The overall dissertation hypothesis was that increasing the duration of

weed control would decrease plant abundance, as well as species diversity. However,

vegetation would gradually recover as plants would reinvade the site through various

means once weed control stopped. As varied plant families are susceptive to herbicide

differently, the decrease in species diversity was hypothesized to be different among

families. Native species would recover sooner than exotic species.

In Chapter 2, I hypothesized that increasing the duration of weed control would

increase conifer growth, but decrease total vegetation cover and species diversity.

Chapter 3 was designed to examine the hypotheses that weed control would reduce

density and species diversity of the seed bank, seed rain, and bud bank. After weed

control was discontinued, species diversity and plant individuals produced from the

seed bank, seed rain and bud bank would increase yearly.
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ABSTRACT

This study was designed to evaluate changes in conifer growth, vegetation cover,

and plant species diversity after application of temporally-varied herbicide treatments

on Pacific Northwest reforestation sites based on the critical period concept. Conifer

size measurement and vegetation surveys were conducted for up to four years post-

treatment in four sites planted with four conifer species. During the study, increasing

volume, diameter, and height and decreasing height/diameter ratio for all conifer

species with increasing years of weed control indicated conifer seedling growth would

benefit from longer weed control. However, conifer survival did not differ by treatment.

Weed control caused up to a 90% decrease in total vegetation cover and relatively

little decrease in plant diversity (species richness and Shannon's index). However, total

cover and plant diversity were able to recover at different rates once herbicide

application stopped. The results of species richness of herbs, the dominant growth form,

were similar to those of total species richness. Shrub species richness usually did not

vary by treatment. The results suggested repeated herbicide application may be harmful

to some plant families (e.g. Rosaceae) and to native species. Therefore, forest managers

should make a minimum time period of repeated applications to reduce harming

noncrop species.

INTRODUCTION

Public concern about loss of biological diversity is rising, while the demands on

the world's forests are increasing. Outside of the tropics, the Pacific Northwest region

of the United States has the most controversial relationship between resource

management and the conservation of biological diversity. Critical review and

adjustment of existing forest management policies has increased in reponse to

increasing loss and fragmentation of old-growth ecosystems. Herbicides have been one

successful and effective tool in achieving reforestation objectives; however, concerns

about the impact on the environment and on non-timber resources have been raised

14
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(Wagner 1993). Studies of the effects of forest management, especially vegetation

management (or forest weed control), on plant species diversity are still too few.

Therefore, research is needed to understand the ecosystem impacts and responses

associated with vegetation management practices.

Although intensive silviculture can be applied at any time during the rotation,

conifer growth significantly benefits from treatments during the establishment stage

after harvesting or natural disturbances (Lautenschlager and Sullivan 2002). Early seral

plant species compete with conifer seedlings for resources (Radosevich et al. 1997).

However, the severity of competition experienced by conifers varies dependent on

competitor species and increases with greater numbers of competitors (Lautenschlager

1995, Wagner et al. 1999). Forest vegetation management treatments applied during the

establishment stage common in many managed forests aim to reduce the abundance of

non-conifer competition from pioneer species. After controlling competing vegetation,

conifer seedlings consistently gain in volume growth (Freedman et al. 1993,

Lautenschlager 1995, Wagner et al. 1999).

The major purpose of vegetation management is to modify the relative abundance

and composition of competing species to benefit crop trees. Although most vegetation

management treatments achieve this goal, the magnitude and direction of species

changes are varied and usually unpredictable (Miller et al. 1995). Due to increasing

concerns about maintaining biodiversity, improving crop tree growth and yield as the

only goal may not be sufficient in the future. Therefore, understanding the impacts of

vegetation management on plant species abundance and diversity over time is essential.

The critical period is defined as the time period when interspecific competition

occurs between weed and crop plants during crop development. This concept has been

identified as a key component of integrated weed management for agriculture and was

first developed for agricultural use in the late 1960s (Zimdahl 1988). The critical period,

in practice, is the period of time when weeds should be controlled in order to prevent

considerable loss in crop yield. This concept was recently applied to forestry with the

purpose of optimizing vegetation management strategies in forest plantations (Wagner

et al. 1995, Wagner et al. 1999). Research showed that stem volume index gains were
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related to increase duration of vegetation control, but differ among species (Wagner et

al. 1999). Due to different plant species compositions, various vegetation types have

different competitive effects on conifer growth. How fast-growing Pacific Northwest

conifer species and vegetation respond to multiple years of vegetation control and to

delayed vegetation control is unclear.

Vegetation changes are responsible for changes in other biotic components in

forests (Lautenschlager and Sullivan 2002). Depending on geographic location, plant

community type, herbicide type and combination, and also post-treatment period,

effects of herbicide treatments on the plant community may differ. Reduced species

richness has been reported as a result of herbicide treatment (Tschirley 1969, Sagar

1974, Blake et al. 1987). However, many recent studies suggest that plant diversity

could be maintained or even increased after herbicide treatments (Rice et al. 1992,

Freedman et al. 1993, Horsley 1994, Boyd et al. 1995, Rice et al. 1997, Sullivan et al.

1998, Boateng et al. 2000).

Lautenschlager and Sullivan (2002) summarized that non-conifer vegetation is

commonly diminished for two to five years following herbicide treatments, without

decreasing species richness and related diversity indices on treated sites. One

mechanism for such a trend was explored by Rice et al. (1992). Rice et al. (1992)

suggested that, because herbicides suppress the growth of competitively dominant

species (i.e. spotted knapweed, Centaurea maculosa Lam.), resources are released to

support growth of other plant species. In turn, plant diversity is sustained and even

enhanced. Species may respond to resource release differently. Herbicide resistant

species are able to respond during the year of spraying. Herbicide-susceptible species

respond in subsequent growing seasons after herbicide residues decline (Rice et al.

1992). Species are not completely eliminated after herbicide treatments for several

reasons. First, treatments are not designed to eradicate all competing vegetation but to

decrease the intensity of competition, and there are often "escapers" that survive in

some unintentionally unsprayed area (Lautenschlager and Sullivan, 2002). In some

cases, smaller stature plants survive when sheltered by taller vegetation (Lautenschlager
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1993). Moreover, minimum effective volumes of herbicide are applied, and some plants

survive this level of application (Lautenschlager and Sullivan 2002).

This study was designed to allow a better understanding of the influence of varied

timing and duration of weed control treatments, according to the critical period concept,

on plant communities of early succession on Pacific Northwest reforestation sites,

focusing on changes in composition and diversity of plant species. In a constant search

for improved management practices, this information is critical in identifying the

conditions allowing conifers to benefit most from treatments while minimizing

management interference to the ecosystem. We hypothesized that increasing the

duration of forest herbicide application (repeat application) would (i) increase the

growth of conifers, (ii) reduce total vegetation cover, and (iii) reduce the diversity (in

terms of species richness and the Shannon's index) of vegetation. In addition, we expect

herbicide applied in the initial years after planting would benefit conifer growth more

than later applications. Due to different resistance to herbicide among plant families, we

further expected diversity reduction after herbicide application within a plant family

would be different. However, once the herbicide application stops, the total vegetation

cover and plant diversity would gradually recover. Native species richness was

hypothesized to recover faster than exotic species richness.

In this study, both the total number of species (species richness) and Shannon's

index are used in order to evaluate the influence of weed control treatments on plant

diversity. Shannon's index is especially useful in describing the trends of ecological

change following management practices (Lewis et al. 1988). Its utility is most likely

attributable to its inclusion of both components of diversity: species richness and

evenness.

METHODS

Study Sites

Four different vegetation-climatic type sites were selected in western Oregon, USA,

such that they covered the range of varied habitat types (Figure 2.1). All sites are below



Figure 2.1. Map of four study sites in Oregon, USA.
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750 m elevation, within the elevation range that most private timber companies manage

in the Pacific Northwest. Site 1 (Starker site, 44° 37'02" N, 123° 34'20" W) is

approximately 40 km west of Corvallis in the central Coast Range, at an elevation of

250 m. The soil is deep to moderately deep, well drained barns, gravelly loams, and

silty clay barns formed in colluviurn weathered from sedimentary rock. Within the

general area, the mean annual precipitation ranges from 150 to 280 cm. The mean

annual air temperature is 8 to 11 °C and the frost-free period is 145 to 210 days. The

vegetation in this area typically invades quickly following disturbance and is primarily
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composed of sword fern (Polystichum munitum (Kaulfuss) K. Presl), sala! (Gaultheria

shallon Pursh), Oregon grape (Berberis nervosa (Pursh) Nutt.), Rubus L. sp., and a

robust herbaceous community. Pre-logging forests were dominated by Douglas-fir

(Pseudotsuga menziesii (Mirbel) Franco). The site was logged in spring 1999; rubber-

tire skidder yarding caused some soil compaction. Mechanical site preparation was

carried out by an excavator and the site was later sub-soiled using a winged subsoiler.

Site 2 (Sweet Home site, 440 28'32" N, 122° 43'16" W) is near Sweet Home, at an

elevation of about 200 m on the western slope of the Cascade Range. The soil in this

general area is deep, well drained, moderately well drained, or poorly drained and

composed of nearly level silty clay loams from recent alluvial deposits. The average

annual precipitation is around 100 to 150 cm. The average annual temperature is about

12 °C, and the frost-free period is 165 to 210 days. The vegetation composition can be

very variable and usually invades quickly. Typical colonizing species are sword fern,

salal, Oregon grape, and a variety of other small shrubs and trees. Prior to logging,

forests in this area were composed of dominant, 60 to7O- year-old Douglas-fir. Bitter

cherry (Prunus emarginata (Doug!. ex Hook.) D. Dietr.) and big!eaf maple (Acer

macrophyllum Pursh) were also present. Common understory species included sword

fern, salal and evergreen blackbeny (Rubus laciniatus Willd.).The site was harvested by

feller-buncher in March 2000. Due to concerns about compaction during harvest, the

site was subsoiled (ripped) using a one tooth tool attached to an excavator after

completion of excavator piling.

Site 3 (Seaside site, 45°56'14" N, 123°53'05" W at elevations of 170 to 210 m) is

near Seaside on the north Oregon coast in an area characterized by dense spruce-

hemlock forests. The soil is in the Skipanon-Templeton-Svensen complex and is a deep,

well drained gravelly silt loam, silt loam, and loam. The mean annual precipitation is

180 to 250 cm, the mean annual air temperature is 7 to 11 °C, and the frost-free period

varies from 100 to 245 days. This area typically has dense overstories. Over the first

year after harvest, invasion of competing vegetation is relatively slow. The plant

community that eventually invades is typically dominated by salmonberry (Rubus
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spectabilis Pursh), red alder (Alnus rubra Nutt.), sword fern and other herbaceous

species. Excavator piling was undertaken, but no sub-soiling treatments were applied.

The most southern site of this study, site 4, is the Roseburg site (42°51' N, 123°29'

W, at approximate 450 m elevation), near the town of Riddle, which typically has a

longer dry season in summer than the other three sites and is dominated by hardwood

evergreen plants including madrone (Arbutus menziesii Pursh), Ceanothus L. spp., and

manzanita (Arctostaphylos columbiana Piper). The soil is in the Pollard series. Like

most Pacific Northwest sites, herbaceous competition can also be severe. This site was

cable harvested with no compaction issues. Therefore, no subsequent subsoiling was

undertaken after excavator piling was completed. During burning of debris piles, fire

broadcasted between piles, burning off some of the duff layer.

Experimental Desi2n

This is a randomized block split-plot design with 8 treatments and 4 blocks

(replications) (except 3 blocks of grand fir and western red cedar at the Starker site)

(Table 2.1). Four common Pacific Northwest conifer species, Douglas-fir, grand fir

(Abies grandis (Dougl. ex D. Don) Lindl.), western red cedar (Thujaplicata Doim ex D.

Don), and western hemlock (Tsuga heterophylla (Raf.) Sarg.), were the conifers of

interest in this study. Starker site, containing all four conifer species, was installed first

in early February 2000. In early February 2001, three more sites (Sweet Home, Seaside,

and Roseburg) were installed and planted with only two conifer species at each site

(Table 2.1). The species of interest at the Sweet Home site were Douglas-fir and

western red cedar. At the Seaside site, Douglas-fir and western hemlock were chosen.

The Roseburg site was planted with Douglas-fir and grand fir.

Each treatment plot is 24 m x 24 m (0.0576 ha) in size and consists of 36 seedlings

(6 rows of 6 trees) planted on 3 m x 3 m spacing (Figure 2.2). All treatment plots were

surrounded by a row of buffer trees at the same spacing. A total of 1152 seedlings of

each species (864 seedlings of Grand fir and Western red cedar at the Starker site) were

planted at the start of the experiment. Plots were laid out as contiguously as possible,

but excluding wet areas.



Table 2.1. Number of blocks (replications) of each planted conifer species at the four
sites.

Figure 2.2. The arrangement of 36 seedlings in each plot.
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32 29 20 17 8 5 32 29 20 17 8 5
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Site Starker Sweet Home Seaside Roseburg
Installed year (first year) 2000 2001 2001 2001
Douglas-fir 4 4 4 4

Grandfir 3 0 0 4

Western hemlock 4 0 4 0

Western red cedar 3 4 0 0

Total blocks 14 8 8 8
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All plots received similar site preparation treatments in September 1999 (Starker

site) or 2000 (Sweet Home, Seaside, and Roseburg sites). It consisted of piling

excavator slash outside of the treatment areas. In order to plant conifer seedlings in a

strict grid pattern without causing extensive soil disturbance, most slash had to be

removed. Block boundaries and specific excavator routes were marked prior to piling.

In order to minimize compaction, the excavator stayed between the treatment plots and

within the center most 6 m of the buffer rows (Figure 2.2). While piling slash, the

excavator also pulled existing shrub clumps. The slash piled in the 6 m zone was burned

before planting. A follow-up herbicide treatment was applied, including controls, if any

potentially sprouting hardwoods (e.g., bigleaf maple, cottonweed, and madrone) were

found.

To limit the inherent variability associated with nursery seedling stock, all

treatment seedlings used were grown in the same greenhouse at the same nursery, Plum

Creek Nursery (Cottage Grove, Oregon). Seedlings were grown in Styroblock 60/250

ml containers (Beaver Plasitics, Edmonton, Alberta, Canada) with slow-release fertilizer

in the media. To further reduce variability, the same fertilizer was used for all seedlings.

Deer and elk browse is always a problem with this type of study. Any browse

damage will influence the assessment of both vegetation and seedlings. To reduce

confounding of results, protecting trees from browse damage was necessary in this

study. Therefore, all of the whole sites were fenced before planting. In addition, western

red cedar seedlings were protected from rodent damage with vexar tubing.

Vegetation Treatments

The weed control treatments were conducted beginning in 2000 (Starker site) and

2001 (other three sites) for a total of five years. There are 8 treatments evaluated (Table

2.2), including a control treatment (00000) with only site preparation treatment but

no release herbicide treatment; herbicide treatment in year 1 (T0000); year 1 and 2

(TT000); year 1 to 3 (TTTOO); 1 to 4 (TTTTO); and up to five consecutive years of

vegetation control (TTTTT). Plus, there are 2 delay treatments: a delay of one year

before treatment followed by 4 years of weed control (OTTTT) and
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Table 2.2. List of weed control treatments. T = herbicide treated and 0 = untreated for
each individual year. Treatment 1 (00000) is the control treatment.

a delay of 2 years before treatment followed by 3 years of weed control (OOTTT). This

study presents the results of the first 4 years of response at the Starker site and of the

first 3 years at the other three sites. By the end of the fourth year at the Starker site,

TTTTO and TTTTT received the same treatment so far. For the other 3 study sites,

TTTOO, TTTTO, and TTTTT had the same treatment at the end of the third year.

The herbicides and rates applied are listed in Table 2.3. In 2000 (1999 at the

Starker site), a site-preparation fall broadcast application of two commonly used soil

active herbicides, 0.15 1/ha sulfometuron (Oust®), and 37.5 mi/ha metsulfuron (Escort®)

was made at all sites. A third herbicide, 4.67 1/ha glyphosate (Accord®), was also used

at Sweet Home, Seaside, and Roseburg. Additional treatment with 2.5% imazapyr

(Chopper®) was included at the Sweet Home site to kill existing bigleaf maple. In 2001

(2000 at the Starker site), spring release herbicides, 1.82-2 kg/ha atrazine (Atrazine®)

and 0.5 8-0.73 i/ha clopyralid (Transline®) were applied. The same spring release

herbicides were applied on the following years based on treatment assignments. For

delay treatments (OTTTT and OOTTT treatments), the herbicide treatments were

delayed for one or two years. All vegetation control treatments were made by trained

applicators using a waving wand technique.

Operational control was aimed at a maximum of 25% competing cover at any point
in the growing season. Therefore, if greater than 25 % cover remained after

Year 1 2 3 4 5

Treatment

1 0 0 0 0 0
2 T 0 0 0 0
3 T T 0 0 0
4 T T T 0 0
5 T T T T 0
6 T T T T T
7 0 T T T T
8 0 0 T T T



Table 2.3. Herbicide treatment's timing and rate or concentration by site.

Site

Starker

Fall / spring Summer/fall Rate (broadcast application) or
release broadcast additional concentration (directed
application application application) and herbicide
October 1999 0.15 i/ha suifometuron,

37.5 mi/ha metsuifuron

March 2000

March 2001

March 2002

April 2003

Sweet Home September 2000

May 2003

1.82 kg/ha atrazine,
0.58 i/ha ciopyralid

October 2000 1.82 kg/ha atrazine,
4.67 i/ha glyphosate

1.82 kg/ha atrazine,
0.58 i/ha clopyralid

April 2001 15% triclopyr

June 2001 2% giyphosate

2 kg/ha atrazine,
0.58 i/ha clopyralid

September 2002 2% giyphosate

1.82 kg/ha atrazine,
0.58 1/ha ciopyralid

May 2003 12% triclopyr,
1.5% glyphosate

June 2003 1.5% glyphosate

0.15 1/ha suifometuron,
37.5 mi/ha metsulfuron,
4.67 1/ha giyphosate

September 2000 2.5% imazapyr

1.82 kg/ha atrazine,
0.58 i/ha clopyraiid

2 kg/ha atrazine,
0.58 i/ha clopyralid

September 2002 1.5% giyphosate

2 kg/ha atrazine,
0.58 i/ha clopyralid

24

Note: Herbicide products used: Oust® (sulfometuron), Escort® (metsulfuron), Atrazine®
(atrazine), Transline® (clopyraiid), Accord® (giyphosate), Garlon 4® (triclopyr), and
Chopper® (imazapyr).

March 2001

March 2002



Table 2.3. Herbicide treatment's timing and rate or concentration by site (Continued).

Site Fall / spring
release broadcast
application

Seaside Fall 2000

April 2001

April 2002

May 2003

Roseburg Fall 2000

April 2001

April 2002

Rate (broadcast application) or
concentration (directed
application) and herbicide
0.15 1/ha sulfometuron,
37.5 mi/ha metsulfuron,
4.67 1/ha glyphosate

1.82 kg/ha atrazine,
0.58 lIha clopyralid

2 kg/ha atrazine,
0.58 lIha clopyralid

October 2002 1.5% glyphosate,
0.5% clopyralid

2 kg/ha atrazine,
0.73 1/ha clopyralid

May 2003 1.75 1/ha glyphosate (spot spray)

June 2003 2 kg/ha atrazine,
1.75 1/ha glyphosate (spot spray)

0.15 1/ha sulfometuron,
37.5 mi/ha metsulfuron,
4.67 1/ha glyphosate

1.82 kg/ha atrazine,
0.58 1/ha clopyralid

September 2001 2% glyphosate

2 kg/ha atrazine,
0.58 1/ha clopyralid

2 kg/ha atrazine,
0.73 1/ha clopyralid

(sulfometuron), Escort® (metsulfuron), Atrazine®

Summer/fall
additional
application

(atrazine), Accord (glyphosate), and Trans1ine (clopyralid).

25

April 2003

Note: Herbicide produce used: Oust
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treatment or was expected to develop later in the season, then additional treatment was

applied. The goal was to achieve what is generally considered the maximum operational

vegetation control possible. When problematic species, such as trailing blackberry

(Rubus ursinus Cham. & Schlecht) or bracken fern (Pteridium aquilinum (L.) Kuhn),

developed within treated plots, directed application in the summer or fall was used to

reduce the problem. The products used in these fall applications varied according to the

species present. Products and rates were adjusted to target the species present (Table

2.3).

During this study, herbicide application was relatively ineffective at the Starker

and Sweet Home sites in 2002, at the Roseburg site in 2003, and somewhat less

effective at Seaside in 2002, when vegetation cover was over our target cover (25%).

Variables measured

Conifer Seedlings

Initial height and basal diameter of conifer seedlings were assessed within a few

weeks after planting. In August of each year (year 1-4 at the Starker site and year 1-3 at

the other 3 sites), survival and size (height and basal diameter) of all seedlings were

recorded.

Vegetation

Vegetation assessments were made once in late July at all sites. Each plot contains

6 permanent vegetation assessment microplots (seedling number 2, 5, 15, 18, 25, 28,

Figure 2.2). Each assessment microplot covers a radius of 1 m around a seedling. A

total of 24 circular microplots (6 sampling areas x 4 replications) or 18 circular

microplots (grand fir and western red cedar at the Starker site) were sampled for each

treatment. Total vegetation cover of each microplot was determined through year 4 at

the Starker site and from year 1 to 3 at the other 3 sites.

From 2001 to 2003, the list of vascular plant species at each microplot was

recorded at all 4 sites. In 2002 and 2003, a visual estimate of the projected percent cover
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in each microplot was made for each vascular plant species. For all species, cover

values were estimated to the nearest integer. Vascular plant taxonomy and nomenclature

follow Hitchcock and Cronquist (1973). If any plant could not be identified to species, a

specimen was taken outside the assessment areas and brought back for identification.

Some plants, however, especially grasses, were identified to genus or family only, due

to an absence of reproductive parts required for identification.

Derived Variables

Con?fer Growth

Stem volume ((basal diameter)2 x height x it/12) and height/diameter ratio were

calculated from height and basal diameter data for each conifer seedling through year 4

at the Starker site and from year 1 to 3 at the other 3 sites.

To examine changes in vegetation composition, all species recorded on the study

sites from 2001 to 2003 were assigned to different groups according to their growth

form, taxonomic family, or origin status.

Growth Form Strata

For growth form comparison, each vascular plant species was assigned to one of 5

growth formsfern, herb, tree, shrub, and vine, based on its growth form and potential

height at maturity. Woody species> 3 m at maturity were grouped as trees. Species

richness within each growth form for each microplot was generated.

Family Strata

Species were grouped into different taxonomic families according to Hitchcock

and Cronquist (1973). Species richness within each family in each microplot was

calculated.



Origin Status (Native or Exotic)

In order to understand the impact of weed control by herbicides on species with

different origin status, species were divided into two groups, native or exotic (USDA

2004). Species richness within each origin group was compared among treatments.

However, a few species which were not identified to species were excluded, as their

origin status was unknown.

Species Diversity

The vegetation assessment data generated were used for a quantitative analysis of

the species diversity of the vegetation community. Two diversity measures were utilized:

Species richness, the total number of species recorded per microplot, was determined

at each microplot from 2001 to 2003.

Shannon's index (H') (Shannon and Weaver 1949, Magurran 1988):

Shannon's index (H') = p1logp

where p, is the percentage of the coverage of the 1th species to the total coverage in a

sample area. Instead of using the proportion of individuals, the cover percentage was

used here. When looking at the competing vegetation, the coverage of each species is

more significant than the number of individuals, because individuals may vary

drastically in size Shannon's index was calculated in 2002 and 2003 at all sites.

Data Analysis

Data were analyzed independently by site. SAS software package (SAS Institute,

Inc., version 8.02, Caiy, NC, USA) was used for the analysis of all data. All analyses

were conducted using PROC MIXED. Tests for normality and constant variance were

performed, and transformations were made when necessary to meet analysis

assumptions. When significant differences were detected among means for any

parameter (p < 0.05 in F test), Tukey multiple comparison tests were used to determine

significant differences (a 0.05) among the treatments.
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Conifer Growth

Differences in seedling survival, height, stem diameter, stem volume, and

height/diameter ratio were tested independently for each conifer species using standard

analysis of variance procedures (ANOVA) for a split-plot design.

Vegetation

After it was determined that the differences in vegetation responses

between/among conifer species were mostly insignificant at all sites (except total cover

at Roseburg in 2003, and exotic species richness at Seaside in 2002, p < 0.05),

vegetation data from different conifer species blocks were pooled together by site. Total

cover, total species richness, Shannon's index, and species richness within different

growth forms, families and origin groups of the 6 circular microplots were averaged for

each treatment plot. Plot means for total cover, total species richness, and Shannon's

index for each year were assessed using standard analysis of variance procedures

(ANOVA) for differences among treatments. Plot means for species richness within

different common families and origin status were also compared independently among

the treatments using ANOVA. Species richness of ferns, herbs, shrubs, trees and vines

were analyzed for treatment effects.

The species diversity and vegetation composition changes over time were also

evaluated with a repeated measures analysis of variance (RMANOVA). Plot means of

total cover were analyzed from years 1 through 4 at the Starker site and through year 3

at the other 3 sites for treatment effects. Plot means for total species richness as well as

species richness within each growth form, family, and origin status from 2001 to 2003

at 4 sites were assessed for differences by treatment. Treatment effects on Shannon's

index were analyzed over time (2002-2003) at all sites.

29



RESULTS

Overall Results Across Sites

Increasing years of weed control tended to increase volume, diameter, and height

and decrease height/diameter ratio for all conifer species, although height was relatively

less responsive than other variables (Figures 2.3-2.6, 2.8-2.9, 2.12-2.13, 2.14, and 2.15).

Conifer survival was generally unaffected by herbicide, although survival of western

red cedar at the Sweet Home and two species at the Roseburg site was somewhat

improved by weed control (Figures 2.7, 2.10, 2.13, and 2.16).

Herbicide application provided successful control of total vegetation cover

(Figures 2.17-2.20), the most responsive variable to vegetation treatment. However,

total cover reduction caused by herbicide varied by site and by year. Within unsprayed

treatments, the more years without weed control in previous years, the higher the total

cover, except at the Roseburg site. When weed control was discontinued, total cover

tended to recover steadily and reached 80% in the third year post weed control.

Total species richness was also impacted by weed control, but the impact may not

be significant every year at all sites (Tables 2.4, 2.6-2.8). In most cases, species richness

was higher with fewer years of herbicide application. As the majority of plant species

recorded were herbaceous, the results of herbaceous species richness were similar to the

results of total species richness. Shrub species were less affected by weed control,

although unsprayed treatments were likely to have higher shrub species richness. Fewer

fern, tree, and vine species were encountered overall than herbaceous and shrub species.

Weed control usually did not result in differences in fern, tree, and vine species richness,

although the control treatment sometimes had higher species richness within these

growth forms.

Asteraceae was the most common family at all four sites. Herbicide application

was able to control Asteraceae species richness effectively (Tables 2.4, 2.6-2.8). The

highest Asteraceae species richness was usually recorded in the treatments which were

not sprayed either the first year or the second year. This same trend of Onagraceae

species richness was found at the Starker and Sweet Home sites. Rosaceae species
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richness results were varied by site and by year. The influence of weed control on

Leguminosae species richness was not significant in most cases.

About 60 to 70 % of the plant species identified were native at each site. Both

native and exotic species richness tended to be higher in unsprayed treatments than in

sprayed ones (Tables 2.4, 2.6-2.8). In some cases, herbicide application enhanced

exotic species richness 1 or 2 years after spray. Moreover, repeated herbicide

application decreased the difference between native and exotic species richness. By the

end of 3 consecutive herbicide application years (or 4 years at the Starker site), exotic

species richness was almost as high as, or even higher than, native species richness.

Shannon's index was compared among treatments in 2002 and 2003 (Table 2.5).

Although Shannon's index tended to be lower for sprayed treatments, the differences

between sprayed and unsprayed treatments were less in 2002 than in 2003 at 3 of the 4

sites. Shannon's index did not increase with increasing years since herbicide application

was stopped, except at the Seaside site.

Conifer Growth Results by Site

Starker site

By the end of the fourth year, treatments with more years of weed control tended to

have significantly higher volume, diameter, and height of conifer seedlings for all

species (p < 0.05) (Figures 2.3-2.6), except that there was no difference among

treatments in the height of western red cedar (Figure 2.5). Volume, the most responsive

variable to weed control, in treatments with 4 or 5 years of continuous application

(TTTTO and TTTTT) yielded 200% to 800% increases over the control treatment.

Diameter in the control treatment was about half of the treatments with continuous

application every year for all species. When compared to the control treatment,

herbicide application in the first year only (T0000) did not improve volume, diameter,

and height in any species (Figures 2.3-2.6), except the height of grand fir seedlings in

T0000 was higher than in the control treatment (p < 0.05) (Figure 2.4). The 2-year
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Figure 2.3. Volume, diameter, height and height/diameter ratio means for Douglas-fir
seedlings across the initial 4 years of the study at the Starker site. 0 year indicates time
of planting.
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Figure 2.4. Volume, diameter, height and height/diameter ratio means for grand fir
seedlings across the initial 4 years of the study at the Starker site. 0 year indicates time
of planting.
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Figure 2.5. Volume, diameter, height and height/diameter ratio means for western red
cedar seedlings across the initial 4 years of the study at the Starker site. 0 year indicates
time of planting.
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Figure 2.6. Volume, diameter, height and height/diameter ratio means for western
hemlock seedlings across the initial 4 years of the study at the Starker site. 0 year
indicates time of planting.
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delay treatment (OOTTT) did not result in significantly more volume than the 2-year

non-delay treatment (TT000) for all conifer species. The control treatment and

T0000 had the highest height/diameter ratio among all the treatments for all species

(Figures 2.3-2.6). The seedling survival was high (>74%), and weed control did not

improve survival in the fourth-year for any conifer species (p> 0.05) (Figure 2.7).
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Figure 2.7. Treatment means for conifer seedling survival (%) by species at the Starker
site in the fourth year. Within all species, treatment p-values are > 0.05.
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Sweet Home site

Volume, diameter, and height for both Douglas-fir and western red cedar tended to

increase with more consecutive years of weed control by the end of the third year

(Figures 2.8-2.9). Volume in treatments with 3 and more consecutive years of

vegetation control increased by about 5 and 16 times for Douglas-fir and western red

cedar, respectively, relative to plots of the control treatment. Diameter gained 100% and

170% for Douglas-fir and western red cedar when herbicide was applied every year.

However, the results of volume, diameter, and height for the control treatment and one-

year spray treatments until year 3 (T0000 and OOTTT) were usually similar (Figures

2.8-2.9). The control treatment and T0000 had the highest height/diameter ratio

among treatments for both conifer species (Figures 2.8-2.9). Weed control during the

first two years greatly reduced mortality in western red cedar, against the 50% survival

in the control treatment (Figure 2.10). Weed control did not influence the survival of

Douglas-fir.
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Figure 2.8. Volume, diameter, height, and height/diameter ratio means for Douglas-fir
seedlings across the initial 3 years of the study at the Sweet Home site. 0 year indicates
time of planting.

c)
E0
C)

E

0>

460

0

ic .75
60 0I 60
60 I

40

E30
E

0

38

0 2 3 0 2 3

Yea- nce IRatir



Figure 2.9. Volume, diameter, height, and height/diameter ratio means for western red
cedar seedlings across the initial 3 years of the study at the Sweet Home site. 0 year
indicates time of planting.
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Figure 2.10. Treatment means for conifer seedling survival (%) by species at the Sweet
Home site in the third year. Means labeled with different letters within a species
indicate a Tukey-adjusted difference between treatments.
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Seaside site

For Douglas-fir, the control treatment had the lowest volume and diameter but the

highest height/diameter ratio among treatments in year 3, despite the fact that height

was not affected by herbicide application (Figure 2.11). By the end of the third year,

hemlock growth (higher volume, diameter, height, and height diameter ratio) did not

differ among treatments (Figure 2.12). Survival for both species was not varied among

treatments, while survival for Douglas-fir (over 95%) was higher than for western

hemlock (between 72 and 82%) (Figure 2.13).

Figure 2.11. Volume, diameter, height, and height/diameter ratio means for Douglas-fir
seedlings across the initial 3 years of the study at the Seaside site. 0 year indicates time
of planting.
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Figure 2.12. Volume, diameter, height, and height/diameter ratio means for western
hemlock seedlings across the initial 3 years of the study at the Seaside site. 0 year
indicates time of planting.
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Figure 2.13. Treatment means for conifer seedling survival (%) by species at the
Seaside site in the third year. Within both species, treatment p-values are > 0.05.
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Roseburg site

By the end of the third year for Douglas-fir, treatments with 2 and more years of

herbicide application (TTTTT, TTTTO, TTTOO, TT000, and OTTTT) had higher

volume (increase 220% - 330%), diameter (increase 66 to 88%), and height (increase 20

to 40%) but lower height/diameter ratio (decrease over 20%) than the control treatment,

while treatments with 1year spray until year 3 (T0000 and OOTTT) were

intermediate (Figure 2.14). For grand fir, the control treatment and T0000 had the

lowest volume, diameter, and height, but the highest height/diameter ratio among

treatments (Figure 2.15). For both species, survival in the control treatment and OOTTT

was under 40% and tended to be lower than other treatments (Figure 2.16).

Figure 2.14. Volume, diameter, height, and height/diameter ratio means for Douglas-fir
seedlings across the initial 3 years of the study at the Roseburg. 0 year indicates time of
planting.
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Figure 2.15. Volume, diameter, height, and heightldiameter ratio means for grand fir
seedlings across the initial 3 years of the study at the Roseburg. 0 year indicates time of
planting.
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Figure 2.16. Treatment means for conifer seedling survival (%) by species at the
Roseburg site in the third year. Means labeled with different letters within a species
indicate a Tukey-adjusted difference between treatments.
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Vegetation Results by Site

Starker site

Total cover

Herbicide application resulted in a significant decrease in total vegetation cover

from year 1 to year 4 at the Starker site (Figure 2.17). In all four years, total cover in

unsprayed treatments was significantly higher than in treatments sprayed within the

same year. Average total cover of sprayed plots was kept under 10%, except total cover

ranged between 35% and 41% in 2002 when herbicide application was relatively

ineffective. Among unsprayed treatments from year 2 to 4, treatments with fewer years

of weed control tended to have greater total cover. For example, in 2003 00000 total

cover was higher than TT000 (p = 0.002); TT000 total cover was higher than

TTTOO (p 0.02).

Once herbicide application ended, total cover gradually recovered. Mean cover in

the control treatment increased yearly from 29% in year 1, reaching 97% in year 4. The

same trend was observed for T0000 from year 2 to year 4 and for TT000 from year

3 to year 4.

Species richness

A total of 110 species belonging to 37 families were recorded at the Starker site in

July from year 2 through 4. Total number of species observed in year 3 and 4 (89 and

91 species) was higher than in year 2 (68 species) (Table 2.4). In all three years, species

richness in unsprayed treatments was higher than sprayed ones within the same year (p

<0.015). Although herbicide application effectively decreased species richness, the

reduction differed by year. Like the results of total cover in 2002, species richness in

sprayed treatments was higher in 2002 than in the other 2 years. Among unsprayed

treatments in 2002 and 2003, the control treatment had greater species richness than

treatments with 2 or more years of weed control in the years prior to sampling. More
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Figure 2.17. Mean percentage total cover by vegetation treatment and standard error
(SE) for the Starker site. Within years, all treatmentp-values are less than 0.0001.
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Table 2.4. Treatment means for total species richness and species richness subdivided into growth form, family, and origin status at
the Starker site. The first year of treatment was 2000.

Some species which were not able to be identified to species may not be included in subgroups.
ftTotal species from all treatments.

Year and Vegetation Treatment SE p -value Totalif
species richnesst 00000 OOTTT OTTTT T0000 TT000 TTTOO TTTTO TTTTT

2001
Total species
richness 10.21 10.82 4.11 9.61 3.73 3.49 3.89 3.42 0.52 <0.0001 68
Growth form

Fern 0.54 0.71 0.56 0.57 0.38 0.55 0.57 0.50 0.09 0.3620 2

Herb 6.75 7.08 1.73 6.44 1.68 1.25 1.73 1.19 0.36 <0.0001 46
Shrub 1.80 1.79 1.42 1.73 1.18 1.40 1.19 1.40 0.15 0.0028 16

Tree 0.39 0.39 0.18 0.30 0.27 0.20 0.27 0.21 0.06 0.0603 3

Vine 0.42 0.35 0.11 0.24 0.07 0.01 0.08 0.06 0.05 <0.0001 1

Family
Asteraceae 2.71 3.10 0.70 3.21 0.60 0.35 0.61 0.36 0.18 <0.0001 15

Leguminosae 0.42 0.35 0.11 0.24 0.07 0.01 0.08 0.06 0.05 <0.0001 1

Liliaceae 0.02 0.07 0.06 0.04 0.02 0.05 0.12 0 0 0.1544 3

Onagraceae 0.17 0.10 0.01 0.31 0.04 0.04 0.08 0.01 0.05 0.0003 2

Rosaceae 1.45 1.49 1.00 1.01 0.80 0.81 0.79 0.88 0.12 <0.0001 9

Rubiaceae 0.21 0.20 0.10 0.51 0.13 0.14 0.12 0.14 0.05 <0.0001 1

Scrophulariaceae 0.74 0.80 0.02 0.36 0.05 0.02 0.05 0.04 0.05 <0.0001 2

Origin status
Native 5.12 5.29 2.96 4.95 2.54 2.77 2.85 2.56 0.36 <0.0001 43
Exotic 3.46 3.77 0.76 3.46 0.69 0.45 0.68 0.54 0.20 <0.0001 23



Table 2.4. Treatment means for total species richness and species richness subdivided into growth form, family, and origin status at
the Starker site (Continued). The first year of treatment was 2000.

¶ Some species which were not able to be identified to species may not be included in subgroups.
ttTotal species from all treatments.

Year and Vegetation Treatment SE p -value Totaltt
species richnesst 00000 OOTTT OTTTT T0000 TT000 TTTOO TTTTO TTTTT

2002
Total species
richness 11.08 7.79 7.57 10.92 9.17 6.25 7.12 6.79 0.45 <0.0001 89

Growth form
Fern 0.55 0.52 0.54 0.61 0.32 0.54 0.55 0.45 0.08 0.2641 2

Herb 6.68 3.86 4.02 6.92 6.79 3.42 4.10 3.74 0.33 <0.0001 64

Shrub 2.87 2.86 2.43 2.56 1.44 1.89 1.85 2 0.18 <0.0001 18

Tree 0.57 0.31 0.38 0.51 0.36 0.32 0.44 0.48 0.07 0.0377 4
Vine 0.20 0.12 0.04 0.13 0.02 0.01 0.05 0.01 0.03 <0.0001 1

Family
Asteraceae 2.60 1.45 1.39 3.31 3.96 1.83 2.20 2.10 0.22 <0.0001 26

Leguminosae 0.60 0.44 0.12 0.43 0.17 0.05 0.14 0.06 0.06 <0.0001 4

Liliaceae 0.02 0.02 0.02 0.04 0.01 0 0.02 0.02 0.02 0.8512 3

Onagraceae 0.75 0.04 0.12 1.06 1.04 0.07 0.15 0.14 0.08 <0.0001 3

Rosaceae 2.33 2.26 1.92 1.55 0.88 1.21 1.26 1.44 0.14 <0.0001 11

Rubiaceae 0.14 0.27 0.36 0.23 0.10 0.26 0.30 0.29 0.07 0.0776 3

Scrophulariaceae 0.94 0.29 0.14 0.44 0.17 0.07 0.21 0.12 0.07 <0.0001 2

Origin status
Native 6.64 5.11 4.96 6.45 4.43 3.80 4.12 4.06 0.34 <0.0001 59
Exotic 3.50 2.08 2.00 3.62 4.06 2.10 2.46 2.31 0.20 <0.0001 28



Table 2.4. Treatment means for total species richness and species richness subdivided into growth form, family, and origin status at
the Starker site (Continued). The first year of treatment was 2000.

Some species which were not able to be identified to species may not be included in subgroups.
ttTotal species from all treatments.

Year and Vegetation Treatment SE p -value Totaiff
species richnesst 00000 OOTTT OTTTT T0000 TT000 TTTOO TTTTO TTTTT

2003
Total species
richness 12.24 1.30 1.39 10.38 10.12 9.04 1.05 1.06 0.47 <0.0001 91
Growth fomi

Fern 0.54 0.14 0.10 0.51 0.27 0.46 0.12 0.12 0.07 <0.0001 2
Herb 7.26 0.38 0.77 6.36 7.64 6.57 0.60 0.60 0.37 <0.0001 64
Shrub 3.05 0.58 0.48 2.32 1.37 1.98 0.27 0.33 0.13 <0.0001 17

Tree 0.58 006 0 0.50 0.30 0.42 0 0 0 <0.0001 4
Vine 0.52 0.11 0.04 0.49 0.27 0.07 0.06 0 0 <0.0001 3

Family
Asteraceae 2.60 0.12 0.37 2.56 3.38 3.24 0.32 0.29 0.18 <0.0001 22
Leguminosae 0.60 0.11 0.04 0.56 0.32 0.10 0.06 0 0 <0.0001 5

Liliaceae 0 0.02 0.01 0.04 0 0.02 0.02 0 0 0.3898 3

Onagraceae 0.60 0 0 0.67 1.33 1.02 0 0 0 <0.0001 3

Rosaceae 2.71 0.30 0.26 1.64 1.06 1.50 0.12 0.11 0.11 <0.0001 9

Rubiaceae 0.25 0 0 0.18 0.02 0.07 0 0 0 <0.0001 3

Scrophulariaceae 0.83 0.02 0 0.54 0.43 0.10 0 0 0 <0.0001 3

Origin status
Native 6.98 0.90 0.69 5.94 4.64 4.80 0.48 0.55 0.34 <0.0001 60
Exotic 3.82 0.25 0.57 3.19 4.19 4.11 0.46 0.44 0.22 <0.0001 28
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specifically, 00000 had higher species richness than TT000 in 2002 (p = 0.028),

and higher species richness than TT000 (p < 0.0001) and TTTOO (p = 0.017) in 2003.

Species richness increased yearly in the control treatment from 2001 to 2003, but the

same trend was not seen in the T0000 treatment.

Growth form strata

Over 90% of the species at this site were herbs (82 species) or shrubs (19 species).

For all 3 years, herbaceous species richness in sprayed treatments was significantly

reduced compared with unsprayed ones (p < 0.000 1) (Table 2.4). The difference

between sprayed and unsprayed treatments was least in 2002 due to less successful

herbaceous species control at sprayed plots. The treatments with the highest herbaceous

species richness each year were always those untreated with herbicide for 2 years (i.e.

00000 and OOTTT in 2001, T0000 in 2002, TT000 in 2003). Herbaceous species

richness for the control treatment did not increase yearly.

In year 2 (2001), mean shrub species richness is between 1 and 2 for all treatments.

Unsprayed treatments tended to have greater shrub species richness than in sprayed

treatments, but differences were not significant in all pairwise comparisons. In year 3,

those treatments without weed control for 2 or more years previous (i.e. 00000,

OOTTT, and T0000) had somewhat higher shrub species richness, while TT000 had

the lowest richness. Shrub species richness in sprayed treatments in year 4 was reduced

to less than 1 and was significantly lower than unsprayed treatments (p 0.0021). Shrub

species richness in the control treatment increased yearly from 2001 to 2003, but shrub

species richness did not increase yearly in T0000 treatment.

Average species richness of ferns, trees and vines species was less than 1 at all

treatments in any year. Tree species richness did not vary significantly with treatments

in year 2001 and 2002 (p>0.06). Nevertheless, in 2003 tree species richness in

unsprayed treatments was significantly higher than in sprayed ones (p 0.013), as tree

species were absent in most sprayed areas. Mean tree species richness in the control

treatment, as well as in the T0000 treatment, increased yearly from year 2 to year 4,

when there were 3 consecutive years without weed control. Vine species richness
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tended to be higher in treatments with fewer years of weed control. The control

treatment always had the most vine species. Fern species richness was unaffected by

vegetation treatments in year 2 and 3. However, in year 4, unsprayed treatments tended

to have higher fern species richness.

Family strata

Seven relatively common families were chosen for treatment comparisons from

year 2 to 4 (Table 2.4). Asteraceae with a total of 28 species recorded was the most

common family at the Starker site. Asteraceae species richness was significantly greater

in unsprayed treatments than sprayed ones (p 0.0036) in all 3 years, except that

00000 was not different from TTTOO in 2002 (p = 0.077). The highest Asteraceae

species richness was not seen in the control treatment, but in the treatments without

weed control in the first or second year.

Rosaceae was the second most common family, with 11 species identified. In year

2 and 3, Rosaceae species richness in treatments not sprayed for the first 2 years was

significantly higher than those treatments sprayed in both years (p 0.01). Therefore,

herbicide application in year 3 did not influence Rosaceae species richness that year.

However, in year 4, herbicide spray significantly reduced Rosaceae species richness (p

<0.0001). Moreover, within unsprayed treatments in year 4, the control treatment had

more Rosaceae species than other treatments (p < 0.000 1). Once herbicide application

was stopped, Rosaceae species richness increased gradually every year.

Seven Leguminosae species were recorded during this study. Herbicide did not

affect Leguminosae species richness in the year it was applied; however, the duration of

weed control in previous years did. The fewest years of herbicide spray, the greater the

Leguminosae species richness was. Therefore, the control treatment had the highest

Leguminosae species richness in each year.

Only 3 species were recorded of Liliaceae, Onagraceae, Rubiaceae, and

Scrophulariaceae. Liliaceae species richness was not changed by vegetation treatments

from year 2 to 4 (p > 0.15). Onagraceae species richness was significantly reduced in

sprayed treatments in year 3 and 4 (p < 0.0001). The same tendency was found in year 2.
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The highest Onagraceae species richness was seen in the treatments that with either the

first or second year without weed control, followed by the control treatment. Within

Rubiaceae, unsprayed treatments tended to have higher species richness than sprayed

ones, although no significant differences were detected in year 3 (p = 0.078).

Scrophulariaceae species richness in sprayed treatments was lower than in

unsprayed ones in year 2 (p 0.0014). Within unsprayed treatments, treatments without

weed control in both year 1 and 2 had higher Scrophulariaceae species richness than

T0000 (p < 0.000 1). In year 3, herbicide application did not successfully reduce

Scrophulariaceae species richness, although treatments without weed control in both

year 2 and 3 (00000 and T0000) had higher species richness than others. In year 4,

herbicide was likely to reduce Scrophulariaceae species richness. Within treatments not

sprayed in year 4, treatments with a greater number of years of weed control tended to

have lower Scrophulariaceae species richness. Of treatments not sprayed in year 4,

TTTOO, first year not sprayed, had lower Scrophulariaceae species richness (p

0.015). In addition, Scrophulariaceae species richness in the control treatment was

higher than in TT000 (p = 0.00 12).

Origin strata

About two-thirds of the plants documented at the Starker site were native species

(72 species). In year 2 and 4, native species richness in sprayed treatments was lower

than unsprayed ones (p <O.0015,p < 0.0001) (Table 2.4). However, in year 3, herbicide

application in the previous year had more influence on native species richness than

herbicides applied in the same year. Therefore, in year 3, treatments sprayed in year 2

tended to have more native species than treatments not sprayed in year 2. In year 4, the

difference between sprayed and unsprayed treatments increased because native species

were further depressed by herbicide application. Within unsprayed treatments in year 4,

decreasing weed control duration tended to increase native species richness.

Thirty-five exotic species were encountered in 3 years. Exotic species richness in

unsprayed treatments was significantly higher than in sprayed ones in year 2, 3, and 4 (p

<O.001,p 0.015, andp < 0.001, respectively). In year 3 and 4, the exotic species
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richness was highest in the treatments without weed control the first or second year,

followed by the control treatment.

The number of both native and exotic species in sprayed treatments in year 3 was

higher than in year 2 and 4. The difference between native and exotic species richness

tended to decrease with increasing years of spray. By the end of the fourth year in

TTTTO and TTTTT, exotic species richness was almost as high as native species

richness.

Shannon 's index

In year 3, Shannon's index did not vary significantly with treatments, except that

T0000 was higher than TTTOO (p = 0.026) (Table 2.5). In year 4, Shannon's index in

sprayed treatments was greatly reduced to under 0.1. As a result, unsprayed treatments

had higher Shannon's index than sprayed ones (p < 0.0001). Herbicide application in

the previous 3 years did not clearly influence the results in the fourth year.



Table 2.5. Treatment means for Shannon's index (H') for each site and sampling year. The first year of treatment was 2000 at the
Starker site, and 2001 at other three sites.

Site &
Year 00000 OOTTT OTTTT

Vegetation Treatment
T0000 TT000 TTTOO TTTTO TTTTT

SE p-value

Starker
2002 0.81 0.71 0.70 0.84 0.72 0.57 0.71 0.65 0.05 0.0005
2003 0.76 0.09 0.09 0.69 0.68 0.63 0.06 0.05 0.03 <0.0001

Sweet Home
2002 0.90 0.87 0.82 0.94 0.72 0.73 0.73 0.81 0.03 <0.0001
2003 0.85 0.31 0.33 0.84 0.70 0.25 0.34 0.31 0.04 <0.0001

Seaside
2002 0.66 0.67 0.60 0.56 0.36 0.27 0.36 0.36 0.05 <0.0001
2003 0.72 0.23 0.26 0.60 0.51 0.06 0.14 0.09 0.04 <0.0001

Roseburg
2002 0.74 0.75 0.68 0.79 0.55 0.56 0.60 0.62 0.04 0.0001

2003 0.73 0.59 0.48 0.77 0.68 0.47 0.51 0.45 0.04 <0.0001



Sweet Home site

Total cover

Vegetation cover differed significantly, as expected, between sprayed and

unsprayed treatments in all three years (p < O.0001,p 0.0015, andp < 0.0001,

respectively) (Figure 2.18). However, total cover reduction caused by herbicide varied

by years. In year 1, the mean cover was 66% in unsprayed plots and 19% in sprayed

plots. In year 2 (2002), herbicide application was relatively ineffective, as mean total

cover in sprayed treatments (OTTTT, TT000, TTTOO, TTTTO, and TTTTT) were

over 40%. In the third year, mean total cover in sprayed treatments was controlled to

below 7%.
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Figure 2.18. Mean percentage total cover by vegetation treatment and standard error
(SE) for the Sweet Home site. Within years, all treatmentp-values are less than 0.0001.
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As at the Starker site, total cover recovered gradually after herbicide application

stopped. Mean total cover in the control treatment increased yearly from 67% in year 1

to 87% in year 3. A similar trend was observed for the T0000 treatment from year 2

to year 3. Moreover, within treatments not sprayed in year 3, the more years without

herbicide application, the more total cover was observed. However, no significant

differences were found among treatments sprayed in year 3, regardless of previous

treatments (p> 0.5).

Species richness

A total of 113 species belonging to 39 families were identified at the Sweet Home

site in 3 years of sampling. During the first 2 years, species richness in unsprayed
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treatments tended to be higher than in sprayed treatments, but differences were not

significant in all pairwise comparisons (Table 2.6). However, in year 3, differences in

species riclmess between sprayed treatments and unsprayed treatments became larger (p

<0.0001). In this year, species richness in sprayed treatments was significantly reduced

to about 3, while the average in the control treatment increased to 14. Moreover, species

richness increased with increasing years of weed control in treatments not sprayed in

year 3. Species richness in the control treatment did not increase each year.

Growth form strata

The majority of plants recorded through the 3 years of study were herbs (80

species) and shrubs (18 species). Herbicide successfully reduced herbaceous species

richness in the first and third years (p < 0.007 andp < 0.0001, respectively) (Table 2.6).

A similar trend was observed in year 2, but differences between sprayed and unsprayed

treatments declined. The difference between sprayed and unsprayed treatments was

most obvious in year 3. Among unsprayed treatments in year 3, mean herbaceous

species richness in the control treatment was significantly higher than in treatments with

1 or 2 years weed control (T0000 and TT000) (p <0.0001). The control treatment

had the highest herbaceous species richness (from 7.9 to 9.58 species/microplot) each

year, but richness did not increase over time.



Table 2.6. Treatment means for total species richness and species richness subdivided into growth form, family, and origin status at
the Sweet Home site. The first year of treatment was 2001.

t Some species which were not able to be identified to species may not be included in subgroups.
ifTotal species from all treatments.

Year and Vegetation Treatment SE p-value Totalif
species richnesst 00000 OOTTT OTTTT T0000 TT000 TTTOO TTTTO TTTTT
2001
Total species
richness 11.69 10.52 11.08 8.81 8.79 8.00 8.35 8.77 0.59 <0.0001 75
Growth form

Fern 0.81 0.69 0.73 0.65 0.50 0.50 0.56 0.60 0.09 0.1485 2

Herb 8.13 7.85 8.17 5.04 5.58 4.67 4.96 5.31 0.41 <0.0001 52
Shrub 2.40 1.69 1.96 2.58 2.19 2.33 2.33 2.42 0.21 0.0788 17

Tree 0.21 0.23 0.13 0.42 0.35 0.38 0.42 0.33 0.08 0.1132 2
Vine 0.15 0.06 0.10 0.10 0.17 0.13 0.08 0.10 0.04 0.7104 2

Family
Asteraceae 3.94 3.73 3.77 1.35 1.83 1.42 1.71 1.69 0.22 <0.0001 19

Caprfoliaceae 0.23 0.04 0.23 0.13 0.04 0.13 0.15 0.19 0.06 0.9520 3

Geraniaceae 0.13 0.00 0.06 0.15 0.17 0.06 0.08 0.04 0.05 0.2281 1

Leguminosae 0.17 0.08 0.10 0.10 0.17 0.13 0.08 0.10 0.04 0.7245 2

Onagraceae 0.71 0.98 0.98 0.21 0.10 0.15 0.17 0.13 0.08 <0.0001 2

Rosaceae 1.33 0.94 0.77 1.25 1.08 1.15 1.04 1.17 0.14 0.1758 9
Rubiaceae 0.21 0.19 0.29 0.75 0.65 0.71 0.67 0.71 0.07 <0.0001 2

Origin status
Native 6.31 5.88 6.35 6.88 6.33 6.08 6.35 6.58 0.38 0.7325 48
Exotic 4.65 3.83 4.04 1.60 2.15 1.63 1.85 1.96 0.24 <0.0001 25



Table 2.6. Treatment means for total species richness and species richness subdivided into growth form, family, and origin status at
the Sweet Home site (Continued). The first year of treatment was 2001.

t Some species which were not able to be identified to species may not be included in subgroups.
ftTotal species from all treatments.

Year and
species richnesst 00000 O0TTT OTTTT

Vegetation Treatment
T0000 TT000 TTTOO TTTTO

SE
TTTTT

p-value Totaltt

2002
Total species
richness 10.65 10.15 8.67 9.77 7.15 7.08 6.56 7.90 0.47 <0.0001 87
Growth form

Fern 0.42 0.46 0.35 0.27 0.19 0.17 0.19 0.17 0.07 0.0131 2
Herb 7.90 7.38 6.46 6.83 5.35 5.50 4.85 6.40 0.34 <0.0001 63
Shrub 1.96 1.88 1.73 2.42 1.40 1.25 1.38 1.19 0.17 <0.0001 16
Tree 0.23 0.29 0.08 0.23 0.08 0.08 0.13 0.08 0.05 0.0171 2
Vine 0.15 0.15 0.04 0.02 0.10 0.04 0.02 0.04 0.04 0.0433 4

Family
Asteraceae 3.44 3.06 3.04 4.02 2.83 3.08 2.92 3.38 0.16 <0.0001 23
Caprfoliaceae 0.13 0.19 0.08 0.29 0.04 0 0.06 0.02 0.05 0.0010 4
Geraniaceae 0.15 0.13 0.40 0.15 0.40 0.44 0.31 0.50 0.10 0.0035 3
Leguminosae 0.21 0.21 0.04 0.04 0.10 0.04 0.02 0.04 0.04 0.0692 5
Onagraceae 1.08 1.10 0.38 1.19 0.31 0.42 0.40 0.44 0.10 <0.0001 2
Rosaceae 1.29 1.27 1.02 1.19 0.71 0.79 0.77 0.77 0.12 <0.0001 8
Rubiaceae 0.27 0.25 0.27 0.25 0.46 0.29 0.21 0.58 0.07 0.0053 3

Origin status
Native 5.54 5.79 4.33 5.10 3.27 2.98 2.98 3.48 0.33 <0.0001 52
Exotic 4.31 3.58 3.83 4.50 3.56 3.81 3.42 4.15 0.24 0.0065 32



Table 2.6. Treatment means for total species richness and species richness subdivided into growth form, family, and origin status at
the Sweet Home site (Continued). The first year of treatment was 2001.

t Some species which were not able to be identified to species may not be included in subgroups.
tTotal species from all treatments.

Year and Vegetation Treatment SE p-value Totalif
species richnesst 00000 OOTTT OTTTT T0000 TT000 TTTOO TTTTO TTTTT
2003
Total species
richness 13.73 3.06 3.06 11.08 9.48 2.50 3.08 2.88 0.47 <0.0001 84
Growth form

Fern 0.35 0.23 0.10 0.38 0.19 0.02 0.06 0.06 0.06 0.0001 2
Herb 9.58 1.52 1.92 7.48 7.29 1.75 2.40 2.04 0.36 <0.0001 53
Shrub 2.65 1.19 1.02 2.71 1.71 0.73 0.75 0.77 0.19 <0.0001 16
Tree 0.46 0.10 0 0.33 0.13 0 0.02 0 0 <0.0001 4
Vine 0.63 0.02 0 0.13 0.10 0 0.04 0 0 <0.0001 9

Family
Asteraceae 3.58 0.69 0.92 3.52 3.33 0.77 1.33 0.94 0.21 <0.0001 17
Caprfoliaceae 0.38 0 0 0.29 0.06 0 0.02 0 0 <0.0001 4
Geraniaceae 0.58 0.08 0.17 0.75 0.67 0.21 0.27 0.31 0.09 <0.0001 2
Leguminosae 0.63 0.02 0 0.15 0.10 0 0.02 0 0 <0.0001 9

Onagraceae 1.00 0.02 0 0.98 1.10 0.08 0.17 0.06 0.07 <0.0001 3

Rosaceae 1.67 0.83 0.54 1.48 1.00 0.40 0.31 0.42 0.10 <0.0001 8

Rubiaceae 0.31 0.02 0 0.10 0.02 0.02 0.02 0 0 <0.0001 2
Origin status

Native 7.02 1.90 1.48 5.63 4.25 1.06 1.29 1.21 0.31 <0.0001 52
Exotic 5.98 1.08 1.54 5.08 4.83 1.27 1.73 1.58 0.26 <0.0001 28
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Shrub species richness was not affected by herbicide treatment in year 1. In year 2,

unsprayed treatments tended to have greater shrub species richness than in sprayed

treatments, but differences were not significant in all pairwise comparisons. Shrub

species richness in all sprayed treatments was reduced in year 3, especially those

treatments with herbicide application in all 3 years. The control treatment and T0000

had significantly higher shrub species richness than in sprayed treatments in year 3 (p

0.04). Furthermore, shrub species richness tended to decline over time if herbicide was

applied every year.

Two fern, 4 tree and 9 vine species were recorded through year 3. Vegetation

treatment had no significant effect on tree, vine, or fern species richness in the first 2

years (p> 0.1), while in year 3 vine species richness in the control treatment was higher

than other treatments (p <0.0001). Tree species richness in the control treatment was

also higher than other treatments in year 3 (p < 0.004), except in T0000 (p = 0.78).

Overall, fern species richness tended to decrease each year. In year 3, fern species

richness in treatments with 2 or more years not sprayed was higher than treatments with

weed control through all 3 years (p 0.02).

Family strata

Seven relatively common families were chosen for treatment comparisons (Table

2.6). Asteraceae was the most common family at the Sweet Home site with a total of 27

species recorded through 3 years. The average number of Asteraceae species per

microplot was over 3 in all unsprayed treatments. In both year 1 and 3, Asteraceae

species richness was significantly greater in unsprayed treatments than sprayed ones (p

<0.0001). Unsprayed treatments did not consistently have higher Asteraceae species

richness, as the number of Asteraceae species in sprayed treatments increased in year 2.

Ten Leguminosae species occurred during this study. Leguminosae species

richness did not differ among treatments until the third year. In year 3, Leguminosae

species richness in the control treatment increased and was greater than all other

treatments (p < 0.0001).
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Nine species identified belonging to Rosaceae. There was no significant difference

in Rosaceae species richness among treatments in the first year (p = 0.18). In year 2,

treatments without weed control for 2 years had significantly higher Rosaceae species

richness than treatments with herbicide spray both years (p < 0.05), while treatments

with one herbicide application (OTTTT and T0000) had intermediate level of

richness. In year 3, Rosaceae species richness was higher in unsprayed treatments than

in sprayed ones, except TT000 and OOTTT (p = 0.90). Rosaceae species richness was

likely to decline every year if herbicide was applied every year.

Five Caprfoliaceae species were encountered. No significant difference in

Caprfoliaceae species richness was observed among treatments in the first year (p

0.95). During the second year, T0000 had the highest mean Caprfoliaceae species

richness, greater than all treatments with 2 years of herbicide application (p < 0.0025).

In year 3, less weed control tended to enhance Caprfoliaceae species richness, while

almost no Capr?foliaceae species were found in sprayed treatments. The control

treatment and T0000 had higher Caprfoliaceae species richness than all sprayed

treatments in 2003 (p 0.00 1). Furthermore, Caprfoliaceae species richness in the

control treatment was higher than in TT000, first year not sprayed (p = 0.0088).

Only 3 species were recorded in Geraniaceae, Onagraceae and Rubiaceae.

Geraniaceae species richness was unaffected by weed control treatment in the first year

(p = 0.23). In year 2, sprayed treatments had greater Geraniaceae species richness than

in unsprayed treatments, although the differences may not be statistical significant.

However, in year 3, Geraniaceae species richness in sprayed treatments increased and

became higher than in unsprayed treatments. All unsprayed treatments had significantly

greater Onagraceae species richness than in sprayed treatments (p 0.001) in each year.

The highest mean Onagraceae species richness of each year was always found in the

treatment that was unsprayed for the first year during the sampling year, i.e. unsprayed

treatments in 2001, T0000 in 2002, and TT000 in 2003. Rubiaceae species richness

in sprayed treatments in 2001 was significantly higher than in unsprayed treatments (p

0.01). The number of Rubiaceae species gradually declined through the years, except in



the control treatment. Therefore, in year 3, Rubiaceae species richness in the control

treatment was higher than in all other treatments (p < 0.002).

Increasing duration of herbicide application tended to decrease species richness

within Leguminosae, Rosaceae, Caprfoliaceae, and Rubiaceae.

Origin strata

Sixty-nine native species and 40 exotic species were identified at the Sweet Home

site. Native species richness was not influenced by vegetation treatments in the first year

(p = 0.66) (Table 2.6). For exotic species in year 1, unsprayed treatments had greater

species richness than in sprayed treatments (p 0.001). In year 2, native species richness

was reduced, especially in sprayed plots. Treatments without any herbicide application

until the second year had higher native species richness than treatments with 2 years of

herbicide application (p < 0.001), while treatments with 1 year of herbicide application

were intermediate. While exotic species richness in sprayed treatments increased in year

2, no significant differences between sprayed and unsprayed treatments were revealed,

except T0000 had slightly more exotic species than native species. In year 3,

unsprayed treatments had significant higher native and exotic species richness than in

sprayed treatments (p <0.0001). Native species richness in sprayed treatments was

further reduced in year 3. Moreover, herbicide application in the first 2 years tended to

reduce native species richness (e.g. 00000 > TT000,p 0.002; OOTTT> TTTOO,

p = 0.04). Increasing years of consecutive herbicide application in the same treatment

significantly decreased native species richness from year 1 through year 3 (p < 0.000 1).

As consecutive years of herbicide spray impacted native species richness more, exotic

species richness became higher than native species richness in treatments with 2 or

more years of herbicide application.

Shannon index

The Shannon's index results of the second and third year were compared among

treatments at the Sweet Home site (Table 2.5). In year 2, unsprayed treatments tended to

have higher diversity. The differences between sprayed and unsprayed treatments
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increased in year 3 (p <0.001), as diversity in sprayed treatments was reduced.

Herbicide application in the previous 2 years did not affect diversity in the third year.

Seaside site

Total cover

In most cases, total vegetation cover was reduced by herbicide application (Figure

2.19). In year 1, although unsprayed treatments had higher vegetation cover than

sprayed ones (p 0.04), unsprayed treatment means were only under 25%. In year 2

(2002), herbicide application was somewhat ineffective. Total cover means in sprayed

treatments in 2002 were over 12%, while means in 2001 and 2003 were all less than

11%. In year 2, treatments not sprayed during the first 2 years (00000 and OOTTT)

had significantly higher total cover than treatments sprayed in both years (p < 0.0001),

while treatments with 1 year of spray were intermediate. Within treatments sprayed 1

year by 2002, 0TTTT had higher total cover than T0000 (p = 0.0227). In the third

year, the control treatment had higher total cover than in unsprayed treatments sprayed

in previous years (T0000 and TT000) (p < 0.000 1). Total cover in unsprayed

treatments was higher than the five sprayed treatments (p < 0.0001).

When herbicide application was discontinued, total cover rapidly recovered. Mean

cover in the control treatment increased every year from 22% in year 1 to 81% in year 3.

A similar trend was observed in T0000 from year 2 (22%) to year 3 (56%).
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Figure 2.19. Mean percentage total cover by vegetation treatment and standard error
(SE) for the Seaside site. Within years, all treatment p-values are less than 0.000 1.
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Fewer plant species were found at the Seaside site than at the other three sites in

terms of both at the site level, as well as at the microplot level. Only 70 species

belonging to 32 families were recorded in 3 years. In year 1 and 3, species richness in

unsprayed treatments was higher than in sprayed treatments (p < 0.0001) (Table 2.7).

However, weed control was less efficient in the second year (2002). Herbicide

application in the previous year (year 1) had more influence than in the sampling year

(year 2). Treatments not sprayed in year 1 (00000, OOTTT, and OTTTT) had greater

species richness than T0000 (p 0.05), followed by treatments with herbicide

application in both years (p <0.0001).

2001 SE=2.63 2002 SE=4.09 2003 SE=3.17
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Table 2.7. Treatment means for total species richness and species richness subdivided into growth form, family, and origin status at
the Seaside site. The first year of treatment was 2001.

t Some species which were not able to be identified to species may not be included in subgroups.
ttTotal species from all treatments.

Year and Vegetation Treatment SE p-value Totalif
species richnesst 00000 OOTTT OTTTT T0000 TT000 TTTOO TTTTO TTTTT
2001
Total species
richness 6.71 5.79 6.35 2.38 2.40 2.23 2.56 2.29 0.445 <0.0001 45
Growth form

Fern 0.35 0.29 0.19 0.27 0.21 0.17 0.25 0.15 0.09 0.6400 3

Herb 4.31 3.75 4.21 1.27 1.27 0.98 1.29 0.98 0.33 <0.0001 27

Shrub 1.58 1.56 1.58 0.56 0.58 0.75 0.73 0.77 0.15 <0.0001 11

Tree 0.27 0.17 0.25 0.19 0.23 0.33 0.23 0.27 0.14 0.5646 4
Vine 0 0 0 0 0 0 0 0 0 N/A 0

Family

Asteraceae 0.94 0.85 0.95 0.11 0.15 0.13 0.15 0.14 0.12 <0.0001 7

Ericaceae 0.08 0.14 0.11 0 0.01 0.02 0.01 0.02 0.09 <0.0001 1

Liliaceae 0.06 0 0.04 0.10 0.04 0.01 0.02 0.01 0.04 0.0750 3

Onagraceae 0.04 0.02 0.02 0 0 0.04 0.02 0.04 0.02 0.7030 2

Rosaceae 0.46 0.31 0.33 0.12 0.15 0.10 0.20 0.11 0.08 <0.0001 8

Scrophulariaceae 0.27 0.32 0.30 0.01 0.04 0.01 0.05 0.01 0.08 <0.0001 1

Origin status

Native 4.08 3.38 3.85 2.13 1.96 1.96 2.17 1.96 0.29 <0.0001 32
Exotic 2.25 2.08 2.21 0.23 0.33 0.27 0.35 0.29 0.18 <0.0001 10



Table 2.7. Treatment means for total species richness and species richness subdivided into growth form, family, and origin status at
the Seaside site (Continued). The first year of treatment was 2001.

Year and Vegetation Treatment SE p-value Totaltt
species richnesst 00000 OOTTT OTTTT T0000 TT000 TTTOO TTTTO TTTTT

t Some species which were not able to be identified to species may not be included in subgroups.
ttTotal species from all treatments.

2002
Total species
richness 6.85 6.75 6.02 5.04 3.23 2.75 3.35 3.29 0.516 <0.0001 48
Growth form

Fern 0.17 0.15 0.31 0.17 0.08 0.15 0.17 0.06 0.07 0.1295 4
Herb 4.13 3.88 2.90 3.15 1.63 0.85 1.90 1.58 0.34 <0.0001 29
Shrub 2.35 2.31 2.31 1.44 1.13 1.40 1.13 1.25 0.16 <0.0001 9
Tree 0.19 0.31 0.40 0.27 0.40 0.35 0.17 0.38 0.14 0.1885 5

Vine 0 0.02 0.02 0 0 0 0 0 0.01 0.1468 1

Family

Asteraceae 0.67 0.73 0.18 0.81 0.20 0.08 0.27 0.25 0.14 <0.0001 8

Ericaceae 0.11 0.11 0.07 0.01 0.02 0.04 0 0.04 0.08 0.0162 2
Liliaceae 0.04 0.02 0.04 0.10 0.05 0.05 0.06 0.07 0.05 0.6422 2
Onagraceae 0.12 0.05 0.04 0.05 0.06 0 0.04 0.02 0.04 0.0102 2
Rosaceae 0.63 0.68 0.63 0.24 0.23 0.27 0.26 0.27 0.09 <0.0001 6
Scrophulariaceae 0.44 0.32 0.33 0.11 0.05 0.02 0.08 0.08 0.09 <0.0001 2

Origin status
Native 4.25 4.27 4.44 3.13 2.54 2.54 2.58 2.58 0.36 <0.0001 32
Exotic 2.13 2.02 1.17 1.71 0.48 0.19 0.65 0.63 0.19 <0.0001 13



Table 2.7. Treatment means for total species richness and species richness subdivided into growth form, family, and origin status at
the Seaside site (Continued). The first year of treatment was 2001.

t Some species which were not able to be identified to species may not be included in subgroups.
ttTotal species from all treatments.

Year and

species richnesst
Vegetation Treatment SE p-value Totalif

00000 OOTTT OTTTT T0000 TT000 TTTOO TTTTO TTTTT
2003
Total species
richness 9.35 2.38 2.77 7.52 6.19 0.85 1.77 1.35 0.43 <0.0001 58
Growth form

Fern 0.38 0.13 0.21 0.17 0.10 0.08 0.08 0.02 0.23 0.0440 4
Herb 5.77 1.10 1.29 5.46 4.19 0.38 1.35 0.98 0.32 <0.0001 38
Shrub 2.65 0.92 1.06 1.52 1.46 0.35 0.29 0.27 0.14 <0.0001 12
Tree 0.29 0.04 0.08 0.27 0.35 0.04 0.02 0.06 0.12 0.1521 4
Vine 0 0 0 0 0 0 0 0 0 N/A 0

Family
Asteraceae 0.93 0.04 0.04 1.38 1.07 0.01 0.05 0.08 0.11 <0.0001 10
Ericaceae 0.15 0.06 0.04 0.02 0.02 0.01 0 0.01 0.05 0.0030 3

Liliaceae 0.10 0.02 0.06 0.07 0.05 0.04 0.07 0.05 0.05 0.5588 4
Onagraceae 0.26 0 0.02 0.10 0.07 0 0.07 0.01 0.05 <0.0001 2
Rosaceae 0.88 0.44 0.51 0.40 0.43 0.15 0.17 0.14 0.10 <0.0001 6
Scrophulariaceae 0.39 0.01 0.01 0.32 0.19 0.02 0.11 0.06 0.07 <0.0001 2

Origin status
Native 5.38 1.54 2.27 3.63 3.23 0.71 1.13 0.73 0.31 <0.0001 42
Exotic 3.31 0.44 0.38 3.35 2.60 0.13 0.52 0.42 0.17 <0.0001 14



Species richness in the control treatment rose slightly each year. In other

treatments, species richness tended to increase yearly, once herbicide application

stopped.

Growth form strata

About two thirds of the plants recorded at the Seaside site through year 3 were

herbaceous (45 species); however, this is half as many as seen at other study sites. The

low total species number of whole site was mainly due to low herbaceous species

richenss. Herbicide effectively decreased herbaceous species richness during the

sampling year in the first (p < 0.0001) and third years (p < 0.0001) of the study (Table

2.7). A similar trend was observed in year 2. In year 2, treatments not sprayed in year 1

and 2 had greater herbaceous species richness than treatments sprayed in both years (p

0.0003), while treatments with one-year spray were intermediate. Among unsprayed

treatments in year 3, herbaceous species richness in the control and in T0000 was

significantly higher than the treatment with weed control during the first 2 years

(TT000) (p 0.003). Herbaceous species richness was highest in the control treatment

and remained constant across sampling years.

There were 15 shrub species recorded in the first 3 years. In year one, shrub

species richness in sprayed treatments was significantly reduced (p < 0.000 1) (Table

2.7). Similar to the results of total species richness in year 2, herbicide application in the

previous year (year 1) had more influence on shrub species richness than herbicide

applied in the same year (year 2). In year 2, treatments not sprayed in year 1 (00000,

OOTTT, and OTTTT) had greater species richness than T0000 (p 0.004), followed

by treatments with herbicide application in both year 1 and 2 (p < 0.002). The control

treatment in year 3 had the greatest mean shrub richness (2.65) among any treatment in

3 years. However, although unsprayed treatments tended to have greater shrub species

richness than sprayed treatments in year 3, differences were not significant in any

pairwise comparisons. Once herbicide application stopped, shrub species richness

tended to increase over time.
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Very few fern, tree and vine species were present. Average species richness of

these three groups was less than 0.5 at all treatments in any year. Six tree species and

four ferns were identified through year 3. Herbicide application did not result in

differences in fern or tree species richness in any year (p? 0.13), except the control

treatment had slightly higher fern species richness than TTTTT in year 3 (p = 0.022).

Fern species richness tended to decline yearly if herbicide was applied every year. Also,

tree species richness in sprayed treatments in year 3 all declined to under 0.1.

Only one vine species was encountered through year 3. Due to low vine richness,

vine species richness comparisons among treatments were not conducted.

Family strata

Six relatively common plant families were investigated at the Seaside site (Table

2.7). Ten Asteraceae species were recorded from year 1 to 3. None of the Asteraceae

species richness means in unsprayed treatments was over 2.5, while Asteraceae species

richness for sprayed treatments in any year was less than 0.5. For all 3 years, Asteraceae

species richness was significantly higher in unsprayed treatments than in sprayed ones

(p < O.0001,p 0.0037, andp < 0.0001, respectively). In year 3, T0000 had the

greatest Asteraceae species number, higher than the other two unsprayed treatments

(TT000 and 00000,p < 0.0001 andp 0.005 1, respectively).

Eight species were encountered in the Rosaceae family. Unsprayed treatments

tended to have higher Rosaceae species richness than in sprayed treatments in the first

year. The results in year 2 were similar to the results of total species richness: herbicide

application in the previous year (year 1) had more influence than in the sampling year

(year 2). Treatments not sprayed in year 1 (00000, OOTTT, and OTTTT) had higher

Rosaceae species richness than treatments sprayed in year 1 (p 0.0001). In year 3,

Rosaceae species richness in the control treatment increased to 1.54 and was the highest

among all treatments (p 0.001). In the same year, other treatments not sprayed with

herbicide anytime in the previous years tended to have more Rosaceae species than

treatments with weed control through all 3 years. Once the herbicide application

stopped, Rosaceae species richness increased yearly.
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A total of 4 Liliaceae species were identified through year 3. Liliaceae species

richness did not differ among treatments in any year (p ? 0.008). Three Ericaceae and

Scrophulariaceae species were recorded. Ericaceae species richness in unsprayed

treatments tended to be higher than in sprayed ones in the first year. This tendency was

seen through year 3, regardless of the treatment in year 2 and 3. Scrophulariaceae

species richness was higher in unsprayed treatments in both year 1 and 3 (p 0.036),

except in TT000 and TTTTT (p = 0.184). In year 2, herbicide application in year 1

had more influence than in the sampling year (year 2), as treatments not sprayed in year

1 had greater species richness than the others (p 0.0 18). Only two species of

Onagraceae were found in 3 years. Vegetation treatments did not result in differences

in Onagraceae species richness in year 1 (p = 0.703) and all means were below 0.5. In

year 2 and 3, Onagraceae species richness in the control treatment increased and was

the highest, while other treatments were still low. Onagraceae species richness tended

to increase over time when no herbicide was applied.

Origin strata

About 70% of the species recorded at the Seaside site were native (51 species).

Unsprayed treatments had higher native species richness than in sprayed treatments in

the first year (p 0.0319) (Table 2.7). In year 2, herbicide application in the previous

year (year 1) had more effect on native species richness than in the sampling year.

Treatments not sprayed in year 1 (00000, OOTTT, and OTTTT) tended to have

higher native species richness than treatments sprayed in year 1. In the third year,

unsprayed treatments had more native species than treatments sprayed through all 3

years (p <0.0001), while the two delayed treatments (OOTTT and OTTTT) were

intermediate. Native species richness tended to increase yearly when herbicide

application stopped.

Only 16 exotic species were present in 3 years. In both year 1 and 3, unsprayed

treatments had greater exotic species richness than in sprayed treatments (p <0.0001).

In year 2, exotic species richness in unsprayed treatments were higher than treatments

with herbicide application in both years (p 0.0 17), and OTTTT was intermediate.
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Within unsprayed treatments in year 3, the control treatment and T0000 had more

exotic species than TT000 (p = 0.0 17 andp = 0.029, respectively).

Consecutive years of herbicide application tended to impact native species richness

more than exotic species. Therefore, native species richness was only slightly higher

than exotic species richness by the end of 3 consecutive years of herbicide application.

Shannon index

The Shannon's index results of the second and third year were compared among

treatments at the Seaside site (Table 2.5). In year 2, treatments with weed control in

both year 1 and 2 had lower Shannon's index than other treatments (p 0.0026). In the

third year, diversity in sprayed treatments was reduced and lower than in unsprayed

treatments (p 0.014). Herbicide application in previous years also affected diversity in

terms of Shannon's index in year 3. For example, Shannon's index in the control

treatment was higher than TT000 (p = 0.000 1). Within sprayed treatments, treatments

with 1 or 2 years without weed control (OTTTT and OOTTT) had higher diversity

index than TTTOO and TTTTT (p 0.0 14).

Roseburg site

Total cover

Vegetation cover in sprayed treatments was lower than in unsprayed treatments in

every year from year ito 3 (p ç O.006,p< 0.0001, andp 0.0004, respectively) (Figure

2.20). In the first 2 years, herbicide application kept mean vegetation cover below 20%.

In year 3, total cover in all treatments increased. Herbicide application was relatively

ineffective in this year, as means for total cover in sprayed treatments were over 40%.

Treatment in the previous year(s) did not influence the results of total vegetation

cover in the sampling year. However, total cover in unsprayed treatments tended to

increase each year.



Figure 2.20. Mean percentage total cover by vegetation treatment and standard error
(SE) for Roseburg site. Within years, all treatmentp-values are less than 0.0001.
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Species richness

More plant species were found at the Roseburg site than at the other sites in July

through year 3. There were 122 species from 44 families identified. Herbicide

application significantly reduced species richness in year 1 and 3 (p 0.003 andp

0.03) (Table 2.8). In year 2, the results were similar, except the differences between

00000, 0OTTT and 0TTTT were not significant (p = 0.08 andp = 0.063). In year 3,

treatment in the previous years tended to affect the result in the sampling year. For

example, OOTTT, the treatment having no herbicide application the first two years, had

higher species richness than TTTTT (p = 0.028). Species richness in the control

treatment remained constant over the 3 years.

Treatment

2001 SE=3.13 2002 SE=4.18 2003 SE=4.92
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Table 2.8. Treatment means for total species richness and species richness subdivided into growth form, family, and origin status at
the Roseburg site. The first year of treatment was 2001.

Some species which were not able to be identified to species may not be included in subgroups.
ttTotal species from all treatments.

Year and

species richnesst
Vegetation Treatment SE p-value Totalif

00000 OOTTT OTTTT T0000 TT000 TTTOO TTTTO TTTTT
2001
Total species
richness 9.35 9.35 10.04 5.92 5.58 5.21 5.13 5.13 0.59 <0.0001 87
Growth form

Fern 0.48 0.42 0.33 0.56 0.46 0.56 0.35 0.44 0.09 0.4652 2

Herb 5.31 5.29 5.83 2.21 2.10 1.92 1.63 1.65 0.37 <0.0001 53
Shrub 2.25 2.42 2.44 2.35 2.21 2.02 1.85 1.98 0.24 0.2979 20
Tree 0.08 0.21 0.10 0.06 0.10 0.13 0.23 0.27 0.08 0.2664 8

Vine 0.90 0.65 0.96 0.48 0.50 0.29 0.75 0.65 0.12 0.0016 3

Family
Asteraceae 2.73 2.60 2.54 0.50 0.56 0.60 0.40 0.46 0.22 <0.0001 18

Caprfoliaceae 0.50 0.58 0.81 0.65 0.73 0.54 0.90 0.69 0.15 0.3110 3

Ericaceae 0.25 0.27 0.31 0.27 0.29 0.27 0.19 0.35 0.10 0.8553 5

Leguminosae 0.54 0.42 0.46 0.08 0.10 0.08 0.17 0.15 0.08 <0.0001 2

Onagraceae 0.38 0.42 0.48 0 0 0.02 0.02 0 0.06 <0.0001 3

Rosaceae 1.29 1.13 1.33 1.25 1.00 1.08 0.98 0.92 0.19 0.4007 9

Origin status
Native 5.15 5.56 5.98 4.79 4.40 4.04 3.90 4.15 0.42 0.0001 64
Exotic 2.69 2.46 2.56 0.48 0.56 0.81 0.80 0.48 0.25 <0.0001 19



Table 2.8. Treatment means for total species richness and species richness subdivided into growth form, family, and origin status at
the Roseburg site (Continued). The first year of treatment was 2001.

Some species which were not able to be identified to species may not be included in subgroups.
ttTotal species from all treatments.

Year and

species richnesst
Vegetation Treatment SE p-value Totaltt

00000 OOTTT OTTTT T0000 TT000 TTTOO TTTTO TTTTT
2002
Total species
richness 7.85 7.75 5.96 8.35 4.85 4.65 5.46 5.00 0.49 <0.0001 91
Growth form

Fern 0.46 0.40 0.23 0.60 0.38 0.42 0.33 0.29 0.08 0.0823 2
Herb 4.21 4.31 3.31 4.69 2.71 2.48 3.10 2.65 0.41 <0.0001 58
Shrub 2.46 2.40 1.96 2.38 1.54 1.46 1.54 1.48 0.16 <0.0001 21
Tree 0.23 0.21 0.15 0.23 0.13 0.23 0.21 0.25 0.08 0.8889 6
Vine 0.35 0.25 0.25 0.44 0.06 0.04 0.17 0.21 0.09 0.0143 3

Family
Asteraceae 2.56 2.69 1.90 3.06 1.56 1.44 1.73 1.38 0.27 <0.0001 20
Caprfoliaceae 0.75 0.77 0.33 0.98 0.19 0.19 0.38 0.33 0.10 <0.0001 2

Ericaceae 0.46 0.40 0.33 0.29 0.21 0.23 0.25 0.10 0.10 0.1170 6

Leguminosae 0.10 0.06 0.10 0.08 0.06 0 0.02 0.10 0.03 0.0917 5

Onagraceae 0.35 0.40 0.08 0.60 0.10 0.13 0.23 0.17 0.07 <0.0001 2
Rosaceae 1.25 1.06 1.04 1.17 0.81 0.90 0.96 0.85 0.10 0.0581 8

Origin status
Native 4.48 4.44 3.71 4.98 2.92 2.92 3.31 3.29 0.34 <0.0001 63
Exotic 2.58 2.56 1.75 2.94 1.65 1.42 1.63 1.27 0.30 <0.0001 23



Table 2.8. Treatment means for total species richness and species richness subdivided into growth form, family, and origin status at
the Roseburg site (Continued). The first year of treatment was 2001.

Year and Vegetation Treatment SE p-value Totaltl
OTTTT T0000 TT000 TTTOOspecies richnesst 00000 OOTTT TTTTO TTTTT

t Some species which were not able to be identified to species may not be included in subgroups.
ifTotal species from all treatments.

2003
Total species
richness 9.69 6.73 5.08 9.25 8.73 5.31 5.60 4.81 0.44 <0.0001 86

Growth form
Fern 0.33 0.29 0.23 0.52 0.19 0.29 0.19 0.17 0.07 0.0303 2

Herb 6.58 3.88 3.44 5.83 7.29 3.75 4.19 3.52 0.37 <0.0001 53

Shrub 2.15 2.15 1.13 2.17 1.19 1.13 1.04 0.92 0.13 <0.0001 20

Tree 0.06 0.08 0.13 0.10 0 0.10 0.04 0.08 0.05 0.2546 7

Vine 0.56 0.31 0.15 0.63 0.06 0.04 0.15 0.13 0.09 <0.0001 3

Family
Asteraceae 2 1.39 1.35 2 2.87 1.61 1.88 1.54 0.27 <0.0001 19

Caprfoliaceae 0.45 0.32 0.13 0.60 0.12 0.04 0.14 0.08 0.08 <0.0001 3

Ericaceae 0.13 0.20 0.05 0.13 0.08 0.07 0.02 0.01 0.05 0.0004 5

Leguminosae 0.15 0 0.05 0.08 0 0 0 0.01 0.03 <0.0001 4

Onagraceae 0.54 0.13 0.07 0.51 0.67 0.08 0.14 0.12 0.07 <0.0001 3

Rosaceae 0.67 0.68 0.48 0.68 0.44 0.45 0.40 0.37 0.19 <0.0001 10

Origin status
Native 5.31 4.15 2.52 5.35 3.65 2.40 2.27 2.21 0.30 <0.0001 58

Exotic 3.48 2.02 2.27 3.31 4.67 2.67 3 2.35 0.27 0.0003 24



Growth form strata

About 87% of plants encountered through 3 years were herbs (80 species) and

shrubs (27 species). Herbicide effectively diminished herbaceous species richness in

both year 1 (p < 0.0001) and year 3 (p 0.03 6) (Table 2.8). Similar results were

observed in year 2, but differences between sprayed and unsprayed treatments

decreased. Treatments not sprayed the first year (i.e. unsprayed treatments in 2001,

T0000 in 2002, TT000 in 2003) had the highest herbaceous species richness every

year. Herbaceous species richness remained constant in the control treatment over time,

but tended to increase each year in sprayed treatments.

Shrub species richness was not affected by herbicide treatments in year 1. In year 2,

unsprayed treatments had higher shrub species richness than in sprayed treatments, as

shrub species richness in sprayed treatments was reduced (p 0.0 123). In year 3,

treatments not sprayed in the previous year (year 2) (00000, OOTTT, and T0000)

had greater shrub species richness than treatments sprayed in year 2 (p 0.024).

Furthermore, the number of shrub species tended to decline if herbicide was applied

yearly. The high total species number at Roseburg was primarily because of high shrub

richness.

More tree species (10 species) were found at the Roseburg site than the other sites.

Vegetation treatment did not influence tree species richness in any year (p 0.25).

Four vine and two fern species were recorded through year 3. In year 1, the mean

vine species richness was generally higher than the other 2 years. Vine species richness

in unsprayed treatments tended to be greater than in sprayed treatments in the first 2

years. In year 3, treatments not sprayed in the previous year (year 2) (00000, OOTTT,

and T0000) tended to have more vine species than treatments sprayed in year 2. Fern

species richness tended to decrease yearly when herbicide was applied every year. For

both vine and fern species in year 2 and 3, T0000 had the greatest species richness

among treatments.
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Family strata

Six relatively common families were chosen for treatment comparisons (Table 2.8).

Twenty-seven species belonging to Asteraceae, the most common family, were

recorded through 3 years at the Roseburg site. In year 1, Asteraceae species richness

was significantly higher in unsprayed treatments than in sprayed ones (p < 0.0001). The

same tendency was observed in year 2 and 3. In any year, treatments which were

unsprayed for the first year (i.e. unsprayed treatments in 2001, T0000 in 2002, and

TT000 in 2003) had the highest Asteraceae species richness. Asteraceae species

richness in the control treatment did not increase yearly.

There were 11 Rosaceae species identified. No significant differences in Rosaceae

species richness were found among treatments during the first 2 years (p = 0.18 and p =

0.058). In year 3, treatments not sprayed in year 2 (00000, OOTTT, and T0000)

tended to have greater Rosaceae species richness than in sprayed treatments.

Six Leguminosae species were found during this study. In year 1, Leguminosae

species richness in unsprayed treatments tended to be higher than in sprayed ones. In

the second year, Leguminosae species richness in all treatments was reduced to under

0.1, and there was no significant difference among treatments (p = 0.092). In year 3,

Leguminosae species richness in several treatments further declined to close to 0, except

in the control treatment and T0000. Leguminosae species richness tended to decrease

if herbicide was applied every year.

Six Ericaceae species were recorded through year 3. No discernable difference in

Ericaceae species richness among treatments was observed in the first 2 years (p = 0.86

and 0.12). In the third year, Ericaceae species richness in OOTTT (sprayed for the first

year) was the highest among treatments.

Four Caprfoliaceae species were recorded. Caprfoliaceae species richness did

not differ significantly among treatments in the first year (p = 0.31). In both year 2 and

3, treatments not sprayed in year 2 had significantly greater Caprfoliaceae species

richness than treatments sprayed in year 2 (p 0.032 and 0.044); there were no

significant differences between 00000 and TTTTO in 2002 (p = 0.084).
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Only 3 Onagraceae species were encountered. Almost no Onagraceae species

were found in sprayed plots in year 1. In year 3, sprayed treatments had greater

Onagraceae species richness than in unsprayed treatments (p < 0.0001). In year 2,

similar results were observed; however, the differences were not statistically significant

at all pairwised comparisions.

Increasing years of weed control tended to decrease species richness of

Leguminosae, Rosaceae, and Caprfoliaceae. On the other hand, Asteraceae species

richness increased yearly when herbicide was applied every year.

Origin strata

More than 70% of plant species (88 species) recorded at the Roseburg site were

native. Native species richness in unsprayed treatments tended to be greater than in

sprayed treatments in the first 2 years (Table 2.8). In year 3, herbicide application in

year 2 influenced native species richness more than application in the third year. In the

third year, treatments not sprayed in year 2 had higher native species richness than

treatments sprayed in both year 2 and 3 (i.e. OTTTT, TTTOO, TTTTO, and TTTTT) (p

0.0014), while TT000, not sprayed for the first year, was intermediate. Increasing

years of consecutive herbicide application at the same plot decreased native species

richness yearly.

One fourth of the species encountered at the study site were exotic. The lowest

exotic species richness was found in the sprayed treatments in year 1 (richness < 1),

while richness in other treatments or in other years was> 1. For exotic species in year 1,

unsprayed treatments had greater species richness than in sprayed treatments (p <

0.000 1). Similar results were observed in both year 2 and 3, although not all differences

between sprayed and unsprayed treatments were significant. Moreover, those treatments

in their first unsprayed year always had the highest exotic species richness in each year

(i.e. unsprayed treatments in year 1, T0000 in year 2, and TT000 in year 3). Unlike

native species response, exotic species richness increased yearly with increasing years

of consecutive herbicide application at the same plot. Consequently, in the third year of



TTTOO, TTTTO and TTTTT, exotic species richness was higher than native species

richness.

Shannon 's index

The Shannon's index results in the second and third years were compared among

treatments at the Roseburg site (Table 2.5). In both years, unsprayed treatments were

likely to have higher diversity than in sprayed treatments. However, the differences

between sprayed and unsprayed treatments were not all significant. Herbicide

application in previous year(s) did not affect diversity in the sampling year.

DISCUSSION

Conifer 2rowth

Increasing years of weed control tended to increase volume, diameter, and height

and decrease height/diameter ratio at recently established plantations in this study; such

a result has been suggested in other studies (Lauer et al. 1993, Wagner etal. 1999).

Therefore, vegetation competition had a strong effect on conifer growth. Stem diameter

increased due to weed control and the insensitivity of height growth relative to diameter

have been reported for many tree species in other studies (Morris et al. 1990, Brand

1991, MacDonald and Weetman 1993, Wagner et al. 1999). When under light

competition by neighboring plants, the height/diameter ratios normally increase (Cole

and Newton 1987, Lieffers and Stadt 1994) as the results in unsprayed treatments of this

study. Too high of a height/diameter ratio is unfavorable. For example, when the ratios

of the dominant trees become 100 or more, the stand may blow over easily (Smith et al.

1997). Although conifer seedling growth was improved after weed control, our results

show that the third- or fourth-year survival was generally unaffected by herbicide.

Moreover, conifer size results in treatments with herbicide applied in the initial years

after planting did not differ significantly from those of later applications as we expected.
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Vegetation

Total cover

Our results showed that herbicide treatments resulted in a large reduction of total

vegetation cover, which was consistent with previous research (Freedman et al. 1993,

Gagne et al. 1999, Lautenschlager and Sullivan 2002). In our study, although herbicide

effectiveness varied by site and year, vegetation reduction was still significant even in

ineffective years.

After the site preparation treatment, the vegetation would return to an early

successional stage (Wendel and Kochenderfer 1982). Following this disturbance,

vegetation could recover rapidly and progressively (Freedman et al. 1993). Our results

suggested that the recovery rate varied by site.

Lautenschlager and Sullivan (2002) summarized that biomass reductions of non-

conifer vegetation were commonly between 50-70% during the first year after herbicide

treatment. Total vegetation cover in this study was reduced by more than 70% in the

year of herbicide application, as the target operational control was less than 25% cover

during the growing seasons. Moreover, herbicide rates used in this study were higher

than the recommendations given for grass and forb control in plantation establishments

in the 2004 Pacific Northwest Weed Management Handbook. As a result, herbicide

treatments here were likely to be more intensive than treatments in other research. Less

intensive operational treatments are expected to have less impact on vegetation

dynamics (Miller et al. 1995).

As we expected, the more years without weed control, the higher the total cover.

However, increasing the duration of weed control did not further reduce total cover.

Moreover, in our study, total cover gradually recovered every year once herbicide

application discontinued. Santillo et al. (1989) had the same observation through 3 years

post-treatment. Another study also found herb cover recovered to control values 2 to 3

years after herbicide (glyphosate) application, while shrub and tree cover was little

impacted (Sullivan 1994). Non-crop vegetation is commonly reduced for ito 4 years

following broadcast herbicide treatments (Lautenschlager and Sullivan 2002).
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Glyphosate release treatment was reported to remain effective for at least 2 years

(Wendel and Kochenderfer 1982). The recovery rate differed by site in this study.

Vegetation cover recovered to the control level (or surpassed it in some plots) as soon

as spray was discontinued at the Roseburg site. At the Starker and Sweet Home sites, it

usually took 2 years to recover to the control level. Recovery was the slowest at Seaside,

as the total cover in the control treatment in 2003 was still higher than in other

treatments. Despite some herbs, grasses and young blackberries reestablishing 2 years

after glyphosate treatment, Wendel and Kochenderfer (1982) suggested they were not

serious competitors to the conifers during their study in West Virginia.

Aside from herbicide application rate and site differences, studies suggest that

extent and length of vegetation reduction also depend on herbicide ingredients, time,

weather, and stand age (Boateng et al. 2000, Lautenschlager and Sullivan 2002). As site

quality increases, the duration of vegetation reduction is likely to decrease

(Lautenschlager and Sullivan 2002). Lautenschlager and Sullivan (2002) cautioned that

researchers should be aware of comparing vegetation results from different successional

ages and structures, especially within-study controls which are successionally older than

the treated areas. Therefore, conclusions should be made on changes through not only

chronological, but also successional, time.

Plant diversity (Species richness and Shannon's index)

Species richness and Shannon's diversity index had relatively small reductions,

when comparing to the considerable decline in total cover on sprayed plots. These

results conform with those of Santillo et al. (1989) and Neary et al. (1990). However,

several studies reported no significant difference in species richness and/or Shannon's

diversity between treated and untreated areas. Boyd et al. (1995) suggested neither

species richness nor Shannon's diversity on sprayed plots varied from those on

untreated plots 7 years after broadcast pine release treatments. This is consistent with

the conclusion of Miller et al. (1999) after 11 years of several herbicide treatments (for

site preparation), those of Boateng et al. (2000) after 10 years post broadcast glyphosate

spray, and those of Lindgren and Sullivan (2000) after 1 to 4 years of cut-stump
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herbicide treatment. Moreover, Freedman et al. (1993) even observed small increases in

species diversity on some sprayed plots after one growing season.

After herbicide application was discontinued, our results showed that species

richness tended to recover gradually compared with the control treatment. On the other

hand, weed control decreased Shannon's index oniy in the sampling year. Treatments in

previous years and repeated herbicide applications usually did not affect the results of

Shannon's index. This indicates that plant diversity (Shannon's index) may recover as

soon as herbicide application stops. This recovery is more rapid than either total cover

or species richness. As Shannon's index takes species evenness into account, a plant

community with fewer species but more even proportions could have a higher

Shannon's index than a community with a high number of species and less even

proportions. Therefore, when the impact of herbicide on total cover and species richness

still lasts, Shannon's diversity is able to recover to the control treatment level.

The major objective of weed control is to release crop trees from vegetation

competition (Smith et al. 1997), especially during the establishment stage when weeds

compete with crop trees primarily for limited moisture (Rao 2000) and in some cases

for light (DiTomaso et al. 1997). As a result, weed control functions fundamentally to

suppress noncrop plants, rather than to eradicate them. Once the crop species becomes

established and dominant, more weed control treatment would be costly and redundant.

We found in this study, after 1 to 4 years of herbicide application, that both species

richness and Shannon's diversity were able to recover gradually at different rates.

Several studies have shown that operationally effective herbicide treatments for either

site preparation or release operation generally eliminate few or none of the species from

treated sites (Morrison and Meslow 1983, Swindel et al. 1984, Newton et al. 1989,

Horsley 1994). As pre-treatment data were not collected, this issue cannot be addressed

in this study. However, it seems possible for long term reductions of a few species (e.g.,

blueberry) (Lautenschlager and Sullivan 2002). Therefore, herbicide treatment for site

preparation or release operation is not expected to have a long-term impact on local

plant diversity.
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Our results showed that there is no relationship between species richness per

microplot and total site species number. The Roseburg site has the longest dry summer

period among the four study sites. In spite of low species richness per microplot on both

sprayed and unsprayed areas, Roseburg had the highest total site species number. On

the other hand, total vegetation cover, species richness per microplot, and total site

species number were the lowest at the Seaside site. Although the annual precipitation at

Seaside is higher than the other sites, vegetation reestablishment was expected to be

slow over the first year due to the cooler air temperature during the growing season.

According to the "species-area curve" concept (Cain 1938, MacArthur and Wilson

1967), sample size/area is critical to species richness results. Therefore, when

comparing species richness results among different studies, we should always keep in

mind the sample size/area differences. For example, in this study, the Starker site (ca.

6.5 ha) was larger than the other 3 sites (3.7 ha). As a result, it is not appropriate to

compare the total site species number between the Starker site and the other 3 sites.

Growth form strata

Weed control had a negative impact on the species diversity within most growth

forms, although effects on trees and ferns were absent. However, few tree and fern, as

well as vine species were encountered during the study. During those herbicide

ineffective years, shrub species richness might not be significantly reduced by herbicide

application; in turn, treatments in the previous year had more effect (i.e. at Seaside in

2002 and at Roseburg in 2003). Furthermore, consecutive years of weed control tended

to decrease shrub and fern species richness.

The results of studies on herbicide effect on species richness within growth form

have not been consistent. Santillo et al. (1989) noted both herbaceous and shrub species

richness were lower in treated areas. Horsley (1994) concluded both herbaceous and

woody species richness were not affected by herbicide. Sullivan et al. (1996)

summarized that species richness of herbs and shrubs did not vary between treated and

untreated areas in the herb successional stage. However, Sullivan et al. (1998) reported

shrub species richness was reduced in the first year after spray and remained lower on
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sprayed plots through year 5, while herbaceous species richness did not vary with

herbicide application. Within 4 years after cut-stump herbicide treatment, herb, shrub,

and tree species richness was found to be not significantly different from the controls

(Lindgren and Sullivan 2001).

One of the reasons for these inconsistent results is that studies were carried out in

different successional stages. Species richness within growth form responds differently

to herbicide treatment when the vegetation is in different successional stages (Sullivan

et al. 1996). Different herbicide application rates/amounts is another possible reason for

these various results. Santillo et al. (1989) proposed that the dramatic decrease in herb

and shrub richness in their study was unlike results in other studies, possibly because

herbicide was applied twice in the same season. In our study, we commonly made an

additional herbicide application; in turn, treatment may have been more intensive than

in most other research. Nevertheless, the effect of herbicide on richness by growth form

over a longer term may be different from the results for a few years post application.

Miller et al. (1999) concluded that species richness by growth form did not significantly

vary 11 years after herbicide site preparation treatments. Boateng et al. (2000) also

found after ten years, shrub species richness was not affected by broadcast glyphosate

spray, but herbaceous species richness was higher on sprayed plots than it on untreated

ones.

It is not surprising that herbaceous species were the dominant growth form at all

sites in this study, as they comprise the very early seral forest stage after site preparation.

The rapid establishment of herbaceous plants following clearcutting and site preparation

has been reported by previous studies in other parts of the US (Dyrness 1973, Conde et

al. 1983a and 1983b, Stransky etal. 1986, Halpern 1989, Miller et al. 1995).

Our results showed that herbaceous species richness were able to recover right

after site preparation, and the recovery of shrub species richness was relatively slow, if

no herbicide was further applied. Herbaceous species richness in the control treatment

was largely unchanged over time. One study reported that if no herbicide was applied

during site preparation, the number of herbaceous species peaked the third growing

season after site preparation (Stransky et al. 1986). Shrub species richness slightly
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increased at some sites in this study. Recall that salal and blackberries were considered

to be shrubs in this study. Therefore, the increase in total species richness at the Starker

and Seaside sites was mainly due to the recovery of shrub species.

The most dominant and widespread fern species, bracken fern, at all four sites has

been known internationally to be very difficult to control (Al-Jaff et al. 1982, Taylor

1986). Bracken fern can survive after herbicide treatment due to its extensive rhizome

system and abundant dormant buds which escape the negative effects of herbicide (Al-

Jaff et al. 1982). Herbicides, although reducing frond numbers (aboveground vegetation

cover), may not significantly affect the rhizomes over the same period (Williams and

Foley 1975). It is likely this mechanism explains why herbicide application usually did

not reduce fern species richness in our results. Consistent with the suggestion of

Robinson (1986), our results showed that repeated use of herbicide alone may be

insufficient to eradicate bracken on some sites (e.g. the Starker and Sweet Home sites).

In addition to species richness, other vegetation characters, such as species

composition and cover of different growth forms may react to herbicide treatment

differently. A study in Montana, USA, found that species composition of all growth

forms (graminoid, forb, shrub, and tree) was not affected by herbicide treatments either

6 years after initial application or 3 years after retreatment when compared to

pretreatment data (Rice et al. 1997). However, on the untreated control, graminoid

percentage was higher and percentage of both forbs and trees was lower than treated

plots (Rice et al. 1997).

Moreover, vegetation cover within each growth form may change after vegetation

management treatments. Miller et al. (1995) found the highest herbaceous species cover

was in the first year, while cover of woody plants increased in the untreated control. On

the other hand, in their study, herbaceous cover in the treatment that both woody and

herbaceous were controlled for 5 years was kept very low during the treatment period

and increased slightly after weed control was discontinued. Bell et al. (1997) reported

that vegetation cover of deciduous trees and shrubs decreased and cover of coniferous

trees, forbs, grasses, and sedges increased in the growing season after herbicide

treatment when compared to the growing season before treatment. The fern cover
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results differed by type of herbicide. However, in their study, all growth form groups

(including coniferous tree, deciduous tree, shrub, forb, grass, sedge, fern, and horsetail)

on the untreated control (3 to 7 after planting) increased.

Early successional species

Dyrness (1973) classified plant species as either invaders or residuals of a study

conducted in the western Cascades, Oregon, a locationlsite similar to the Sweet Home

site but slightly higher in elevation. Invaders were defined as species absent from

undisturbed forest communities or restricted to locally disturbed microsites, while

residuals, on the other hand, were defined as species characterizing undisturbed sites

regardless of their abundance. Dyrness (1973) concluded different disturbances, from

logging and burning, deeply influenced successional tendency. Residual herbaceous

species were dominant the first year after burning, while invading herbaceous species

increased rapidly in year 2 and becoming dominant to year 4 (Dyrness 1973). Herbicide

application, a form of disturbance different from disturbances discussed in Dyrness's

study, also affected early successional species. At the Sweet Home site, unsprayed plots

were mainly occupied by herbaceous "invaders", including Cirsium vulgare (Savi) Ten.,

Epilobium minutum Lindi. ex Lehm., Epilobiumpaniculatum Nutt., Holcus lanatus L.,

and Senecio sylvaticus L. On the other hand, two shrub "residuals", salal and Rubus

ursinus Cham. & Schlecht., were dominant in both treated and untreated areas. In

another study in the western Cascades of Oregon, Rubus ursinus was reported to be able

to expand dramatically following disturbance and continue to be prominent throughout

20 years in Douglas-fir forests (Halpern 1989).

At the Sweet Home site, we found the present frequency of Senecio sylvaticus was

highest the first growing season without herbicide application. Present frequency of two

other common species, Conyza canadensis (L.) Cronq. and Epilobium paniculatum,

also reached a peak 1 year after the last herbicide application. Senecio sylvaticus was

reported in previous studies to rapidly invade burned areas and peak in year 2 in terms

of cover (Halpern 1989), but remained for only 2 years after slash burning (West and

Chilcote 1968). The maximum cover of Epilobiumpaniculatum was also observed to



90

occur 2 years after clear cuts and burning (Halpern 1989). Halpern (1989) suggested

that the peaks in abundance typically happen in the second growing season because of

the timing of seed availability and the trend for slash burning or wildfire to take place in

the fall. In our study, treatment plots were relatively small and those wind-dispersed

seeds can be easily regained from adjoining unsprayed plots andlor adjacent clear-cut

areas. As a result, these invaders were able to grow during the first growing season.

Family strata

In our study, a core of prevalent families and species were present at most

locations. The vegetation results at the Starker and Sweet Home sites were particularly

similar when comparing to the other two sites, mainly due to similar geographic

position and weather conditions.

Species richness of Asteraceae was significantly reduced by weed control only

during the spray year. Asteraceae was the most common family (it includes Cirsium P.

Mill. spp., Conyza canadensis (L.) Cronq., Lactuca L. spp., and Senecio L. spp.) at all

sites, mainly because several early secondary successional species, especially

herbaceous species, were members of this family. Asteraceae species richness recovered

to nearly the control plot level or sometimes was even enhanced. This is due to the rapid

spread of those early secondary successional species 1 or 2 years after herbicide

disturbance at the sites. The forest site results in the study of Rice et al. (1997) also

showed slightly higher Asteraceae species richness in treated areas than control plots 3

years after first spray, especially in those areas treated twice.

According to the Herbicide Handbook (Ahrens and Edwards 1994), Clopyralid, a

selective herbicide used in this study, is especially effective against members of

Asteraceae, Leguminosae, and Polygonaceae. Therefore, initial declines in Asteraceae

species richness are likely to happen. Reductions of Asteraceae populationlcover due to

clopyralid spray has been noted in Rice et al. (1997) and Morghan et al. (2003).

It is surprising, however, that even one of Clopyralid's target families,

Leguminosae did not differ in species richness with herbicide application in most years.

However, Leguminosae species richness was very low in all treatments in any year.
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This result was similar to the observations in the forest sites in Montana of Rice et al.

(1997) after repeated application, but not after single application which enhanced

richness. Nevertheless, Morghan et al. (2003) recently reported that present frequency

of Leguminosae was significantly reduced through 2 years post clopyralid spray, while

cover was also considerably decreased but only in the second year.

Rosaceae, the second most common family in this study, was relatively less

impacted by herbicide application. Rosaceae species on the study sites were all

perennial and mostly shrubs which were less affected by weed control. Rice et al. (1997)

found a slight reduction of Rosaceae species richness by clopyralid at forest sites.

Origin strata

Both native and exotic species richness was influenced by herbicide treatment at

all sites. Effectiveness of herbicide application will influence the results, as the effect of

herbicide treatment on native species richness in the previous year was usually

remained during herbicide ineffective years. Although the reduction of species richness

varied according to the herbicide effectiveness that year, the difference between native

and exotic species richness showed repeated herbicide application had more impact on

native plants than exotic plants. Native species richness was higher than exotic species

richness regardless of treatment in the first year. Native species richness dropped and

was lower than exotic species richness in treatments with 2 consecutive years of

herbicide application (Sweet Home site).

Herbicide has been used in native species restoration projects in different plant

community types mainly to suppress dominant exotic plants (DiTomaso et al. 1997,

Getsinger 1997, Rice et al. 1997, Cox and Anderson 2004). In most cases, herbicide

was able to control target exotic species. On the other hand, herbicide may also impact

native plants at the same time (in terms of abundance and diversity) (DiTomaso et al.

1997, Tyser et al. 1998, Morghan et al. 2003). Although the initial effect of herbicide

application was the reduction of native species richness, the recovery of native plants

was rapid and herbicide effect diminished 8 years after treatment in California
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(DiTomaso etal. 1997). A faster recovery of native species was not observed of in our

study.

Nevertheless, potential enhancement of overall exotic species richness after

herbicide spray as found in this study has not been reported in previous research.

Results of our study showed exotic species richness might be enhanced shortly after

herbicide application, although this was not consistent in all years at every site. For

example, at the Roseburg site, the highest exotic species richness was always seen the

first year post-herbicide spray and treatments with more years of spray tended to have

more exotic species. At the Starker and Sweet Home sites, the highest exotic species

richness was often in the treatments 1 or 2 years after herbicide application was

discontinued (e.g. T0000 in year 2 or 3, and TT000 in year 3 or 4). Rice et al. (1997)

observed an increase in exotic forbs richness (but not in exotic Poaceae richness) 6

years after herbicide application at their forest sites, while exotic species richness

results in other groups (i.e. Cyperaceae, shrub, and tree) were not reported. Bell and

Newmaster (2002) found several new exotic species established following herbicide

treatment mostly in the herb layer, but none of woody species in the boreal mixed wood

forest of Ontario. One study of roadside revegetation in Glacier National Park reported

that sprayed areas were more dominated by exotic grasses 3 years after herbicide

application in terms of cover than unsprayed areas (Tyser Ct al. 1998). However,

Morghan et al. (2003) suggested that non-target exotic species were more reduced, in

terms of cover and frequency, than native species during the first year post spray. Most

research focused on the effect of herbicide only on native plant diversity, but not on

exotic plant diversity. As exotic plants are possible competitors to native species, the

response of exotic species to herbicide should be included.

The rate and frequency of herbicide treatment are critical to examine when looking

at the effect on native plant community Too high a rate of herbicide application could

lead to damage or lower diversity of native plants in lowland heath vegetation (Mans

1985). It has been suggested that repeated use of clopyralid may harm native plants

(Rice et al. 1997, Tyser et al. 1998, Morghan et al. 2003). Therefore, a suitable rate and
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frequency of herbicide application for native plant conservation management should be

carefully chosen in order to reach management goals.

Herbicide effectiveness

Although weed control had successfully reduced the vegetation abundance at all

sites, the effectiveness varied by site and by year. Herbicide application was mostly

ineffective at the Starker and Sweet Home sites in 2002, as well as at the Roseburg site

in 2003, and somewhat less effective at Seaside in 2002. Several factors may influence

the effectiveness of herbicide treatments at the same site with the same application

method, such as weather @recipitation and temperature) (Nilsson and Karlsson 1987),

soil conditions (e.g. soil pH and sorptive capacity) (Ghidey et al. 1997), and personnel

training Buhier (1999) suggested the primary reason of inconsistent herbicide

effectiveness should be the differences in environmental conditions. A study located at

a site with similar annual precipitation (110-135 cm) as this study, indicated herbicide

losses due to some combination of runoff and leaching were insignificant processes of

the temporal variability of herbicide concentrations observed (Ghidey et al. 1997). Even

if precipitation might not critically remove herbicide, precipitation can influence soil

moisture, as well as microbial activity and in turn influence microbial degradation of

herbicides in the soil (Nilsson and Karlsson 1987). Although herbicide applications

were carried out on as clear a day as possible during the study, the amount of

precipitation near and after herbicide application time varied among years. Rainfall

around herbicide application was higher at Starker, Sweet Home, and Seaside in 2002

and at the Roseburg site in 2003 than in other years, according to the available rainfall

data. Those higher rainfall years were coincidentally matched to the years of less

effective herbicide application. However, due to incomplete rainfall data, more research

is required to examine this question carefully. Another possible reason for variation in

application effectiveness might be that herbicide-spraying personnel differed among

years.

As the weather factors can be critical to both vegetation and conifer growth results,

studies with the same treatment design initiated in multiple years at the same site(s)



would be required in order to reduce confounding of results (Lisa Ganio, personal

communication).

Repeated herbicide applications

In this study, total cover and plant diversity (both species richness and Shannon's

index) were able to recover at different rates after repeated herbicide applications

varying from 1 to 4 years. However, our findings and those of others suggest that

repeated use of herbicide may harm the species richness of native plants, as well as of

some families (Rice et al. 1997, Tyser et al. 1998, Morghan et al. 2003).

The effects of repeated herbicide applications on vegetation, especially on plant

diversity, are still poorly understood in most plant communities, especially on

plantations. The impact of consecutive years of weed control longer than 4 years on

species diversity and of different plant groups requires further study. Information on the

elimination of any specific species or group of plants due to repeated spray is especially

essential. Repeated applications will have both financial and social consequences,

especially likely increasing repeated conflicts with concerned publics (Lautenschlager

2000). Therefore, repeated applications should be made in a minimum time period if

possible, especially when applying at high rates. It should be done in conjunction with

careful observation of vegetation response, so forest managers can improve the growth

of crop trees without serious side effects for noncrop plants.
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ABSTRACT

This study tested for effects of six temporally-varied weed control treatments up to

three years duration on three plant regeneration mechanisms, namely seed bank, seed

rain, and bud bank, on a Pacific Northwest reforestation site. To understand the

importance of each regeneration mechanism, the abundance, species richness, and

Shannon's index of regenerating individuals from different mechanisms after treatments

were examined. The germination method was used to estimate seed bank and seed rain,

while the bud bank survey was conducted in situ.

Herbicide application had a significant impact on plant abundance for all

regeneration mechanisms. The number of individuals in the control treatment was over

three times in those plots with 3-year spray. Plant diversity results were similar to those

of abundance but less significant. Nevertheless, treatment in the previous year usually

had more influence on the results for seed bank and seed rain than in the sampling year,

but bud bank results were affected mainly by treatment in the sampling year. More

native species than exotic species were recorded within the same treatment for bud bank,

but fewer native species for seed bank and seed rain. Both native and exotic species

were reduced after spray for all mechanisms.

INTRODUCTION

Even though herbicides have been effective for achieving reforestation objectives,

concerns about the impact on biodiversity and ecosystem processes are increasing. As

diversity is thought to provide stability and to maintain ecosystem function (Tilman

1996), it is critical to understand the diversity of plants from varied regeneration sources

following weed control treatment. An effective vegetation management program must

be built on sound weed biology and ecology information.

Plant species might recolonize from the seed bank (seed reservoir in soil), bud

bank (viable vegetative parts), and seed rain (dispersed seeds from some plant species

become resistant to herbicides or from adjacent area via wind or animals) (Schweizer
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and Zimdahl 1984a). There are two basic strategies for weeds to survive and colonize

(Roberts 1983). Some species perennate and spread by means of creeping roots,

rhizomes, runners or bulbils; they may produce seeds as well. Others, the annuals and

biennials, depend totally on seeds for survival and spread.

Herbicides may affect the seed bank by direct toxicity to buried seeds, as well as

by altering the annual production of seeds, since the forest floor is the place where the

herbicide residues accumulate through direct deposition during the spray event (Morash

and Freedman 1989). Although herbicides reduce abundance of most vegetation, some

plants will escape and produce seed or other propagules. Therefore, plant abundance

and diversity will gradually increase once herbicide application stops.

The soil contains a population of viable seeds, the seed bank, which is important as

it represents the potential flora and weed problems of the future (Wilson et al. 1985).

Moreover, understanding the short-term dynamics of seed banks can help to predict

crop yield losses and control costs (Buhler 1997).

Due to their varied influence on plant species, herbicides can alter the seed bank

significantly (Cavers and Benoit 1989). Seed banks may change rapidly in response to

changes in seed production resulting from the effect of weed control (Buhler 1999).

Herbicides also cause significant decreases in the germination of seeds (Morash and

Freedman 1989). Long-term use of residual herbicides in crop production has decreased

number of seeds in seed banks, but only a few plant species were eliminated (Roberts

1983).

Estimating seed numbers in the soil would help to understand the invasiveness of

plant species. Much research about the influence of herbicides on weed seed number

has been done for arable soils (Hurle 1974, Roberts and Neilson 1981, Schweizer and

Zimdahl 1984a, Schweizer and Zimdahl l984b, Buhler 1999). However, research in

forest land is scarce.

Estimation of the viable seed numbers in the soil is often accomplished by taking

representative soil samples. There is no standard sampling method used in seed bank

studies. Extracting seeds from the soil is time-consuming and the results are influenced

by the sampling time, methods used to take soil samples, and techniques used to
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determine seed numbers (Thompson and Grime 1979, Roberts 1981, Gross 1990). Seed

numbers in a seed bank are determined either by placing the soil under conditions

suitable for germination or by physically separating seeds from the soil particles

(Roberts 1981). Gross (1990) determined the soil seed numbers in an annually ploughed

field by using four different methods: direct germination, germination following cold-

stratification, washing using a modified elutriation system, and flotation on a salt-

density gradient. The germination method provided a more complete list of species

present in the soil seed bank than elutrjatjon (Gross 1990). Germination with cold-

stratification revealed the greatest number of species. However, elutriation methods

were more useful for large-scale patterns (such as community-level studies), as large

numbers of samples can be processed and stored. The flotation method was ineffective

and inaccurate.

Many factors influence the precision of soil seed bank estimates, such as the seed

dispersal pattern of parent plants. The sample size should be large if the distribution is

expected to be aggregated (Benoit et al. 1989). The failure of some seeds to emerge in

germination trials because specific germination requirement are not met will reduce the

estimate of seed bank (Baskin and Baskin 1989).

Seed rain affects the dynamics of the seed bank (Kitajiman and Tilman 1996). The

existence of a soil seed bank in highly disturbed arable land has been linked to yearly

input of seeds from seed rain (Cavers and Benoit 1989). Annual plants that produce a

large number of seeds that are dispersed by wind have the best chance to contribute to

the seed rain (Ekeleme 2000). Seed rain can be estimated through germination or

physical methods of counting seeds.

The effect of weed control on bud bank has never been studied. It is likely due to

the difficulty of quantifying the bud bank. Because there is no practical technique to

estimate all potential new vegetative propagules from bud bank, measurement of

successful established individuals was conduced in situ in this study.

To understand the mechanisms of plant regeneration after weed control treatment,

plant colonization from different sources (seed bank, seed rain, and bud bank) needs to

be quantified. The purpose of this study was to analyze the effect of temporally (timing
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and duration) varied weed control treatments on different mechanisms of plant

regeneration in early successional Pacific Northwest forest vegetation We also

examined the species diversity within varied regeneration mechanisms under different

treatments.

It was hypothesized that increasing the duration of weed control by herbicides

would decrease both density and species diversity of seed bank, seed rain, and bud bank.

Due to their different resistances, diversity reduction within plant families would vary.

After weed control stopped, species diversity and density of seed bank, seed rain, and

bud bank were expected to recover gradually. Native species richness was hypothesized

to recover faster than exotic species. This study identified the potential contribution of

the three regeneration mechanisms to the on-site vegetation after weed control.

METHODS

Study Site

The study site (44° 28'32" N, 122° 43'16" W) was located near Sweet Home,

Oregon (Figure 2.1). The elevation is 200 mon the western slope of the Cascade Range.

The soil in this area is deep, well drained, moderately well drained, or poorly drained,

nearly level silty clay barns from recent alluvial deposits. The average annual

precipitation is around 100 to 150 cm. The average annual temperature is about 12°C,

and the frost-free period is 165 to 210 days. Generally, the winters are cold and wet,

while the summers are warm and dry. Typical colonizing species after disturbance are

sword fern (Polystichum munitum (Kaulfuss) K. Presl), salal (Gaultheria shallon Pursh),

Oregon grape (Berberis nervosa (Pursh) Nutt.), and a variety of other small shrubs and

trees. Prior to logging at this site, forests were composed of dominant, 60- to7O- year-

old Douglas-fir (Pseudotsuga menziesii (Mirbel) Franco). Bitter cherry (Prunus

emarginata (Dougl. ex Hook.) D. Dietr) and bigleaf maple (Acer macrophyllum Pursh)

were also present. Common understory species included sword fern, salal and evergreen

blackberry (Rubus laciniatus Willd.).The site was harvested by feller-buncher in March

2000. Due to concerns about soil compaction during harvest, the site was subsoiled
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(ripped) using a one tooth tool attached to an excavator after completion of excavator

piling.

Vegetation Treatments

The weed control treatments were applied beginning in 2001 for a total of three

years. There were 6 treatments evaluated (Table 3.1), including a control treatment

(000) with only a site preparation treatment but no herbicide treatment, treatment in

year 1 (TOO), year 1 and 2 (TTO), and up to three consecutive years of vegetation

control (TTT). Plus, there were two delay treatments: a delay of one year before

treatment followed by 2 years of weed control (OTT) and a delay of two years before

treatment followed by 1 year of weed control (OOT).

In 2000, a site-preparation fall broadcast application of three commonly used soil

active herbicides was taken (Table 3.2). Additional treatment with 2.5% imazapyr was

included to kill existing bigleaf maple. From 2001, spring release herbicides were

applied depending on treatment assignments. All vegetation control treatments were

made by trained applicators using a waving wand technique.

Operational control was aimed at no more than 25% competing cover at any point

in the growing season. Thus, if greater than 25 % cover remained after treatment or was

expected to develop later in the season, then an additional treatment was applied. The

goal was to achieve what is generally considered the maximum operational vegetation

control possible. When problematic species, such as trailing blackberry (Rubus ursinus

Cham. & Schlecht) population, developed within treated plots, directed applications in

the fall were used to reduce the problem. The products used in these fall applications

varied according to the species present. Products and rates were adjusted to target the

species present (Table 3.2).



Table 3.1. List of weed control treatments. T = herbicide treated, and 0 = untreated for
each individual year.

Year

Treatment

Table 3.2. Herbicide treatments timing and rate or concentration.

2001 2002 2003
1 0 0 0
2 T 0 0
3 T T 0
4 T T T
5 0 T T
6 0 0 T

Rate (broadcast application) or
concentration (directed
application) and herbicide
0.15 JIha sulfometuron,
37.5 ml/ha metsulffiron,
4.67 1/ha glyphosate

September 2000 2.5% imazapyr

1.82 kg/ha atrazine,
0.58 Ilha clopyralid

2 kg/ha atrazine,
0.58 1/ha clopyralid

September 2002 1.5% glyphosate

May 2003 2 kg/ha atrazine,
0.58 lIha clopyralid

Note: Herbicide products used: Oust® (sulfometuron), Escort® (metsulfuron), Accord®
(glyphosate), Chopper® (imazapyr), Atrazine® (atrazine), and Transline® (clopyralid).

Experimental Design
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This study was part of a weed control critical period study implemented in Oregon

(Chapter 2). All plots received the same site preparation treatment in September 2000. It

Fall / spring release Summer/fall
broadcast application additional application

September 2000

March 2001

March 2002
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consisted of excavator piled slash outside of the treatment areas. In order to plant

seedlings in a strict grid pattern without causing extensive soil disturbance, most slash

was removed. Block boundaries and specific excavator routes were marked prior to

piling. The excavator stayed between the treatment plots and within the center most 6 m

of the buffer rows (Figure 2.2). While piling slash, the excavator also pulled existing

shrub clumps. The slash piled in the 6 m zone was burned before planting. A follow-up

herbicide treatment was applied including controls, if any potentially sprouting

hardwoods (e.g. bigleaf maple (Acer macrophyllum Pursh)) were found. These species

have been continually treated until they are dead.

This was a randomized block split-plot design with 6 treatments and 4 blocks

(replications). Two common Pacific Northwest conifer species, Douglas-fir

(Pseudotsuga menziesii (Mirbel) Franco) and western red cedar (Thuja plicata Donn ex

D. Don) were planted in early February 2002. Each treatment plot was 24 m x 24 m

(0.0576 ha) in size and consist of 36 seedlings (six rows of six trees) planted on 3 m x 3

m spacing (Figure 2.2). All treatment plots were surrounded by a row of buffer conifer

seedlings at the same spacing. A total of 1152 seedlings of each species were planted at

the start of the experiment. Plots were laid out as contiguously as possible.

To limit the inherent variability associated with nursery seedling stock, all

treatment seedlings used were grown in the same greenhouse at the same nursery, Plum

Creek Nursery (Cottage Grove, Oregon). All seedlings were grown in Styroblock

60/250 ml containers (Beaver Plasitics, Edmonton, Alberta, Canada) with slow-release

fertilizer in the media. To further reduce variability, the same fertilizer was used for all

seedlings.

Deer and elk browse is always a problem with this type of study. Any browse

damage will influence both the precision of vegetation assessment and seed production.

Therefore, the whole site was fenced before planting. Furthermore, western red cedar

seedlings were protected for rodent damage with vexar tubing.

Germination tests of seed bank and seed rain studies were conducted in the

greenhouse at Oregon State University's Oak Creek Plant Facility (44° 38' N, 123° 30'

W) in order to estimate 1) the number of viable seed in the soil (seed bank); and 2) the
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number of viable dispersed seed (seed rain). The floor of the greenhouse was covered

by landscape fabrics to eliminate weed growth. To avoid dispersed seeds from adjacent

areas, 30% shade cloth screens were installed on the greenhouse walls. To estimate bud

bank density and diversity in the study site, bud bank assessment in microplots were

carried out in the field at the Sweet Home site.

Seed Bank Study

Soil samples were taken from Sweet Home site in late April 2002 and early May

2003, a few weeks after herbicide application, for the germination (seedling-emergence)

trial. Seeds should be stratified naturally and readily germinable at this time of year. At

each plot, five 1 x 1 m microplots were set randomly (excluding 6 vegetation

assessment microplots in Chapter 2 (seedling number 2, 5, 15, 18, 25, and 28, Figure

2.2)) and 4 bud bank assessment microplots in this study. Five soil cores (5.08 cm in

diameter x 5 cm deep) were randomly taken using a bulb digger within each of the 5

microplots. The 5 soil cores were then combined as one sample and placed in a zipped

plastic bag labeled with the date and plot number. Soil in one bag was broken down and

mixed by hand. A total of 25 soil cores (5 soil cores x 5 microplots) were sampled from

each plot. A total of 40 (5 microplots x 4 replications x 2 conifer species) soil samples

were taken for each treatment. The total area for all treatments sampled was 2.43 m2.

Each soil sample (containing 5 soil cores from one microplot) was spread thinly (<

1 cm) in a 36 x 23.5 cm tray over a base of 5-cm vermiculite within 48 hours after

sampling. Before being spread on trays, soil samples were kept moistened at 2°-5°C.

The trays were placed in a completely randomized design in a greenhouse at Oregon

State University under natural light and watered one to two times daily so that the soil

surface remained moist. One blank tray with 5-cm vermiculite only was also installed to

check if there was any seed dispersed into the greenhouse area during the study. If any

species occurred in the blank tray but was not present at or near the study site, the

species was not counted as part of the seed bank.



Seed Rain Study

Soil seed traps were used to collect dispersed seed to distinguish between species

growing from dispersed seed and those from seed bank propagules at the study site. In

April 2002, 4 seed traps (34 cm x 20 cm x 10 cm Sterilite plastic box filled with 5 cm

potting soil) were randomly placed in each plot but excluding 6 vegetation assessment

microplots (seedling number 2, 5, 15, 18, 25, and 28, Figure 2.2). The seed traps were

covered with 1.27 cm grid hardware cloth for predator exclusion. Six small holes were

drilled on the bottom of each trap to allow adequate draining. The traps were sunk into

the ground so that the top edges of the flats were level with the soil surface, thus

minimizing wind obstruction. Each trap was labeled with a plot number on an

aluminum tag. The total area sampled was 13 m2.

Any large leaf litter on the seed traps was removed monthly during May to August,

and November 2002. Traps were removed in April 2003 before herbicide application

and brought to the greenhouse at Oregon State University. Under the same conditions as

seed bank study, a germination trial was conducted. One blank trap with 5-cm potting

soil only was also installed to check for seed dispersed into the greenhouse area during

the study. If any species was occurred in the blank trap but not present at or near the

study site, the species was not counted as part of the seed rain.

Bud Bank Study

To estimate vegetative propagules establishing from bud bank, bud bank

assessment were conducted at the Sweet Home site. In late March 2002, 4 bud bank

assessment microplots (1 m x 1 m) were randomly set in each plot but excluding 6

vegetation assessment microplots (seedling number 2, 5, 15, 18, 25, and 28, Figure 2.2)

in Chapter 2. The total area sampled was 4 m2 of each plot.
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Variables measured

Seed Bank Study

All emergent seedlings were identified and recorded every month (approximately)

after soil samples were placed in the greenhouse, until early October 2002 and 2003,

respectively. For the total number of emergent seedlings by species in each tray,

seedling numbers for each species were then pooled together by tray regardless of their

emergence time. All seedlings were removed after being recorded. However, some

specimens were grown for confirmation of the identification. Total emergent seedlings

of each tray were recorded in both years.

Seed Rain Study

As some seeds started germinating after the rains in late fall 2002, emergent

seedlings were recorded and removed once at the study site in late November 2002,

before seed traps were brought back to the greenhouse in April 2003. Because some

seedlings were too young, they were identifiable only to genus (e.g. Geranium and

Senecio) or family (most grasses). After seed traps were brought back to the greenhouse,

emergent seedlings of each tray were recorded as the same methods as in the seed bank

study.

Bud Bank Study

The number of individuals of each species establishing from bud bank was

recorded in June each year in 2002 and 2003. Each shoot was counted as an individual.

All sprouts coming from a single aboveground stem such as vine maple (Acer

circinatum Pursh) were counted as one individual. For species that sprout from

underground stems, such as salal, each aboveground stem were counted as an individual.

A plant was considered establishing from vegetative propagules ifno cotyledons were

present and the plant could be traced to established vegetative structures such as

rhizomes and aboveground stems. If cotyledons were present, this individual was not
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counted in the bud bank because the propagule source has assumed to be from seed.

Total individuals of each microplot were recorded in both years.

Derived Variables

Species Diversity

The data generated were used for a quantitative analysis of the species diversity of

the vegetation community. Two diversity measures were utilized:

Richness, the total number of species recorded per tray/trap/microplot, was

determined at each microplot from 2002 to 2003.

Shannon's index (H') (Shannon and Weaver 1949, Magurran 1988):

Shannon's index (H') = p1logp

where p7 is the percentage of individuals of the 1th species to the total amount of

individuals. Shannon's index of seed bank and bud bank in 2002 and 2003 and from the

seed rain in 2003 was calculated.

To examine changes in plant composition, all plant species were assigned to

different groups according to their growth form, taxonomic family and origin status.

Growth Form Strata

For growth form comparison, each vascular plant species was assigned to one of

five growth formsfern, herb, vine, shrub and tree based on its growth form and

potential height at maturity. Woody species height> 3 m at maturity were grouped as

trees. Species richness of each growth form in each tray/trap/microplot was generated.

Family Strata

Species were grouped into different taxonomic families according to Hitchcock

and Cronquist (1973). Species richness of each family in each tray/trap/microplot was

calculated.
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Origin Status (Native or Exotic)

To understand the impact of weed control by herbicides on native and exotic

species, species were divided to two groups, native or exotic, according their origin

(USDA 2004). Species richness within each origin group was compared among

treatments.

Density

All counts from emergent seedlings (seed bank and seed rain, independently) or

new individuals from bud bank were also converted to equivalent density on the forest

floor (individual m2).

Data Analysis

The results from 3 regeneration mechanisms were analyzed independently. Total

individuals, total species richness, Shannon's index, and species richness of different

families and origin groups from each tray/trap/microplot were averaged. SAS software

package (SAS Institute, Inc., Cary, NC, USA) was used for the analysis of all data. All

analyses were conducted using PROC MIXED. Tests for normality and constant

variance were performed, and transformations were made when necessary to ensure the

validity of these assumptions. When significant differences were detected among means

for any parameter (p <0.05 in F test), the Tukey means comparison tests were used to

determine significant differences (a 0.05) among the treatments.

After it was determined that conifer effects (difference between Douglas-fir and

western red cedar plots) were mostly insignificant for all analysis (except

Scrophulariaceae in seed rain in 2003,p = 0.04), data from both conifer species were

pooled. Plot means for total individuals, total species richness, and Shannon's index for

each year were assessed using standard analysis of variance procedures (ANOVA) for

differences by treatments. Plot means for species richness within different growth forms,

within common families, and origin status were also compared independently among

treatments using ANOVA. However, for budbank, only fern, herbaceous and shrub
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species richness was compared, because none or only very few individuals were

recorded for other growth forms. For the same reason, only herbaceous and shrub

species richness for the seed bank and seed rain were analyzed for treatment effects.

Plot means of total individuals, species diversity and plant composition changes of

seed bank and bud bank over two years were evaluated. A repeated measures analysis

of variance (RMANOVA) was used.

RESULTS

Summary

For seed bank and seed rain, weed control treatment in the previous year usually

had more influence on the results than treatment in the sampling year. However,

treatment in the sampling year affected bud bank results more than treatment in

previous years did.

Herbicide application significantly reduced total individuals in the seed bank in the

following year and in the bud bank in the sampling year (Table 3.3). Moreover,

treatments with more years without weed control tended to have higher total individuals

for seed bank and bud bank. For seed rain, the total individuals in treatments without

weed control through year 2 were higher than in other treatments.

Treatments not sprayed in the previous year for the seed bank and in the sampling

year for the bud bank usually had higher species richness than sprayed treatments in the

same year (Tables 3.4 and 3.7). Moreover, increasing years without weed control was

likely to increase species richness in all three mechanisms. The results of Shannon's

index were similar to the species richness (Table 3.5).

Since more than 70% of plant species were herbs, the results of herbaceous species

richness and of total species richness were similar (Tables 3.4, 3.6, and 3.7). Herbicide

application did not affect shrub species richness, except that TOO was higher than some

treatments for seed rain. None or very few fern, tree, and vine species were found. In

most cases, weed control treatment did not affect fern, tree, or vine species richness.
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Species richness of different families differed not only by plant regeneration

mechanism but also by year (Tables 3.4, 3.6, and 3.7). Asteraceae was the most

common family for all three mechanisms. The results of Asteraceae species richness

varied in different mechanisms and years. Generally, the control treatment had the

highest Asteraceae species richness. Species richness of some plant families did not

vary significantly with weed control in most cases, such as Leguminosae and Rubiaceae

in the seed bank and seed rain, and Berberidaceae and Caprfoliaceae in the bud bank.

Fewer native species than exotic species were recorded in the seed bank and seed

rain within treatment. But, more native species were found in the bud bank. Not only

treatment in the previous year but also the duration of weed control had an influence on

both native and exotic species richness in the seed bank and the seed rain (Tables 3.4

and 3.6). For bud bank, sprayed treatments tended to have fewer native and exotic

species than in unsprayed treatments (Table 3.7).

Seed Bank Study

Total individuals

The results of total individuals of seed bank were compared among six treatments

in the second and third year, respectively (Table 3.3). The total individuals in one single

tray could be as many as 166 seedlings (block 4, 000 in 2003). In both years, the

results showed that the herbicide application in the previous year had more influence

than in the sampling year. If treatments had the same herbicide application in the

previous year, the one not sprayed in the sampling year would have higher total

individuals than sprayed one(s). The control treatment had the highest total individuals

in both years. The more years without herbicide application, the more total individuals

were in the seed bank. In the third year, the total individuals in the control treatment

doubled from 86 to 183 per tray. The total individuals of TOO also increased in year 3.

On the other hand, increasing years of spray tended to decrease the total individuals,

such as in OTT and TTT.



Table 3.3. Mean total individuals per tray/trap/microplot and standard error (SE) by
vegetation treatment for each mechanism and sampling year.

Species richness

A total of 59 species belonging to 26 families was identified from seed bank in 2

years. Fewer total species from all treatments were found in year 2 (41 species) than in

year 3 (51 species) (Table 3.4). The highest species richness in one tray was 15 (block 4,

000 in 2003). Similar to the results of total individuals, the herbicide application in the

previous year had more influence on species richness than in the sampling year.

Therefore, in both years, treatments not sprayed in the previous year tended to have

higher species richness than treatment sprayed in the previous year. In addition,

treatments with more years of herbicide application tended to have lower species

richness. When comparing the results of the same treatment between year 2 and 3,

treatments sprayed in year 3 had lower species richness than in year 2, while unsprayed

treatments in 2003 increased species richness, although not all comparisons were

statistically different. The averaged species richness in the control treatment had the

highest species richness and increased from 5.3 in 2002 to 6.7 in 2003.
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Mechanism
& Year

Vegetation Treatment SE p-value
000 OUT OTT TOO TTO TTT

Seed bank
2002 17.23 12.60 8.90 8.30 6.15 4.60 2.02 0.0003
2003 36.63 11.83 6.50 14.75 7.48 3.68 4.75 <0.0001

Seed rain
2002 328.59 319.19 108.97 154.09 173.22 96.72 49.61 <0.0001

Bud bank
2002 38.31 30.34 17.50 26.63 6.03 4.03 4.67 <0.0001

2003 28.19 4.41 3.03 20.91 8.34 1.25 2.64 <0.0001



Table 3.4. Treatment means for total species richness and species richness subdivided
into growth form, family, and origin status of seed bank study.

t Some species which
subgroups.
ifTotal species from all treatments.
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were not able to be identified to species may not be included in

Year and
species richnesst

Vegetation Treatment SE p-value Totaiff
000 OOT OTT TOO TTO TTT

2002
Total species richness 5.30 4.13 4.08 3.40 2.48 2.23 0.47 <0.0001 41
Growth form

Fern 0 0 0 0 0 0 - 0
Herb 4.93 3.78 3.60 3.13 2.23 2.03 0.41 <0.0001 40
Shrub 0 0 0.05 0 0 0 0.01 - 1

Tree 0 0 0 0 0 0 - - 0
Vine 0 0 0 0 0 0 - 0

Family
Asteraceae 2.33 2 1.73 1.25 1.08 0.85 0.18 <0.0001 16

Gram ineae 0.80 0.38 0.60 0.65 0.35 0.18 0.19 0.0548 4
Leguminosae 0.05 0.03 0.05 0.03 0.08 0.03 0.3169 3

Onagraceae 0.40 0.43 0.20 0.20 0.25 0.18 0.06 0.0099 2

Rubiaceae 0 0 0 0.05 0 0 0.02 2

Scrophulariaceae 0.03 0.03 0.03 0 0 0 0.02 0.6374 3

Origin status
Native 1.55 1.03 0.93 0.93 0.58 0.58 0.22 0.0058 18

Exotic 2.83 2.30 2.23 1.63 1.25 1.10 0.22 <0.0001 20
2003
Total species richness 6.70 4.00 2.60 3.63 2.83 2.13 0.57 <0.0001 51
Growth form

Fern 0 0 0 0 0 0 - 0
Herb 6.55 3.93 2.60 3.45 2.73 2 0.53 <0.000 1 46
Shrub 0.08 0.08 0 0.13 0.05 0.13 0.04 0.2827 2
Tree 0.03 0 0 0.03 0.03 0 0.02 1

Vine 0.05 0 0 0.03 0.03 0 0.02 2

Family
Asteraceae 3.55 2.03 1.55 2.15 1.65 0.93 0.29 <0.0001 11

Gramineae 0.55 0.28 0.18 0.08 0.13 0.13 0.08 0.0004 7

Leguminosae 0.10 0.05 0.03 0.18 0.03 0.05 0.06 0.5283 1

Onagraceae 0.70 0.38 0.23 0.53 0.43 0.40 0.09 0.0159 2

Rubiaceae 0.08 0.03 0.05 0.03 0.08 0.08 0.04 0.8049 2

Scrophulariaceae 0.10 0.10 0 0.03 0.03 0.03 0.03 0.0318 1

Origin status
Native 2.38 1.65 0.65 0.95 0.95 0.93 0.25 <0.0001 20
Exotic 4.23 2.30 1.88 2.60 1.83 1.15 0.39 <0.0001 29



Growth form strata

Ninety percent of plants recorded in year 2 and 3 were herbaceous species (54

species). Therefore, the results of herbaceous species richness and total species richness

were similar. In both years, treatments not sprayed in the previous year tended to have

more herbaceous species richness (Table 3.4). Within the same herbicide treatment

(spray or unspray) in the previous year, treatments without weed control for more years

tended to have higher herbaceous species richness. Moreover, consecutive years not

sprayed would increase herbaceous species richness, while herbaceous species richness

tended to decline with consecutive years of spray.

Three species in the seed bank were shrubs. As only 2 seedlings of 1 species (Ribes

sanguineum Pursh) were encountered (both of OTT) in 2002, no treatment comparison

was carried out. More shrubs, belonging to R. ursinus and Vaccinium ovalfolium Sm.,

were found in year 3. However, shrub species richness was not affected by herbicide

treatment.

Only 3 seedlings of 1 tree species, Salix L., were recorded in 2002. They were all

from unsprayed treatments. Four seedlings of 2 vine species (both belonged to the genus

Vicia) were found in 2002. As for tree species, all vine seedlings were from unsprayed

treatments. No tree or vine species was recorded in 2003. No fern species was recorded

in either year.

Family strata

Six relatively common families were chosen for treatment comparisons (Table 3.4).

Asteraceae was the most common family of seed bank with a total of 16 species

identified through year 2 to 3. In both years, treatments without herbicide application in

the previous year(s) tended to have higher Asteraceae species richness. Moreover,

herbicide spray reduced Asteraceae species richness in the following year, while no

herbicide application increased Asteraceae species richness in the following year.

The species richness means per tray of other families were all less than 1 in all

treatments. Seven Gramineae species were recorded in year 2 and 3. In year 2,
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vegetation treatments had no discemable effect on Gram ineae species richness (p =

0.055). In year 3, Gramineae species richness declined in all treatments, but the control

treatment had slightly higher richness than other treatments. Three species of

Leguminosae and Scrophulariaceae occurred during this study. All Leguminosae or

Scrophulariaceae species richness means per tray of any treatment were low (<0.2).

Leguminosae species richness was not affected by weed control in both year 2 and 3 (p

= 0.32 and 0.53). In year 2, although no significant differences were revealed among

treatments (p = 0.64), there was no Scrophulariaceae species in the treatments sprayed

in year 1. In year 3, Scrophulariaceae species richness in the control treatment was

higher than other treatments (p = 0.00 1 1).

Only 2 species of Onagraceae and Rubiaceae were recorded. In year 3,

Onagraceae species richness in all treatments increased, except OOT. Unsprayed

treatments, especially those not sprayed for at least 2 years, tended to have greater

Onagraceae species richness than in sprayed treatments in both years. Rubiaceae

species richness means in all treatments were below 0.1. In year 2, no Rubiaceae

species were recorded in treatments other than TOO. In year 3, Rubiaceae species

richness did not vary by vegetation treatments (p = 0.8).

Origin strata

A total of 26 native species were identified from the seed bank in year 2 and 3. In

year 3, native species richness for all treatments increased from year 2, except OTT.

The total number of years with herbicide application seemed to affect the results of

native species richness. Therefore, the control treatment had the highest native species

richness, followed by OOT in both years. In year 2, 000 was higher than treatments

sprayed in both year 1 and 2 (TTO and TTT) (p = 0.0063). In year 3, species richness in

000 was higher than other treatments (p 0.0003) except OOT (p = 0.16).

There were more exotic species (31 species) encountered in year 2 and 3 than

native species. The mean exotic species richness for each treatment was also higher than

native species. Herbicide application in the previous year, as well as the total number of

years of spray influenced the exotic species richness. More years of spray tended to
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reduce exotic species richness. As a result, in both years, exotic species richness in the

control treatment was the highest one, while TTT was the lowest one. Two consecutive

years unsprayed increased exotic species richness.

Shannon index

The Shannon's index results of the second and third year were compared among

treatments of seed bank (Table 3.5). Herbicide application in the previous year had

more influence on Shannon's index than in the sampling year. Therefore, in both years,

treatments not sprayed in the previous year tended to have higher species richness than

treatment sprayed in the previous year. In year 3, years of weed control also affected the

results. The more years without weed control in year 3, the higher the Shannon's indices

were.

Table 3.5. Treatment means for Shannon's index (H') of seed bank, seed rain and bud
bank.

Mechanism Vegetation Treatment SE p-value
& Year 000 OOT OTT TOO TTO TTT
Seed bank

2002 1.22 1.12 1.13 0.92 0.69 0.58 0.11 0.0002
2003 1.39 1.03 0.68 0.84 0.69 0.56 0.11 <0.0001

Seed rain
2002 1.63 1.62 1.62 1.45 1.13 1.10 0.07 <0.0001

Bud bank
2002 1.35 1.38 0.69 0.92 0.45 0.39 0.10 <0.0001

2003 1.43 0.32 0.35 1.11 0.81 0.06 0.06 <0.0001



Seed Rain Study

Total individuals

The seeds gathered in seed rain traps were actually produced in the growing season

of the second year, 2002. The results of total individuals from the seed rain in 2002

were compared among six treatments (Table 3.3).There were 6 traps with over 1,000

seedlings. The most total individuals recorded in one single trap were 1787 seedlings

(block 2, OOT). However, in this trap, a total of 1169 seedlings were from one single

species, Galium parisiense L. Treatments not sprayed in both year 1 and 2 (i.e., 000

and OOT) had higher averaged total individuals than other treatments. The average total

individuals of 000 and OOT were both over 300 seedlings per trap.

Species richness

A total of 59 species belonging to 21 families was recorded from seed rain in 2002

(Table 3.6). Two traps had 20 species identified, which was the highest species richness

in one trap (block 8, 000 and OOT). Years of herbicide application had influence on

seed rain species richness. Therefore, treatments not sprayed until year 2 (000 and

OOT) had higher species richness than treatments sprayed in both years (TTO and TTT)

(p 0.00 1), while treatments with one-year spray until year 2 (OTT and TOO) were

intermediate.

Growth form strata

Over ninety percent of plants recorded from the seed rain were herbaceous species

(55 species) (Table 3.6). Thus, the results of herbaceous species richness were similar to

the results of total species richness. Treatments not sprayed until year 2 (000 and OOT)

had significantly higher herbaceous species richness than other treatments (p 0.036).

Moreover, treatments with fewer years of spray tended to have higher herbaceous

species richness, such as OTT> TTT (p = 0.028).
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Table 3.6. Treatment means for total species richness and species richness subdivided
into growth form, family, and origin status from the seed rain study.

t Some species which were not able to be identified to species may not be included in
subgroups.
ifTotal species from all treatments.

Year and Vegetation Treatment SE p-value Totaiff
species richnesst 000 OOT OTT TOO TTO TTT
2002

Total species richness 12.34 13.00 10.06 9.50 8.09 7.25 0.71 <0.0001 59

Growth form
Fern 0 0 0 0 0 0 - 0

Herb 12.09 12.78 10 9.22 8.03 7.13 0.66 <0.0001 55

Shrub 0.06 0.03 0.03 0.19 0 0.06 0.03 0.0041 1

Tree 0.03 0.06 0.03 0.03 0.06 0.03 0.04 0.8209 1

Vine 0.16 0.09 0 0.03 0 0.03 0.04 0.0533 3

Family
Asteraceae 5.75 5.53 5.28 5.38 4.47 4.00 0.37 0.0022 20

Geraniaceae 0.22 0.28 0.72 0.50 0.56 0.63 0.13 0.0683 3

Gramineae 2.50 2.53 1.44 0.84 0.66 0.53 0.18 <0.0001 6

Leguminosae 0.19 0.09 0 0.06 0 0.03 0.04 0.0171 4
Onagraceae 1.66 1.75 1.50 1.59 1.22 1.22 0.11 0.0033 2

Rubiaceae 0.19 0.25 0.28 0.16 0.28 0.22 0.11 0.9810 3

Scrophulariaceae 0.09 0.19 0 0 0 0 0.03 0.0012 4
Origin status

Native 4.41 4.81 3.00 2.78 2.44 2.03 0.37 <0.0001 24
Exotic 7.41 7.41 6.66 6.41 5.56 5.06 0.44 <0.0001 34
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R. ursinus was the only shrub species recorded from the seed rain with a total of 12

seedlings from all treatments. Shrub species richness in all treatments was low, except

TOO was higher than some treatments (p = 0.00250.086). Only 1 tree species, P.

menziesii, was encountered. Tree seedlings were found in all treatments and treatments

did not result in differences in tree species richness (p = 0.82). Three vine species (all

belonged to genus Vicia) were present. No vine species richness was influenced by

treatments. No fern species was recorded in the seed rain study.

Family strata

Seven relatively common families were chosen for treatment comparisons (Table

3.6). One third of the species recorded from the seed rain belonged to Asteraceae.

Asteraceae species richness means in all treatments were over 4. The control treatment

had the highest Asteraceae species richness among treatments. Treatments sprayed in

both year 1 and 2 tended to have fewer Asteraceae species richness than other

treatments.

Gramineae was the second most common family recorded in seed rain. Treatments

not sprayed in year 1 had higher Gramineae species richness than in sprayed treatments

(p 0.03), except OTT did not vary from TOO (p = 0.17). Within treatments not

sprayed in year 1, Gram ineae species richness in treatments not sprayed in both year 1

and 2 (OOT and 000) were higher than treatment with one year spray (OTT) (p

0.0009 andp = 0.0013).

Four species of Leguminosae and Scrophulariaceae occurred during this study.

However, means of Leguminosae or Scrophulariaceae species richness per trap of any

treatment were low (<0.2). Leguminosae species richness did not differ by vegetation

treatment, except the control treatment had slightly higher richness. All

Scrophulariaceae species were found in treatments not sprayed in both year 1 and 2.

Scrophulariaceae species richness in OOT was higher than other treatments (p =

0.0063), except 000 (p = 0.41).

Three species of Geraniaceae and Rubiaceae were found in the seed rain. Weed

control did not result in differences in species richness of both families (p 0.068 andp



= 0.98). Although no significant difference was detected among treatments of

Geraniaceae species richness, treatments sprayed in year 2 tended to have fewer

Geraniaceae species. Only 2 species were identified as Onagraceae family. Except

OOT had higher Onagraceae species richness than treatments sprayed in both year 1

and 2 (TTO and TTT), no discemable differences among treatments were found (p?

0.067). Increasing years of herbicide spray tended to lower Onagraceae species

richness.

Origin strata

A total of 24 native species was recorded in the seed rain. More exotic species (34

species) were found than native species, and exotic species richness means in all

treatments were over 5. For both native and exotic species, years of weed control, as

well as herbicide application in the previous year influenced the species richness.

Therefore, treatments not sprayed in both year 1 and 2 (000 and OOT) had

significantly higher native and exotic species richness than treatments sprayed in both

years (TTO and TTT) (p 0.0027 of native species,p 0.029 of exotic species), while

treatments with one-year spray (OTT and TOO) were intermediate.

Shannon 's index

The Shannon's index results from the seed rain in year 2 were compared among

treatments (Table 3.5). Number of years of weed control influenced Shannon's index.

Treatments sprayed both year 1 and 2 (TTT and TTO) had lower Shannon's index than

other treatments (p 0.0 13).

Bud Bank Study

Total individuals

The results of total individuals in the bud bank in the second and third year were

compared among six treatments (Table 3.3). Generally, there were more total
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individuals in 2002 than in 2003. In both years, herbicide application reduced the total

individuals in the bud bank in the sampling year. In year 2, unsprayed treatments had

higher total individuals than treatments sprayed for 2 years (p 0.0088), and OTT was

intermediate. In the third year, total individuals in the control treatment and TOO were

higher than all sprayed treatments (p 0.00 12), while TTO was between. The number

of years sprayed also seemed to influence total individuals. In year 3, the total

individuals of both 000 and TOO were higher than TTO (p 0.021).

Species richness

Fewer species were found in the bud bank than the other two regeneration

mechanisms. A total of 47 species belonging to 26 families was identified from bud

bank in 2 years. Most common species in bud bank included salal, R. ursinus, and

Canada thistle (Cirsium arvense (L.) Scop.). Similar to the results of total individuals,

herbicide spray decreased species richness in the bud bank (Table 3.7). In year 2,

unsprayed treatments had higher species richness than sprayed ones (p 0.026), except

OTT did not differ to TOO (p = 0.68). In the third year, species richness in all

treatments not sprayed was higher than treatments sprayed (p 0.0016). Within

unsprayed treatments, the more number of years not sprayed, the higher the species

richness was. Therefore, 000 and OOT had higher species richness than TOO in year 2

(p 0.0097). In year 3, species richness in the control treatment was higher than

treatment with 1-year spray (TOO) (p = 0.0003), which was higher than treatment with

2-year spray (TTO) (p = 0.013).

Growth form strata

Near 70% of the plants recorded from the bud bank were herbaceous species (32

species). In both years, treatments not sprayed had greater herbaceous species richness

than sprayed ones (p 0.02 1 in 2002, p 0.00 16 in 2003), except OTT did not differ to

TOO in 2002 (p = 0.85) (Table 3.7). Moreover, treatments with more years of spray

tended to have less herbaceous species richness. In year 2, 000 and OOT had higher

herbaceous species richness than TOO (p 0.0002), and OTT was higher than TTT



Table 3.7. Treatment means for total species richness and species richness subdivided
into growth form, family, and origin status in the bud bank study.

Year and Vegetation Treatment SE Totalifp-value
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species richnesst 000 OOT OTT TOO TTO TTT
2002
Total species richness 6.28 5.94 3 3.84 1.97 1.63 0.46 <0.0001 38
Growth form

Fern 0.34 0.13 0.25 0.28 0.06 0.31 0.08 0.0853 2

Herb 4.31 4.66 1.81 2.28 0.81 0.47 0.33 <0.0001 26
Shrub 1.56 1.13 0.94 1.25 1.09 0.84 0.18 0.0934 8

Tree 0 0 0 0 0 0 - - 0
Vine 0.06 0.03 0 0.03 0 0 0.03 - 2

Family
Asteraceae 1.41 1.44 0.31 1.19 0.19 0.22 0.14 <0.0001 6
Berberidaceae 0.09 0.19 0.19 0.16 0.09 0.06 0.06 0.5542 2

Capr?foliaceae 0.22 0.06 0.03 0.09 0.03 0.06 0.06 0.1409 2
Lam iaceae 0.38 0.28 0 0.03 0 0 0.05 <0.0001 2
Rosaceae 0.97 0.75 0.56 0.75 0.72 0.50 0.13 0.1723 4

Origin status
Native 3.09 2.81 1.78 2.34 1.56 1.19 0.30 0.0002 26
Exotic 1.78 1.94 0.41 1.19 0.28 0.34 0.20 <0.0001 11

2003
Total species richness 5.69 1.44 1.22 4.06 2.88 0.69 0.24 <0.0001 33
Growth form

Fern 0.25 0.06 0.03 0.34 0.09 0.06 0.04 <0.0001 2
Herb 3.84 0.72 0.63 2.50 1.69 0.22 0.15 <0.0001 23
Shrub 1.59 0.66 0.56 1.22 1.09 0.41 0.15 <0.0001 8

Tree 0 0 0 0 0 0 - 0
Vine 0 0 0 0 0 0 0

Family
Asteraceae 1.25 0.13 0.06 1.47 0.88 0 0.12 <0.0001 5

Berberidaceae 0.16 0.16 0.13 0.16 0.09 0.13 0.06 0.9593 2
Caprfoliaceae 0.16 0 0 0.09 0 0 0.04 0.0644 1

Lam iaceae 0.38 0 0 0.03 0.06 0 0.04 <0.0001 2
Rosaceae 1.13 0.34 0.28 0.88 0.78 0.19 0.12 <0.0001 5

Origin status
Native 3.34 1.16 0.84 2 1.56 0.56 0.23 <0.0001 22
Exotic 2.09 0.28 0.38 1.94 1.28 0.09 0.17 <0.0001 9

t Some species which were not able to be identified to species may not be included in
subgroups.
ttTotal species from all treatments.
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(p = 0.02 1). Within unsprayed treatments in year 3, species richness in the control

treatment was higher than the treatment with 1-year spray (TOO) (p < 0.000 1), which

was higher than the treatment with 2-year spray (TTO) (p = 0.0092).

Ten species recorded in the bud bank were shrubs. In year 2, although weed

control had no significant effect on shrub species (p = 0.093), unsprayed treatments

tended to have higher shrub species richness. In year 3, the differences between

unsprayed and sprayed treatments increased, and unsprayed treatments had higher shrub

species richness than sprayed ones in most cases. In addition, increasing years of

herbicide application tended to decrease shrub species richness.

Four individuals of 2 vine species were found in 2002, but none were found in

2003. All vine plants were from unsprayed treatments. Two fern species (Pteridium

aquilinum (L.) Kuhn and Polystichum munitum (Kaulfuss) K. Presl) were identified

through 2 years. No differences among treatments were found in year 2 (p 0.076). In

year 3, treatments not sprayed in the last two years (TOO and 000) had higher fern

species richness than the other four treatments (p 0.04 in 2003), except insignificantly

difference between 000 and TTO (p 0.13). No tree species was recorded in any bud

bank microplot during the study.

Family strata

Five relatively common families were chosen for treatment comparisons (Table

3.7). Families recorded in the bud bank were usually different from those found of seed

bank and seed rain. Asteraceae and Rosaceae were the most common families in the

bud bank and both had 6 species identified through year 2 to 3. In both years, treatments

without herbicide application had higher Asteraceae species richness (p 0.0006 in

2002, p 0.0003 in 2003). Within unsprayed treatments in 2003, TOO (the second year

sprayed) had the highest Asteraceae species richness and was higher than TTO (p =

0.0051). For Rosaceae in year 2, species richness did not differ by treatments (p 0.17).

In year 3, treatments not sprayed in last two years (TOO and 000) had higher

Rosaceae species richness than in sprayed treatments (p 0.028), while TTO was

between these values. Two consecutive years without weed control tended to enhance
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Rosaceae species richness. On the other hand, 2 consecutive years with weed control

tended to diminish Rosaceae species richness.

Species richness means per microplot of other families were all less than 1 in any

treatment. Two species of Berberidaceae, Caprfoliaceae and Lamiaceae occurred

during this study. There were no significant differences in species richness among

treatments of Berberidaceae in both year 2 and 3 (p = 0.55 andp = 0.96), so as of

Caprfoliaceae (p = 0.14 andp = 0.064). However, in year 3, Caprfoliaceae species

only occurred in treatments not sprayed in last 2 years (000 and TOO). Herbicide

application considerably reduced bud bank of Lam iaceae species, which were only

found in unsprayed treatments in both years. In year 2, treatments not sprayed until now

had higher Lamiaceae species than other treatments (p i 0.028). In year 3, Lamiaceae

species richness in the control treatment was the greatest and was significantly higher

than all other treatments (p <0.0001).

Origin strata

A total of 32 native species were recorded in the bud bank from year 2 to 3. Not

only herbicide spray in current year but also in past years reduced native species

richness. Therefore, the control treatment had the highest native species richness in both

years. In year 2, native species richness in treatments not sprayed in both year 1 and 2

was higher than treatments sprayed in both years (p 0.047), and treatments with 1-

year spray were intermediate. In the third year, unsprayed treatments also tended to

have higher native species richness than sprayed ones. The control treatment in year 3

had more native species than all other treatments (p 0.0027). TOO, 2-year not sprayed,

had higher native species richness than treatments with at least 2-year spray (TTT and

OTT) (p = 0.00 12 and 0.0 13). In addition, native species richness in TTO, first year

with weed control, was higher than TTT (p = 0.043).

There were fewer exotic species (13 species) recorded in year 2 and 3 than native

species. Consistent with native species, both herbicide spray of current year and

duration of weed control in the past tended to affect exotic species richness. In both year

2 and 3, unsprayed treatments had higher exotic species richness than sprayed ones (p
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0.036 in 2002, p 0.0064 in 2003), except the difference between OTT and TOO in

2002 was not significant (p = 0.062). Within unsprayed treatments, OOT had more

exotic species than TOO in year 2 (p = 0.0 15). In year 3, exotic species richness in the

control treatment was greater than TTO (p = 0.018).

Shannon 's index

The Shannon's index results of the second and third year were compared among

treatments in the bud bank (Table 3.5). In both years, unsprayed treatments had higher

Shannon's index than sprayed ones (p 0.0 17 in 2002,p 0.0002 in 2003), except no

significant difference between OTT and TOO was observed in 2002 (p = 0.5).

Increasing years of spray would decrease Shannon's index. In year 2, treatments not

sprayed for 2 years (000 and OOT) had higher Shannon's index than TOO (p 0.0 12

and 0.02 1). Within unsprayed treatments in year 3, Shannon's index in the control

treatment was higher than the treatment with 1-year spray (TOO) (p = 0.012), which

was higher than treatment with 2-year spray (TTO) (p = 0.023). Within sprayed

treatments in year 3, Shannon's index of OTT was higher than TTT (p 0.045).

Consecutive years not sprayed tended to increase Shannon's index, while consecutive

years sprayed tended to decrease Shannon's index.

Individual density

The results of individual density recorded of 3 mechanisms are shown in Figure

3.1. The densities from the seed rain were about 2.5 to 5 times that of seed bank

densities under the same treatment. The densities in the bud bank were especially low

when comparing to the densities of either seed rain or seed bank in any year.

The highest density of seed bank in year 2 was 1,700 m2 in the control treatment.

Treatments with weed control through year 2 had low average densities around 500 m2.

In year 3, individual densities in unsprayed treatments increased, while densities in

sprayed treatments dropped a little. The average densities from the seed rain were over

6,000 m2 in the treatments not sprayed in the first 2 years (000 and OOT). The lowest
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density from the seed rain also reached 1,872 seedlings m2 (TTT), which was higher

than seed bank densities of any treatments in the same year (2002). None of the bud

bank density means was over 40 individuals m2.

The density variation among trays/traps/microplots within the same treatment was

large, especially in the case of 000 and OOT. For example, the densities in the control

treatment in seed bank in 2003 ranged from 99 to 16,381 seedlings m2. For seed rain,

the individual densities in the control treatment were between 407 and 26,887 seedlings

m2.
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Figure 3.1. Mean individual density (individual m2) (+SE) by vegetation treatment for
each mechanism.
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DISCUSSION

Total individuals and density

The seed bank in clearcuts has been known to be large (Olmsted and Curtis 1947,

Graber and Thompson 1978, Morash and Freedman 1983), as in the control treatment in

the present study. Our results also suggested a large seed rain after clearcut and site

preparation. Therefore, these two regeneration mechanisms may provide considerable

potential sources of post-herbicide regeneration. In the current study, seed rain density

was larger than seed bank, since the site was dominated by annuals which usually

produce abundant seeds in seed rain. However, the relationship between the density of

seed bank and seed rain has been inconsistent in previous studies. The seed rain density

was about 4 times the seed bank in a New Zealand temperate rainforest stand in various

stand stages (Sem and Enright 1996). In a 30-year pine plantation in New Zealand, the

seed bank density was almost 5 times the seed rain density (Moles and Drake 1999).

Weed control treatment decreased total individuals and density for all three

regeneration mechanisms. Morash and Freedman (1989) concluded that four herbicides

(glyphosate, 2,4,5-T, triclopyr, and 2 formulations of hexazinone) resulted in significant

decreases in the germination of seeds from seed banks, but with different toxic

thresholds. However, large decreases in germination occurred only at extremely high

concentrations (especially of glyphosate and hexazinone) when the herbicide residues

were much higher than those under operational silvicultural treatments (Morash and

Freedman 1989). Herbicide rates used in this study were likely higher than most

silvicultural sprays. Therefore, the herbicide rates are expected to be over the toxic

thresholds for suppressing seed germination from the seed bank and seed rain.

Although herbicide spray in both the sampling and the previous year reduced the

amount of seed bank germinants, spray in the previous year had more influence than in

the sampling year. It is possible that the influence of spray in the previous year on seed

bank is mainly because the seed rain input declined in spray areas in the previous year,

and seed rain input in the sampling year had not occurred when the seed bank soil

samples were taken. Seed bank recruitment is determined by the seed rain (Simpson
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1989). Sem and Enright (1996) estimated 10% of the annual seed rain enters the soil

seed bank. On the other hand, the impact of herbicide in the sampling year is expected

due to the direct herbicide toxicity on soil seeds or germinating seedligns.

It is likely that total individuals from the seed bank and bud bank recovered yearly,

once the weed control treatment ceased. In the third year (2003), although recovery in

the seed bank and bud bank was noticeable, total individuals did not yet reach the

original level. One year after a 5-year consecutive herbicide application in a corn (Zea

mays L.) field, broadleaf and grass seed density in the soil increased to about 90% of the

original level (Buhler et al. 1997). The recovery in the seed rain was insignificant in

year 2. However, more years of observation on seed rain are required to understand its

recovery rate.

The spatial distribution of seeds is naturally patchy because most seeds are

distributed close to the parent plant (Silvertown and Charlesworth 2001) and because of

the microtopography or environment (Halpern et al. 1999). Since seed distribution is

usually uneven, the variability in seed densities for both the seed bank (Kellman 1974,

Leck et al. 1989, Halpem et al. 1999) and seed rain (Burrows 1994, Scm and Enright

1996) is commonly large. For example, 1,170 seedlings of Galium parisiense L. were

recorded in a single seed trap (seed rain), because a G. parisiense mother plant was just

next to the seed trap at the study site.

The germination (seedling-emergence) method, as used in the present study for

determining seed bank and seed rain, is the most commonly used and practicable

method for measuring the potential of seed bank and seed rain to contribute to the

vegetation (Halpern et al. 1999). However, this method is likely to underestimate the

seed bank (Brown 1992, McGee and Feller 1993) and seed rain. Some seedlings not

being recorded were those that germinated and died between two recording periods. For

example, in this study, many seedlings in seed rain germinated and soon died in early

winter in 2002, when seed traps were still in the field and temperature was fluctuating a

lot. Longer germination recording period (for seed bank and seed rain) and trapping

period (for seed rain) may improve the precision of estimation. Nonetheless, the

germination method is likely to provide an estimate of only part of the seed bank
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(Brown 1992) and seed rain that is ready to germinate. McGee and Feller (1993)

suggested that the combination of field and greenhouse germination assessment might

provide a more accurate estimate of seed bank than either of the two assessments alone.

Due to different assessment techniques, the results of bud bank density were much

lower than either of seed bank or seed rain densities. In the field, only a very small

portion of seeds successfully survive after germination, due to loss resulting from

predation and death of both seeds and seedlings (Vander Wall 1994). Depending on

species, the mortality of seeds can be over 90% (Vander Wall 1994). Greenhouse

germination tests in this study for seed bank and seed rain assessment were to estimate

all potential germinable seeds, which ignored most of the mortality in the field, while

bud bank assessment recorded only the successful established individuals.

Plant diversity (Species richness and Shannon's index)

Herbicide application not only decreased total individuals, but also species richness

and Shannon's index for all three mechanisms in our study. Hurle (1974) concluded

repeated herbicide application can alter species composition remarkably. However, in

some studies under cropping systems, herbicides treatments were reported to have little

effect on the species composition of the seed bank (Roberts and Neilson 1981, Akinola

and Egunjobi 1991 ).Our results showed that once weed control treatment ceased, plant

diversity (species richness and Shannon's index) tended to recover gradually for all

reregeneration mechanisms.

The treatment unit size in this study was much smaller than most operational sizes

in Pacific Northwest conifer plantations. Recruitment from the seed bank, seed rain, and

maybe bud bank are relatively readily to occur. Therefore, the species richness is

expected to be higher in the present study than most plantation areas, especially for the

seed rain as many wind-borne and some animal-dispersed seeds can travel over 24 m

(width of the treatment plots) on weed-controlled ground. This may explain the result

that reductions of species richness and Shannon's index due to weed control were less

in seed rain than in seed bank and bud bank. Moreover, years of herbicide application

played a more important role than spray of the sampling year for plant diversity of seed
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rain. It usually took two consecutive years of spray to reveal a significant difference on

plant diversity for seed rain.

Growth form strata

It is not surprising that herbaceous species were the dominant growth form for seed

bank and seed rain, as the site was at the very early seral forest stage after site

preparation. The rapid establishing herbaceous plants, following clearcutting and site

preparation (Conde et al. 1983a and 1983b, Stransky et al. 1986, Miller et al. 1995),

appear to be the primary seed input to seed rain. This seed rain is also the large source

of seed bank. Moreover, seed bank is commonly represented by early successional

species (Granström 1986, McGee and Feller 1993), which are primarily herbaceous

species.

As herbaceous plant was the primary (over 72%) growth form for all 3

regeneration mechanisms, the results of herbaceous species richness were similar to the

total species richness. Herbicide spray in the previous year reduced herbaceous species

richness for the seed bank and seed rain, but spray in the sampling year impacted it for

the bud bank.

The majority of shrub and all fern individuals were found from the bud bank.

Depending on the herbicide effectiveness, the effect of herbicide on shrub and fern

species richness for the bud bank varied. In 2002, herbicide was ineffective in terms of

reducing aboveground total vegetation cover (43-52% cover in sprayed areas) (Table

2.4). Either shrub or fern species richness was not significant different among

treatments in this year; however, both shrub and fern species richness declined for

treatments sprayed in 2003, when herbicide successfully reduced total vegetation cover

(below 10% cover in sprayed areas) (Tables 2.4 & 3.7). On the other hand, herbaceous

species from the bud bank were relatively more susceptible to herbicide, as herbaceous

species richness declined in both years.

Although Rose and Ketchum (2002) pointed out that many woody plants, such as

many Rubus spp., establish from seed, our results showed that species richness and

amount of woody plants (shrubs and trees) were small for both seed bank and seed rain.
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Seed bank is critical for establishing of Rubus spp. during postspraying succession

(Freedman et al. 1993). However, there were more species and individuals of shrubs,

especially Rubus sp., from the bud bank. In a seed rain and seed bank study of riparian

zones of the Cascade Range in Oregon (Harmon and Franklin 1995), the seed viability

of some shrub species, including Rubus spectabilis Pursh and Ribes bracteosum Doug!.

ex Hook, was low. Salal, a common shrub in the Pacific Northwest, grows mainly via

vegetative spread (McGee and Feller 1993, Huffman et al. 1994) and was found solely

from the bud bank in this study. Although salal seeds were reported widely distributed,

regeneration by seed is observed only rarely (Sabhasri 1961, McGee and Feller 1993,

Huffman et al. 1994, Halpern et al. 1999).

Tree species richness was low not only in the aboveground vegetation (Table 2.6),

seed rain, and bud bank, but also in the seed bank. The site was at early successional

stage and trees were uncommon. Moreover, coniferous forests are commonly absent of

viable seeds of the dominant tree species due to low seed inputs and rapid loss from the

surface seed bank (Kellman 1974, Whipple 1978).

Pteridium aquilinum, the dominant and wide spread fern species in this study, is

very difficult to control globally (Al-Jaff et al. 1982, Taylor 1986), as it can survive

after herbicide treatment due to its widespread rhizome system and abundant dormant

buds which escape the impact of herbicide (Al-Jaff et al. 1982). Al-Jaffet al. (1982)

reported that only high rates of glyphosate were able to control P. aquilinum for a long-

term. It might be because the bud bank of P. aquilinum was not affected, when

herbicide application was ineffective and fern species richness from the bud bank did

not decline. It can extensively reestablish from the rhizomes after herbicide treatment

(Williams and Foley 1975).

Family strata

According to the Herbicide Handbook (Ahrens and Edwards 1994), Clopyralid, a

selective herbicide, is especially effective against members of Asteraceae, Leguminosae,

and Polygonaceae. Therefore, decline of Asteraceae species richness after spray was

observed for the seed bank and bud bank. Asteraceae species richness for the seed rain



137

was reduced only after 2 consecutive years' spray Akinola and Egunjobi (1991)

suggested it is likely that there was some influx of seeds of the members of Asteraceae

from adjacent areas since their seeds are usually small, light and dispersed by wind. On

the other hand, even as one of Clopyralid's target families, Leguminosae species

riclmess for the seed bank and seed rain did not differ after herbicide spray.

Frequent families in the bud bank were usually different from those in either the

seed bank or seed rain, although Asteraceae and Gram ineae were prevalent families for

all 3 regeneration mechanisms. For example, Berberidaceae and Caprfoliaceae were

important families in the bud bank, while Onagraceae and Scrophulariaceae were

common in the seed bank and seed rain.

Origin strata

In this study, both the treatment means for exotic species richness and total exotic

species from all treatments from either the seed bank or the seed rain were higher than

those of native species regardless of treatments. However, it was not consistent to the

aboveground vegetation during the same period of time (Table 2.6), as the native

species richness and total native species were higher. On the other hand, there were

more native species from the bud bank. Parendes (1998) reported that exotic species

were found in the seed bank within mature forest in her study in Oregon, while no

exotic plants were found in the existing vegetation. She suggested the environmental

barriers were preventing the establishment of exotic species. Halpem et al. (1999) also

suggested it is highly possible that a great part of viable seeds from the seed bank were

exotic species where vegetation and disturbance regimes have been severely modified

by human activity.

Previous studies in forest seed bank have indicated that there was a poor

correspondence between seed bank and associated vegetation (Keliman 1974, Hill and

Stevens. 1981, GranstrOm 1986, Kramer and Johnson 1987, McGee and Feller 1993,

Sem and Enright 1996). However, it is usually focused on the differences between seed

bank and associated vegetation in species at different successional stages (McGee and

Feller 1993), not in species with different origin status.
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Another forest management practice, thinning, was reported to limit germination of

forest species but often favor exotic species recruitment (Halpern et al. 1999). Therefore,

in order to maintain or restore native plant communities, the effect of management

practice on both native and exotic species should be evaluated carefully before

operation.

Repeated herbicide applications

The effect of repeated herbicide applications, up to 3 years, on seed bank and seed

rain was not significant, except a tendency of reduction on total individuals from the

seed bank. On the other hand, total individuals, species richness, Shannon's index as

well as herbaceous species richness from the bud bank tended to decrease. However, it

is not clear if the reduction of bud bank is due to death of buds or just inhibition of bud

sprouting. The impact of repeat use of herbicide on aboveground native plant richness

(Chapter 2) was not observed in the seed bank or seed rain, but was likely in the bud

bank. However, Hurle (1974) suggested consecutive weed control, as it is in many crops,

will not only shift the species composition but also reduce a relatively larger amount of

seed than under controls carried out from time to time.
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Chapter 4 Conclusion

OVERVIEW OF RESULTS

The central question of this research examined how weed control treatments affect

vegetation dynamics (i.e. vegetation in situ and recruiting plants), in terms of abundance

and diversity. The results support a general concept, which suggests that both plant

abundance and diversity decreased after weed control, but vegetation would recover at

varied rates varying with site and with year, once the treatment was discontinued.

Our results support the hypothesis that increasing the duration of forest herbicide

application would increase the growth of crop trees, and reduce vegetation cover and

plant diversity (in terms of species richness and the Shannon's index). During the period

of study, herbicide applied in the initial years after planting did not significantly benefit

conifer growth more than later applications. Diversity reduction after herbicide

application within varied plant family was different as expected. For example, herbicide

application was able to effectively control the species richness of Asteraceae, the most

common family at all sites. Although the total vegetation cover and plant diversity were

found to recover gradually once the herbicide application stops, native species richness

did not recover faster than exotic species richness as hypothesized. Our results

suggested that repeated herbicide application may be harmful to species richness of

some families (e.g. Rosaceae) and native species. The impact of repeated application

tended to be more on native species richness than on exotic species richness.

Our results suggested a potential large contribution of the seed bank and seed rain

to the on-site vegetation after weed control treatment. As expected, herbicide

application had negative impact on abundance and species diversity for all 3

regeneration mechanisms. Moreover, increasing the duration of weed control decreased

both density and species diversity of seed bank and bud bank. After weed control was

discontinued, species diversity and density of seed bank and bud bank recovered

gradually as expected. Both native and exotic species were reduced after herbicide
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application for all regeneration mechanisms. However, native species for the seed bank

and bud bank did not recover faster than exotic species.

It was unexpected that weed control treatment in the previous year usually had

more influence on the results than in the sampling year for seed bank and seed rain.

Additionally, it was surprising that more native species than exotic species were

recorded within the same treatment in the bud bank, but less native species in the seed

bank and seed rain.

FUTURE DIRECTIONS

Research on long-term effects of herbicide on vegetation in forests is still deficient.

Results for effects on plant diversity for longer than 12 years post site preparation or

release treatment are not available. However, the rotation length in most plantations,

especially in conifer species, is longer than this period. Therefore, in order to fully

understand the effects of weed control applied during early reforestation stage on plant

diversity, results of vegetation change in the later part of rotation period are necessary.

It is still unclear if the short-term plant diversity reductions induced by herbicide will

lead to a long-term impact on species diversity, especially how species composition will

be naturally altered during succession regardless with or without herbicide application.

The results of this study could also be used as a baseline to monitor long-term

herbicide influence on vegetation dynamics. The spacing (3 m x 3 m) would allow

conifers to grow without self-thinning for another several years. However, sampling

methods in vegetation assessment used in Chapter 2 might require a modification. By

the end of fifth year, most area of the microplots (1-rn radius around a seedling) would

be covered by conifers which in turn shade out understory vegetation in this area.

Therefore, assessment microplots are suggested to be randomly located, in order to

increase the representativeness of vegetation in sampling.

Our results showed that total vegetation cover and plant diversity were able to

recover gradually after repeated herbicide application. However, it is uncertain whether

vegetation (abundance and diversity) is able to recover to untreated level once herbicide
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is applied longer than 4 consecutive years. If longer repeated application will result in

permanent impact on vegetation, it is necessary for forest managers to find alternative

ways of weed control.

SUMMARY

Vegetative competition in Pacific Northwest plantations can be very serious;

therefore, weed control treatment is essential in forest management. As one of the most

common tools to reduce vegetative competition, herbicide application has been of

concern for its potential negative impact on biodiversity. The primary focus of this

research was the vegetation dynamics, including the change of vegetation in situ and

regenerating individuals from different mechanisms, after weed control treatment used

to improve conifer growth.

Several primary conclusions can be identified from this dissertation. First, it

appears that herbicide application up to 4 years reduces vegetation abundance and plant

diversity while successfully improving conifer growth, though steady recovery of

vegetation occurs once application stopped. Second, herbicide application has impact on

plant density and diversity of all 3 regeneration mechanisms, but potential invasive flora

from seed bank and seed rain is large regardless of herbicide treatment. Finally, as

repeated herbicide application may be dangerous to species richness of some families

and native species, the time period of repeated applications should be minimized.
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Appendix 1. Summary information of herbicides used in Chapter 2 and Chapter 3.

References:

Ahrens, W. H. and M. T. Edwards. 1994. Herbicide handbook. Weed Science Society of America, Champaign, Illinois. 352 pp.
Boger, P. and G. Sandmann. 1989. Target sites of herbicide action Target sites of herbicide action. CRC Press, Boca Raton, Florida.

295 pp.
Hathway, D. E. 1989. Molecular mechanisms of herbicide selectivity. Oxford University Press, Oxford, England; New York. 214

pp.

Mode of action

Photosynth inhibitor, (binds pigment
protein of p sIT, interferes wI electron
transport to plastoquinone pool)

Causes malfunctioning of RNA synth. and
enzyme synth.

Inhibits essential amino acid synth.

Inhibits branched side-chain amino acid
synth.

Inhibits branched side-chain amino acid
synth. (binds Acetolactose Synthase)

Inhibits branched side-chain amino acid
synth. (binds Acetolactose Synthase)

Inhibits Hill-reaction and carotenoid
synth., changes fatty acid composition

Mode of selectivity

Metabolic, independent of
absorption and
translocation

Translocation

Non-selectivity,
Translocation
Translocation

Translocation, independent
of absorption

Translocation, independent
of absorption

Translocation

Common Product Chemical family Activity
Name Name (Applying site)
Atrazine Atrazine Sym-triazine Foliage or soil

Clopyralid Transline Picolinic Acid Foliage

Glyphosate Accord None generally Foliage, readily
accepted

Imazapyr Chopper Imidazolinone Foliage and soil

Metsulfuron Escort Sulfonylurea Foliage and soil

Sulfometuron Oust Sulfonylurea Soil

Triclopyr Garlon 4 Pyridinecarboxylic Foliage
acid
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Appendix 2. Plot maps of four study sites in Chapter 2.

Appendix 2. Figure 1. Plot map of the Starker site.
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Appendix 2. Figure 3. Plot map of the Seaside site.
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Appendix 3. Mean percentage total cover and standard enor (SE) by vegetation treatment for each site in Chapter 2. Within sites and
years, all treatment p-values are less than 0.000 1.

Site and Vegetation Treatment SE
Year 00000 OOTTT OTTTT T0000 TT000 TTTOO TTTTO TTTTT
Starker

2000 29.2 32.3 32.4 5.5 5.7 4.6 6.6 4.1 2.17
2001 73.8 78.0 9.2 51.4 9.8 6.3 9.5 7.2 3.87
2002 87.6 40.2 46.5 81.8 69.9 36.0 40.5 35.8 3.95
2003 97.5 2.8 2.5 95.5 89.8 83.4 1.4 1.5 1.43

Sweet Home
2001 67.2 62.4 67.4 18.9 20.7 14.6 20.2 20.4 4.61
2002 83.9 81.0 51.6 75.3 46.3 44.1 43.9 51.4 3.91
2003 87.6 8.7 5.1 81.9 73.1 4.6 6.3 3.6 1.99

Seaside
2001 22.2 15.5 15.7 2.1 3.4 2.4 2.8 2.3 2.6
2002 56.0 53.5 38.8 22.1 12.2 19.3 12.3 14.6 4.1
2003 80.8 10.0 11.3 55.5 44.2 2.2 5.4 3.8 3.17

Roseburg
2001 41.1 41.3 34.9 12.8 11.0 18.5 9.4 11.5 3.13
2002 45.6 50.2 14.3 55.1 12.4 11.9 17.2 8.9 4.18
2003 85.7 50.4 40.0 84.8 79.5 50.1 53.3 45.9 4.92



Appendix 4. Monthly rainfall data during the study for each site.

Appendix 4. Figure 1. Monthly rainfall data at the Starker site.
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Appendix 4. Figure 2. Monthly rainfall data at the Sweet Home site.
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Appendix 4. Figure 3. Monthly rainfall data at the Seaside site.
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Appendix 5. Monthly mean, maximum, and minimum air temperature during the study
for each site.

Appendix 5. Figure 1. Monthly mean, maximum, and minimum air temperature at the
Starker site.
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Appendix 5. Figure 2. Monthly mean, maximum, and minimum air temperature at the
Sweet Home site.
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Appendix 5. Figure 3. Monthly mean, maximum, and minimum air temperature at the
Seaside site.
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Appendix 5. Figure 4. Monthly mean, maximum, and minimum air temperature at the
Roseburg site.

50

40

30

20

j 10-

0

-10 -

-20
5310'? 53'' .0''

?
y)

Date

167

- - -+- - - 00000 mean
- - -- - 00000 max
- - 0- - - 00000 mm

x TTTTT mean
& TTTTT max

TTTTT mm
- - - - - Herbicide applied

- - +- -. 00000 mean
- - - - - 00000 max
---0--- 00000 mm

x TTTTT mean
. TTTTT max

TTTTT mm
- - - - - Herbicide applied



Appendix 6. Figure 2. Monthly mean, maximum, and minimum soil temperature at the
Sweet Home site.
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Appendix 6. Monthly mean, maximum, and minimum soil temperature during the study
for each site.

Appendix 6. Figure 1. Monthly mean, maximum, and minimum soil temperature at the
Starker site.
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Appendix 6. Figure 3. Monthly mean, maximum, and minimum soil temperature at the
Seaside site.

Appendix 6. Figure 4. Monthly mean, maximum, and minimum soil temperature at the
Roseburg site.
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Scientific name
Abies grand/s
Acer circinatum
Acer macrophylim
Achillea millefolium
Achlys trip hylla
Actaea rubra
Adenocaulon bicolor
Agoseris grandflora
Agropyron caninum
Agrostis exarata
Agrostis hallii
Agrostis scabra
Agrostis stolonfera
Aira caryophyllea
Alnus rubra
Amelanchier alnfolia
Anagallis arvensis
Anaphalis margaritacea
Anemone lyallii
Anthem/s cotula
Apocynum androsaemfolium
Aquilegiaformosa
Arbutus menziesii
Arctium minus
Arctostaphylos columbiana
Arenaria macrophylla
Asarum caudatum
Aster radulinus
Aster subspicatus
Athyriumfihix-femina
Avena fatua
Barbarea orthoceras
Bellis perennis
Berberis aqufolium
Berberis nervosa
Blechnum spicant
Boykinia elata
Brachypodium sylvaticum
Bromus carinatus
Bromus mollis
Bromus vulgaris
Calocedrus decurrens
Campanula prenanthoides

Bi: Biannual; Pe: Perennial.

Growth form
Tree
Shrub
Tree
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Tree
Shrub
Herb
Herb
Herb
Herb
Herb
Herb
Tree
Herb
Shrub
Herb
Herb
Shrub
Herb
Fern
Herb
Herb
Herb
Shrub
Shrub
Fern
Herb
Herb
Herb
Herb
Herb
Tree
Herb

Family
Pinaceae
Aceraceae
Aceraceae
Asteraceae
Berberidaceae
Ranunculaceae
Asteraceae
Asteraceae
Gramineae
Gramineae
Gramineae
Gramineae
Gramineae
Gramineae
Betulaceae
Rosaceae
Primulaceae
Asteraceae
Ranunculaceae
Asteraceae
Apocynaceae
Ranunculaceae
Ericaceae
Asteraceae
Ericaceae
Caryophyllaceae
Aristolochiaceae
Asteraceae
Asteraceae
Dryopteridaceae
Gramineae
Brassicaceae
Asteraceae
Berberidaceae
Berberidaceae
Blechnaceae
Saxifragaceae
Gramineae
Gramineae
Gramineae
Gramineae
Cupressaceae
Campanulaceae

Origin status
Native
Native
Native
Native
Native
Native
Native
Native
Native
Native
Native
Native
Native
Introduced
Native
Native
Introduced
Native
Native
Introduced
Native
Native
Native
Introduced
Native
Native
Native
Native
Native
Native
Native
Native
Introduced
Native
Native
Native
Native
Introduced
Native
Introduced
Native
Native
Native

Life formt
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Annual
Perennial
Perennial
Annual
Perennial
Perennial
Annual/Pe
Perennial
Perennial
Perennial
Biannual
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Annual
BiannuallPe
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Annual/Bi/Pe
Annual
Perennial
Perennial
Perennial
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Appendix 7. Summary information (scientific name, growth form, family, origin status,
and life form) of species recorded in Chapter 2 and 3.
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Appendix 7. Summary information (scientific name, growth form, family, origin status,
and life form) of species recorded in Chapter 2 and 3 (Continued).

Scientific name
Campanula scouleri
Cardamine oligosperma
Carex sp.
Castanopsis chrysophylla
Ceanothus cordulatus
Ceanothus thyrsflorus
Centaurea cyanus
Centaurium umbellatum
Cerastium vulgatum
Chrysanthemum leucanthemum
Chrysolepis chrysophylla
Circaea alpina
Cirsium arvense
Cirsium brevfolium
Cirsium edule
Cirsium vulgare
Clark/a vim inea
Clintonia unflora
Collomia grandflora
Collomia heterophylla
Conyza canadensis
Cornus nuttallii
Corylus cornuta
Crepis capillaris
Crepis setosa
Cynosurus echinatus
Dactylis glomerata
Daucus carota
Delphinium menziesii
Deschampsia elongata
Dicentraformosa
Digital/s purpurea
Dipsacus sylvestris
Disporum sm/thu
Elymus glaucus
Epilobium angustfolium
Epilobium minutum
Epilobium paniculatum
Equisetum sp.
Erechtites minima
Erodium cicutarium
Festuca occidentalis
Festuca rubra

Bi: Biannual; Pe: Perennial.

Growth form
Herb
Herb
Herb
Tree
Shrub
Shrub
Herb
Herb
Herb
Herb
Tree
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Tree
Shrub
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb

Family
Campanulaceae
Brassicaceae
Cyperaceae
Fagaceae
Rhamnaceae
Rhamnaceae
Asteraceae
Gentianaceae
Caryophyllaceae
Asteraceae
Fagaceae
Onagraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Onagraceae
Liliaceae
Polemoniaceae
Polemoniaceae
Asteraceae
Cornaceae
Betulaceae
Asteraceae
Asteraceae
Gramineae
Gramineae
Apiaceae
Ranunculaceae
Gramineae
Fumariaceae
Scrophulariaceae
Dipsacaceae
Liliaceae
Gramineae
Onagraceae
Onagraceae
Onagraceae
Equisetaceae
Asteraceae
Geraniaceae
Gramineae
Gramineae

Origin status
Native
Native
Native
Native
Native
Native
Introduced
Introduced
Introduced
Introduced
Native
Native
Introduced
Native
Native
Introduced
Native
Native
Native
Native
Introduced
Native
Native
Introduced
Introduced
Introduced
Introduced
Introduced
Native
Native
Native
Introduced
Introduced
Native
Native
Native
Native
Native
Native
Introduced
Introduced
Native
Native

Life formt
Perennial
AnnuallBi
Perennial
Perennial
Perennial
Perennial
Annual
Annual
Annual
Annual
Perennial
Perennial
Perennial
Biannual/Pe
BiannuaL/Pc
Biannual
Annual
Perennial
Annual
Annual
Annual
Perennial
Perennial
Annual/Bi
Annual
Annual
Perennial
Biannual
Perennial
Annual
Perennial
Biannual
Biannual
Perennial
Perennial
Perennial
Annual
Annual
Perennial
Annual
Annual/Bi
Perennial
Perennial



Bi: Biannual; Pe: Perennial.
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Appendix 7. Summary information (scientific name, growth form, family, origin status,
and life form) of species recorded in Chapter 2 and 3 (Continued).

Scientific name Growth form Family Origin status Life formt
Festuca subuiflora Herb Gramineae Native Perennial
Fragaria vesca Herb Rosaceae Native Perennial
Fraxinus iatfoiia Tree Oleaceae Native Perennial
Galium aparine Herb Rubiaceae Native Annual
Galium parisiense Herb Rubiaceae Introduced Annual
Galium trflorum Herb Rubiaceae Native Perennial
Gaultheria shalion Shrub Ericaceae Native Perennial
Geranium carolinianum Herb Geraniaceae Native AnnuallBi
Geranium columbinum Herb Geraniaceae Introduced Annual/Bi
Geranium dissectum Herb Geraniaceae Introduced Annual/Bi
Geranium molie Herb Geraniaceae Introduced Annual/Bi/Pe
Geranium pus ilium Herb Geraniaceae Introduced Annual/Bi
Geranium robertianum Herb Geraniaceae Introduced Annual/Bi
Gnaphaiiumjaponicum Herb Asteraceae Introduced Annual/Bi
Gnaphaiium purpureum Herb Asteraceae Native Annual
Gnaphalium stramineum Herb Asteraceae Native Annual/Bi
Goodyera oblongfolia Herb Orchidaceae Native Perennial
Heracleum lanatum Herb Apiaceae Native Perennial
Hieracium alb?florum Herb Asteraceae Native Perennial
Hieracium praterse Herb Asteraceae Introduced Perennial
Hoicus ianatus Herb Gramineae Introduced Perennial
Hoiodiscus discolor Shrub Rosaceae Native Perennial
Hydrophyilum occidentale Herb Hydrophyllaceae Native Perennial
Hypericum perforatum Herb Hypericaceae Introduced Perennial
Hypochaeris radicata Herb Asteraceae Introduced Perennial
Iris tenax Herb Iridaceae Native Perennial
Juncus bufonius Herb Juncaceae Introduced Annual
Juncus tenuis Herb Juncaceae Native Annual
Lactuca muraiiis Herb Asteraceae Introduced Annual
Lactuca saligna Herb Asteraceae Introduced Annual/Bi
Lactuca serriola Herb Asteraceae Introduced Annual/Bi
Lam ium ampiexicaule Herb Lamiaceae Introduced AnnualfBi
Lapsana communis Herb Asteraceae Introduced Annual
Lathyrus poiyphyiius Herb Leguminosae Native Annual
Ligusticum apifolium Herb Apiaciae Native Perennial
Liiium columbianum Herb Liliaceae Native Perennial
Linnaea borealis Herb Caprifoliaceae Native Perennial
Lithocarpus dens ?fiorus Tree Fagaceae Native Perennial
Loiium muit?florum Herb Gramineae Introduced Biannual/Pc
Lomatium utriculatum Herb Apiaciae Native Perennial
Loncicera hispiduia Vine Caprifoliaceae Native Perennial
Lonicera ciiiosa Vine Caprifoliaceae Native Perennial



Bi: Biannual; Pc: Perennial.
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Appendix 7. Summary information (scientific name, growth form, family, origin status,
and life form) of species recorded in Chapter 2 and 3 (Continued).

Scientific name Growth form Family Origin status Life formt
Lotus micranthus Herb Leguminosae Native Annual
Lotus purshianus Herb Leguminosae Native Annual
Lupinus latfolius Herb Leguminosae Native Perennial
Lupinus micranthus Herb Leguminosae Native Annual
Luzula parvflora Herb Juncaceae Native Perennial
Madia gracilis Herb Asteraceae Native Annual
Madia sativa Herb Asteraceae Native Annual
Maianthemum dilatatum Herb Liliaceae Native Perennial
Marah oreganus Herb Cucurbitaceae Native Perennial
Menziesiaferruginea Shrub Ericaceae Native Perennial
Mimulus guttatus Herb Scrophulariaceae Native Annual/Pc
Monotropa unflora Herb Ericaceae Native Perennial
Montia sibirica Herb Portulacaceae Native AnnuallPe
Myosotis discolor Herb Boraginaceae Introduced Annual/Bi
Myosotis micrantha Herb Boraginaceae Introduced Annual/Bi
Navarretia squarrosa Herb Polemoniaceae Native Annual
Nemophilia parvfolia Herb Hydrophyllaceae Native Annual
Osmorhiza chilensis Herb Apiaceae Native Perennial
Oxalis oregana Herb Oxalidaceae Native Perennial
Oxalis stricta Herb Oxalidaceae Introduced Perennial
Parentucellia viscosa Herb Scrophulariaceae Native Annual
Phacelia nemoralis Herb Hydrophyllaceae Native Biannual/Pc
Phleum pratense Herb Gramineae Introduced Perennial
Picea sitchensis Tree Pinaceae Native Perennial
Pinus ponderosa Tree Pinaceae Native Perennial
Plantago lanceolata Herb Plantaginaceae Introduced Perennial
Plantago major Herb Plantaginaceae Native Perennial
Poa compressa Herb Gramineae Introduced Perennial
Poa palustris Herb Gramineae Introduced Perennial
Polygonum aviculare Herb Polygonaceae Introduced Annual
Polystichum munitum Fern Dryopteridaceae Native Perennial
Potentilla gracilis Herb Rosaceae Native Perennial
Prunella vulgaris Herb Lamiaceae Native Perennial
Prunus emarginata Tree Rosaceae Native Perennial
Prunus virgin iana Tree Rosaceae Native Perennial
Pseudotsuga menziesii Tree Pinaceac Native Perennial
Psoralea physodes Herb Leguminosae Native Perennial
Pteridium aquilinum Fern Dennstaedtiaceae Native Perennial
Pyrola sp. Herb Pyrolaceae Native Perennial
Quercus chrysolepis Tree Fagaceae Native Perennial
Quercus garryanna Tree Fagaceae Native Perennial
Ranuculus uncinatus Herb Ranunculaceae Native Annual/Pc
Rhamnus purshiana Tree Rhamnaceae Native Perennial



Scientific name
Rhus diversiloba
Ribes laxflorum
Ribes lobbii
Ribes sanguineum
Rosa gymnocarpa
Rosa nutkana
Rubus laciniatus
Rubus leucodermis
Rubus parvflorus
Rubus procerus
Rubus spectabilis
Rubus ursinus
Rumex acetosella
Rumex crispus
Salix scouleriana
Sam bucus racemosa
Sam bucuscerulea
Sanicula bipinnat?fida
San icula crassicaulis
Satureja douglasii
Scrophularia calfornica
Senecio jacobaea
Senecio sylvaticus
Senecio vulgaris
Smilacina racemosa
Smilacina stellata
Solanum dulcamara
Sonchus arvensus
Sonchus asper
Sonchus olearaccus
Stachys rigida
Stellaria media
Symphoricarpos albus
Synthyris renformis
Taraxacum officinale
Tellima grandfiora
Thallictrum occidentale
Tolmiea menziesii
Tragopogon dubius
Trientalis latfolia
Trfolium dubium
Trifolium repens

Bi: Biannual; Pe: Perennial.

Growth form Family
Shrub
Shrub
Shrub
Shrub
Shrub
Shrub
Shrub
Shrub
Shrub
Shrub
Shrub
Shrub
Herb
Herb
Shrub
Shrub
Shrub
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Shrub
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb

Anacardiaceae
Grossulariaceae
Grossulariaceae
Grossulariaceae
Rosaceae
Rosaceae
Rosaceae
Rosaceae
Rosaceae
Rosaceae
Rosaceae
Rosaceae
Polygonaceae
Polygonaceae
Salicaceac
Caprifoliaceae
Caprifoliaceae
Apiaceae
Apiaceae
Lamiaceae
Scrophulariaceae
Asteraceae
Asteraceae
Asteraceae
Liliaceae
Liliaceae
Solanaceae
Asteraceae
Asteraceae
Asteraceae
Lamiaceae
Caryophyllaceae
Caprifoliaceae
Scrophulariaceae
Asteraceae
Saxifragaceae
Ranunculaceae
Saxifragaceae
Asteraceae
Primulaceae
Leguminosae
Leguminosae

Origin status
Native
Native
Native
Native
Native
Native
Introduced
Native
Native
Introduced
Native
Native
Introduced
Introduced
Native
Native
Native
Native
Native
Native
Native
Introduced
Introduced
Introduced
Native
Native
Introduced
Introduced
Introduced
Introduced
Native
Introduced
Native
Native
Introduced
Native
Native
Native
Introduced
Native
Introduced
Introduced
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Appendix 7. Summary information (scientific name, growth form, family, origin status,
and life form) of species recorded in Chapter 2 and 3 (Continued).

Life formt
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Annual
Annual
Annual/Bi
Perennial
Perennial
Perennial
Perennial
Annual
Annual
Perennial
AnnualfPe
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
AnnuallBi
Perennial
Annual
Perennial
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Appendix 7. Summary information (scientific name, growth form, family, origin status,
and life form) of species recorded in Chapter 2 and 3 (Continued).

Scientific name Growth form Family Origin status Life form
Trillium ovatum Herb Liliaceae Native Perennial
Triodanis perfoliate Herb Campanulaceae Native Annual
Trisetum canescens Herb Gramineae Native Perennial
Tsuga heterophylla Tree Pinaceae Native Perennial
Vaccinium ovalfolium Shrub Ericaceae Native Perennial
Vaccinium parvfolium Shrub Ericaceae Native Perennial
Vancouveria hexandra Herb Berberidaceae Native Perennial
Veratrum calfornicum Herb Liliaceae Native Perennial
Veronica arvensis Herb Scrophulariaceae Introduced Annual
Veronica chamaedrys Herb Scrophulariaceae Introduced Perennial
Veronica peregrina Herb Scrophulariaceae Native Annual
Veronica serpyll?folia Herb Scrophulariaceae Introduced Perennial
Vicia americana Vine Leguminosae Native Perennial
Vicia gigantea Vine Leguminosae Native Perennial
Vicia hirsuta Vine Leguminosae Introduced Annual
Vicia sativa Vine Leguminosae Introduced Annual
Vicia tetrasperma Vine Leguminosae Introduced Annual
Viola glabella Herb Violaceae Native Perennial
Whipplea modesta Shrub Hydrangeaceae Native Perennial
Xerophyllum tenax Herb Liliaceae Native Perennial



Appendix 8. List of species recorded for each site in Chapter 2 and for each
regeneration mechanism in Chapter 3.
Appendix 8. Table 1. List of species recorded at the Starker site in Chapter 2.

Acer circinatum
Acer macrophylim
Achillea millefolium
Actaea rubra
Adenocaulon bicolor
Agrostis exarata
Agoseris grandflora
Agrostis scabra
Aira caryophyllea
Alnus rubra
Amelanchier alnfolia
Anaphalis margaritacea
Arenaria macrophylla
Berberis nervosa
Campanula prenanthoides
Carex sp.
Campanula scouleri
Cerastium vulgatum
Chrysanthemum leucanthemum

Cirsium arvense
Cirsium brevfolium
Cirsium edule
Cirsium vulgare
Conyza canadensis
Corylus cornuta
Collomia heterophylla
Crepis capillaris
Crepis setosa
Deschampsia elongata
Dicentraformosa
Digitalis purpurea
Disporum smithii
Elymus glaucus
Epilobium angustfolium
Epilobium minutum
Epilobium paniculatum

Erechtites minima
Fragaria vesca
Galium aparine
Galium parisiense
Gaultheria shallon
Galium tr?florum
Geranium dissectum
Gnaphalium japonicum
Gnaphalium purpureum
Gnaphalium stramineum
Heracleum lanatum
Hieracium albfiorum
Holodiscus discolor
Holcus lanatus
Hypericum perforatum
Hypochaeris radicata
Iris tenax
Lactuca murallis
Lathyrus polyphyllus
Lactuca serriola
Lotus micranthus
Lupinus latfolius
Madia sativa
Montia sibirica
Nemophilia parvfolia
Osmorhiza chilensis
Oxalis oregana
Phacelia nemoralis
Plantago lanceolata
Polystichum munitum
Prunus emarginata
Prunella vulgaris
Pseudotsuga menziesii
Pteridium aquilinum
Ranuculus uncinatus
Rhamnus purshianna

Ribes sanguineum
Rosa gymnocarpa
Rumex acetosella
Rumex crispus
Rubus laciniatus
Rubus leucodermis
Rubus parvflorus
Rubus procerus
Rubus spectabilis
Rubus ursinus
Sambucus cerulea
Satureja douglasii
Sambucus racemosa
Scrophularia calfornica
Seneciojacobaea
Senecio sylvaticus
Senecio vulgaris
Smilacina stellata
Sonchus arvensus
Sonchus asper
Sonchus olearaccus
Stellaria media
Stachys rigida
Symphoricarpos albus
Taraxacum officinale
Tellima grandflora
Thallictrum occidentale
Trfolium dubium
Trientalis latfolia
Trillium ovatum
Vaccinium parvfolium
Veronica peregrina
Viola glabella
Vicia hirsuta
Vicia tetrasperma

176



Appendix 8. Table 2. List of species recorded at the Sweet Home site in Chapter 2.

Abies grandis
Acer circinatum
Acer macrophylim
Adenocaulon bicolor
Agoseris grandflora
Amelanchier alnfolia
Anagallis arvensis
Anaphalis margaritacea
Anemone lyallii
Arenaria macrophylla
Asarum caudatum
Berberis nervosa
Campanula scouleri
Carex sp.
Chiysanthemum leucanthemum

Cirsium arvense
Cirsium brevfolium
Cirsium edule
Cirsium vulgare
Collomia heterophylla
Conyza canadensis
Corylus cornuta
Crepis capillaris
Crepis setosa
Daucus carota
Deschampsia elongata
Dicentraformosa
Disporum smithii
Elymus glaucus
Epilobium angustfolium
Epilobium minutum
Epilobium paniculatum
Erechtites minima
Galium aparine
Galium parisiense
Galium trflorum
Gaultheria shallon

Geranium columbinum
Geranium dissectum
Geranium molle
Gnaphalium japonicum
Goodyera oblongfolia
Hieracium albfiorum
Holcus lanatus
Hypericum perforatum
Hypochaeris radicata
Iris tenax
Lactuca murallis
Lactuca saligna
Lactuca serriola
Lapsana communis
Linnaea borealis
Lonicera ciliosa
Lotus micranthus
Madia gracilis
Madia sativa
Montia sibirica
Nemophilia parvfolia
Osmorhiza chilensis
Parentucellia viscosa
Phacelia nemoralis
Plantago lanceolata
Polygonum aviculare
Polystichum munitum
Prunella vulgaris
Prunus emarginata
Pseudotsuga menziesii
Pteridium aquilinum
Ranuculus uncinatus
Rhamnus purshianna
Ribes sanguineum
Rosa gymnocarpa
Rubus laciniatus

Rubus leucodermis
Rubus parvflorus
Rubus procerus
Rubus spectabilis
Rubus ursinus
Rumex acetosella
Sam bucus racemosa
Sambucus cerulea
Sanicula bipinnat?fida
Seneciojacobaea
Senecio sylvaticus
Senecio vulgaris
Smilacina racemosa
Sonchus arvensus
Sonchus asper
Sonchus olearaccus
Stachys rigida
Stellaria media
Symphoricarpos albus
Synthyris renformis
Tellima grandflora
Thallictrum occidentale
Trientalis latfolia
Trfolium dubium
Trfolium repens
Trillium ovatum
Vaccinium parvfolium
Vancouveria hexandra
Veronica peregrina
Vicia americana
Vicia gigantea
Vicia hirsuta
Vicia sativa
Vicia tetrasperma
Viola glabella
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Appendix 8. Table 3. List of species recorded at the Seaside site in Chapter 2.

Agrostis exarata
Agrostis scabra
A ira caryophyllea
Alnus rubra
Anaphalis margaritacea
A thyriumfihix-femina
Blechnum spicant
Boykinia elata
Carex sp.
Cirsium vulgare
Clintonia unflora
Deschampsia elongata
Digitalis purpurea
Disporum smithii
Elymus glaucus
Epilobium angustfolium
Epilobium minutum
Equisetum sp.
Erechtites minima
Galium aparine
Galium trflorum
Gaultheria shallon

Gnaphalium stramineum
Goodyera oblongfolia
Hieracium albflorum
Holcus lanatus
Hypericum perforatum
Hypochaeris radicata
Ligusticum apifolium
Maianthemum dilatatum
Montia sibirica
Osmorhiza chilensis
Oxalis oregana
Picea sitchensis
Polystichum munitum
Prunella vulgaris
Prunus emarginata
Pseudotsuga menziesii
Pteridium aquilinum
Rhamnus purshianna
Ribes lax ?florum
Ribes sanguineum
Rosa gymnocarpa
Rubus laciniatus

Rubus leucodermis
Rubus parvflorus
Rubus procerus
Rubus spectabilis
Rubus ursinus
Rumex acetosella
Salix sp.
Sam bucus cerulea
Sambucus racemosa
Scrophularia calfornica
Senecio jacobaea
Senecio sylvaticus
Senecio vulgaris
Smilacina stellata
Sonchus olearaccus
Stachys rigida
Tellima grandflora
Tsuga heterophylla
Vaccinium oval?folium
Vaccinium parvfolium
Veronica serpyllfolia
Viola glabella
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Appendix 8. Table 5. List of species recorded for the seed bank in Chapter 3.

Agrostis scabra
Arenaria macrophylla
Cardamine oligosperma
Carex sp.
Cerastium vulgatum
Chrysanthemum leucanthemum

Cirsium arvense
Cirsium vulgare
Collomia heterophylla
Conyza canadensis
Crepis capillaris
Crepis setosa
Daucus carota
Deschampsia elongata
Elymus glaucus
Epilobium minutum
Epilobium paniculatum
Galium aparine
Galium trjflorum

Geranium columbinum
Geranium dissectum
Gnaphaliumjaponicum
Gnaphalium purpureum
Holcus lanatus
Hypericum perforatum
Hypochaeris radicata
Iris tenax
Juncus bufonius
Juncus tenuis
Lactuca serriola
Lapsana communis
Luzula parvfiora
Mimulus guttatus
Montia sibirica
Myosotis micrantha
Phacelia nemoralis
Plantago major
Poa compressa

Polygonum aviculare
Prunella vulgaris
Ranuculus uncinatus
Ribes sanguineum
Rubus ursinus
Rumex acetosella
Salix sp.
Senecio sylvaticus
Senecio vulgaris
Sonchus arvensus
Sonchus asper
Sonchus olearaccus
Trfolium dubium
Vaccinium ova4folium
Veronica chamaedrys
Veronica peregrina
Vicia hirsuta
Vicia tetrasperma
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Appendix 8. Table 6. List of species recorded for the seed rain in Chapter 3.

Agoseris grandflora
Agrostis exarata
Aira caryophyllea
Arenaria macrophylla
Cardamine oligosperma
Carex sp.
Cerastium vulgatum
Chrysanthemum leucanthemum

Cirsium arvense
Cirsium vulgare
Collomia heterophylla
Conyza canadensis
Crepis capillaris
Crepis setosa
Daucus carota
Deschampsia elongata
Epilobium minutum
Epilobium paniculatum
Galium aparine
Galium parisiense

Galium trftorum
Geranium columbinum
Geranium dissectum
Gnaphalium japonicum
Gnaphalium purpureum
Gram ineae
Holcus lanatus
Hypericum perforatum
Hypochaeris radicata
Juncus bufonius
Lactuca murallis
Lactuca serriola
Lapsana communis
Luzula parvJlora
Madia sativa
Mimulus guttatus
Montia sibirica
Parentucellia viscosa
Phacelia nemoralis
Poa compressa

Prunella vulgaris
Pseudotsuga menziesii
Ranuculus uncinatus
Rubus ursinus
Senecio sylvaticus
Senecio vulgaris
Sonchus arvensus
Sonchus asper
Sonchus olearaccus
Stachys rigida
Taraxacum officinale
Trfolium dubium
Veronica chamaedrys
Veronica peregrina
Vicia hirsuta
Vicia sativa
Vicia tetrasperma
Viola glabella
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Appendix 8. Table 7. List of species recorded for the bud bank in Chapter 3.

Acer circinatum
Anaphalis margaritacea
Arenaria macrophylla
Asarum caudatum
Berberis nervosa
Campanula scouleri
Carex sp.
Cerastium vulgatum
Chrysanthemum leucanthemum

Cirsium arvense
Cirsium vulgare
Deschampsia elongata
Disporum smithii
Elymus glaucus
Epilobium angustfolium
Galium triflorum

Gaultheria shallon
Holcus lanatus
Hypericum perforatum
Hypochaeris radicata
Iris tenax
Lonicera ciliosa
Montia sibirica
Osmorhiza chilensis
Polystichum munitum
Prunella vulgaris
Pteridium aquilinum
Ranuculus uncinatus
Rubus laciniatus
Rubus leucodermis
Rubus parvflorus
Rubus procerus

Rubus spectabilis
Rubus ursinus
Rumex acetosella
Sonchus arvensus
Stachys rigida
Symphoricarpos albus
Synthyris renformis
Thallictrum occidentale
Trientalis latfolia
Trfolium repens
Trillium ovatum
Vancouveria hexandra
Vicia americana
Viola glabella
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