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Abstract approve
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The temperature-dependent development of pupae and adults of strawberry

root weevil (SRW) Otiorhynchus ovatus (L.) was studied in strawberry (Fragaria x

ananassa Duch. var. `Totem'). The development of pupae and adults was

investigated at constant temperatures from 3 33°C at 3°C intervals. Major

emphasis was on the development of a weighted linear temperature-based pupal

prediction model. The predictive ability of this weighted model was compared to a

traditional non-weighted linear degree-day model by relating predictions to the

observed occurrence of SRW lifestages determined by field sampling.

The upper thermal lethal limit for SRW pupae was between 30 and 33°C.

Pupae did not eclose below 6°C. Mean pupal duration was 127 d at 6°C and 7 d at

30°C. Rate of development (1/days) was greatest at 30°C. The weighted linear

pupal prediction model produced a developmental threshold of 4.3°C and a degree-

day requirement of 227.3. The non-weighted linear pupal prediction model

produced a developmental threshold of 6.2°C and a degree-day requirement of

163.9.

Adults fed at all temperatures from 3 33°C and oviposited at temperatures

between 18 and 30°C . The longest preoviposition period (32.8 d) and the least

total number of eggs (2.2) were observed at 18°C. The shortest preoviposition

Redacted for Privacy



period (15.1 d) and the greatest total number of eggs (282.5) were observed at

27°C. A temperature range of 21 to 27°C appeared to be optimum for oviposition;

i.e. relative to other temperatures, preoviposition time was short, mortality was low,

and total number of eggs laid was high.
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Temperature-dependent Development of Strawberry Root Weevil,

Otiorhynchus ovatus (L.)

1. Introduction

Strawberry root weevil (SRW), Otiorhynchus ovatus (L.), is a key species

in the complex of ubiquitous weevils (Otiorhynchus spp.) that plague many of

Oregon's most important agricultural commodities. These commodities include

peppermint, Christmas trees, strawberries, cane fruits and nursery crops. Larvae

live in the soil and cause primary damage to plants by feeding on their roots and

underground stems. Adults feed nocturnally above ground, causing leaf notching,

which is cosmetic in most crops. SRW is parthenogenetic, nocturnal, flightless and

polyphagous. Both adults and larvae have many native and cultivated host plants

(Treherne 1914).

SRW is difficult to manage. Adults are nocturnal, inconspicuous and

difficult to locate. Larvae are often difficult to locate until spring when they are

larger and plants in infested areas exhibit a noticeable decline. These constraints

make it difficult to determine the progress of an infestation and to determine the

proper timing of appropriate management tactics. Because of the wide range of

host plants, management of SRW becomes increasingly complex when alternate

host plants are growing in close proximity to a susceptible cultivated crop.

Growers are often interested in controlling adults because they are the only

life stage found above ground, but larvae and pupae are also actively managed.
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Soil insecticides have proven to be fairly effective, but the most recent efforts to

control larvae and pupae have focused on the use of entomopathogenic nematodes

of the genera Heterorhabditis and Steinernema (Berry et al. 1997, Georgis and

Poinar 1984) and of entomopathogenic fungi of the genus Metarhizium

(Moorehouse et al. 1992, 1993a, 1993b). Heightened environmental awareness and

government restrictions have increased interest in biological control agents, and

these alternative tactics may play a key role in future SRW management programs.

Preliminary work with biological control agents has been promising, but

their effectiveness is strongly influenced by environmental conditions such as

temperature, soil type, pH and moisture. The work of some researchers has

focused on understanding how these biological control agents respond to an array

of environmental conditions (Blackshaw and Newell 1987, Moorehouse et al.

1993a). Others have selected strains of entomopathogenic nematodes that are well-

adapted to particular environmental conditions (Berry et al. 1997). Even though

advancements have extended the effectiveness of biological control agents, control

measures (biological, cultural and chemical) are still largely dependent on precise

timing. As control strategies for SRW have shifted from a pesticide-centered

paradigm to one that integrates non-chemical control tactics, precise timing of these

tactics has become increasingly critical.

Timing control tactics can be improved with knowledge of how

environmental conditions influence insect development. Models can be used in

conjunction with environmental and biological monitoring to predict an organism's
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occurrence under dynamic conditions. Therefore, understanding the biology of

individual organisms can assist pest managers in determining what control tactics

show the greatest potential, and when these tactics should be implemented to

maximize their efficacy.

1.1 Prediction models

Insects are poikilothermic, and their rate of development is controlled to a

large extent by temperature. Thus, development is often expressed as a function of

temperature. This temperature-dependence is an inherent assumption in the

development of temperature-based prediction models.

Development is temperature-dependent because biochemical pathways are

largely driven by temperature-dependent enzyme functions, that limit the rate of

those pathways (Sharpe and DeMichele 1977). Although insect development

involves many individual reactions in numerous enzyme systems, Sharpe and

DeMichele (1977) suggested that the system is gated by control enzymes that

regulate metabolic processes. For each insect species there are low and high

temperature thresholds for enzyme actions, and thus development is arrested.

Between these thresholds the rate of development can be correlated with

temperature. As temperatures rise above the low threshold, enzyme reactions

increase in speed until a temperature is reached that begins to cause some enzyme

denaturation. Rate of metabolism at that point slows and continues to decrease
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until a temperature is reached that causes complete enzyme denaturation and

shutdown of the entire system.

Rate of development is often expressed as the inverse of development time

regressed against temperature which produces a sigmoidal curve (Wagner et al.

1984). Data for producing a development curve are usually derived from rearing a

life stage(s) at constant experimental temperatures. At moderate temperatures this

relationship is generally linear. Above and below moderate temperatures the

relationship becomes curvilinear (Campbell et al. 1974). The nonlinearity at low

temperatures may be attributed to factors such as genetic selection and nutrition

(Lamb 1992). However, Lamb (1992) critically tested these hypotheses and

concluded that nonlinearity at low temperatures occurs because the rate processes

that control development are nonlinear.

Several authors have suggested models to describe insect developmental

rates. Based on Eyring's absolute reaction rate theory, Sharpe and DeMichelle

(1977) suggested a biophysical model based on a single rate controlling enzyme.

This equation was further modified by Schoolfield et al. (1981). Other authors

have suggested empirical nonlinear models to express insect growth rates that are

not based on accepted biophysical laws (Davidson 1944, Stinner et al. 1974, Logan

et al. 1976). Nonlinear models are based on different assumptions. Exponential,

catenary, polynomial and logistic equations have been used to create models and

there is no imperious justification to choose one model over another (Farooqi and

AliNiazee 1997). Depending on the species, one model may perform better than
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another. Researchers have used nonlinear models to describe the development of

various species (Wagner et al. 1987, Judd and Mcbrien 1994, Fisher et al. 1996).

Nonlinear models most accurately describe the length of the rate curve.

However, most of these models are mathematically complex and not very

accessible to pest managers interested in predicting life stage events. Nonlinear

models can be made accessible through the use of software, that uses

environmental data as an input to predict life stage events. However, there is

resistance to the use of nonlinear models because of the often prohibitive resources

required for their development and application. Therefore, development is

commonly expressed linearly (Rate =Bo + Bi *Temperature).

Linear models facilitate prediction of life stage events using degree-day

accumulations, which can be easily calculated using standard temperature data

from a variety of sources. A linear model produced using data that broadly spans

the curve approximates the center, or the linear portion of the curve (Arnold 1959).

Campbell et al. (1974) demonstrated that a linear model created in this manner can

adequately depict the developmental rate curve for insects that are exposed to daily

average temperatures in the linear portion of the curve. Using this method, the

estimated lower developmental threshold (TH) is the value where the model

intersects the x-axis (Arnold 1959). The degree-day requirement (1/slope)

represents the degree-days for the life stage to complete development.
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1.2 Objectives

The purpose of these experiments was to describe the temperature-

dependent development of SRW pupae and adults with major emphasis on

prediction of the pupal stage. Accurate prediction of pupae is essential to

effectively time control tactics. Pupae are immobile and extremely fragile, and the

pupal stage is most vulnerable to soil disturbance. Effectiveness of tillage as a

cultural management tool is likely improved when timed to coincide with greatest

pupal population. More importantly, accurate prediction of the end of the pupal

period is vital to accurately estimate the time of adult emergence from the soil.

Supplementing prediction of adult emergence with knowledge about the

preoviposition period allows prediction of the 'window' of time when adults are

present before oviposition commences. This window of opportunity is the best

time to implement adult control tactics. Control measures applied before or after

this window of opportunity are not as effective.

The objectives of these studies were:

1. To describe the effect of constant temperature on pupal

development

2. To develop a pupal degree-day prediction model

3. To describe the effect of constant temperature on adult feeding,

preoviposition period, oviposition period, and total eggs laid
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2. Literature Review

2.1 Systematics

The strawberry root weevil, Otiorhynchus ovatus (L.) (Coleoptera:

Curculionidae) was first named Curculio ovatus by Linnaeus in 1761 (Emenegger

1976). In 1802, Latrielle suggested the genus Brachyrhinus, and Germar proposed

the genus Otiorhynchus in 1824 (Emenegger 1976). European workers

expeditiously recognized the Otiorhynchus designation while workers in the United

States and Canada persisted in using Brachyrhinus (Downes 1922, Essig 1933,

Eide 1955). To establish uniformity and avoid confusion, Zimmerman (1968)

requested that the International Commission of Zoological Nomenclature suppress

the Brachyrhinus designation and retain Otiorhynchus. The Commission

authenticated the genus Otiorhynchus in 1972 and suppressed the genus

Brachyrhinus.

0. ovatus has been known by many common names in North America,

including the strawberry weevil, the strawberry crown-girdler, the ovate snout-

beetle, the graveyard bug, the pitchy-legged Otiorhynchus, the strawberry grub, the

sleepy weevil and the strawberry root weevil (Wilcox et al.1934). The American

Association of Economic Entomologists accepted the strawberry root weevil as the

common name for 0. ovatus in 1933.
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2.2 Distribution

Although authors are generally in agreement that most Otiorhynchus spp.

were introduced into North America (Essig 1933, Warner and Negley 1976),

Downes (1922) suggested that SRW is a native species. The weevils belonging to

the genus Otiorhynchus are distributed extensively throughout the northern

hemisphere with the greatest numbers of species centered in the highlands of

middle Europe (Essig 1933). In 1923, Hustache reported that over a thousand

Otiorhynchus species occur in various European nations (Wilcox et al. 1934). At

least sixteen Otiorhynchus species have been reported in North America north of

Mexico (Warner and Negley 1976). 0. ovatus is distributed across Canada and the

United States. Its range extends as far south as Texas, and into most southeastern

states (Warner and Negley 1976).

Most Otiorhynchus species are parthenogenetic, nocturnal and flightless.

They are commonly found in cool climates or at higher elevations and are rarely

found in arid regions (Essig 1933). Larvae feed on the roots and underground

stems of plants (Warner and Negley 1976). Adult weevils are usually black or

brown. They are slow-moving and characteristically become motionless when

disturbed (Essig 1933). Although their natural dispersal is limited by crawling, a

large percentage of Otiorhynchus species are pests of cultivated plants (Warner and

Negley 1976) and the transfer of potted plant materials is believed to have

distributed Otiorhynchus species to many regions of the world (Essig 1933). The
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first report of 0. ovatus in North America was in Massachusetts in 1852 (Cooley

1904). The first report in Oregon was in 1900 (Lovett 1913).

The biology and control of 0. ovatus has been investigated throughout its

geographic distribution. In western North America, Treherne (1914) and Downes

(1922) studied the life cycle of 0. ovatus on strawberries and other hosts in British

Columbia, and Lovett (1913) and Wilcox et al. (1934) studied 0. ovatus in Oregon.

Other researchers have studied 0. ovatus in the eastern US (Weed 1884, Patch

1905, Gambrell 1938) and internationally (Burdov 1959, Stenseth 1979, Stein

1969). More recently, Emenegger (1976) and Cacka (1982) studied the biology of

0. ovatus on peppermint in Oregon, and Brandt (1992) examined the management

of 0. ovatus in conifer nursery stock in Ontario.

2.3 Life Cycle Description

SRW typically overwinters as a larva. Pupation occurs in the soil in spring.

Adults emerge in late spring. Oviposition occurs in early summer. Adults have

been reported to overwinter (Treherne 1914, Downes 1922, Wilcox et al. 1934,

Cacka 1982), although Emenegger and Berry (1978) did not observe adult

overwintering. Brandt (1992) found that less than 1% of field released weevils

survived the winter in Ontario, Canada. The occurrence of overwintered adults

could explain the observation that eggs, larvae and adults can be found in various

stages throughout most of the year (Gambrell 1938).
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Differences in the numbers of overwintered adults may result from

variations in environmental conditions, including temperature, site and host plant

(Brandt 1992), as well as variations in the length of the growing season (Wilcox et

al. 1934). Little research has been done to quantify the effects of variable

environmental conditions on strawberry root weevil phenology and development.

However, temperature and host plant variability have been demonstrated to be

important factors in the development of the black vine weevil, 0. sulcatus, a

closely related weevil with habits similar to the strawberry root weevil (Stenseth

1979, Cram and Pearson 1965, Hanula 1988, Shanks 1980, Maier 1981).

2.3.1 Emergence to preoviposition

Callow adults are white, but they turn pale brown as they harden and make

their way to the soil surface. Mature adults are dark brown, egg-shaped and about

6mm in length. Since the elytra are fused over the abdominal segments, the adults

are flightless, but their legs are well-adapted for walking (Treherne 1914). Adults

are nocturnal and gregarious. They spend their days in cracks in the soil, leaves

and debris. At night they feed on above-ground plant parts, notching the leaves of

their host plants (Wilcox et al. 1934). Emenegger (1976) found that the greatest

nocturnal activity occurred two hours after sunset, before temperature lowers

significantly and dew forms.

SRW emergence is dependent on temperature, soil moisture and soil texture

(Wilcox et al. 1934, Emenegger 1976). Specific emergence dates and durations are
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contingent on site-specific environmental conditions, and vary with location.

Brandt et al. (1996) found that weevils in a conifer plantation in Ontario, Canada,

began to emerge in early June with an emergence period of 56 days, while

Emenegger and Berry (1978) found that weevils in western Oregon peppermint

fields began to emerge from the soil in late May with a mean emergence period of

21 days.

Reported lengths of the preoviposition period have been quite variable: 8

days (Treherne 1914), 14 days (Lovett 1913), one month (Downes 1922), and 33

days (Wilcox et al. 1934, Brandt 1992). Treherne (1914) and Lovett (1913) noted

difficulties in determining accurate dates for the initiation and cessation of the

preoviposition period. Brandt (1992) indicated his observed preoviposition period

of 30-33 days in Ontario, Canada was highly accurate because he used callow

adults.

2.3.2 Oviposition to egg hatch

First-year weevils oviposit for approximately 12 weeks (Emengger 1976).

The oviposition period by overwintered adults is shorter, and occurs earlier in the

season (Downes 1922, Wilcox et al. 1934). Adults do not burrow to oviposit. Eggs

are commonly deposited under loose materials and in cracks in the soil near the

crowns of strawberry plants (Treherne 1914).

The reported number of eggs laid by first-year weevils varies considerably.

Treherne (1914) reported that adults laid 40-50 eggs per year in British Columbia
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while Downes (1922) reported 150-300 eggs in the same geographic region. Stein

(1969) observed two 800-egg oviposition periods each season in Germany.

Downes (1922), Treherne (1914) and Wilcox et al. (1934) attributed the

observed differences in oviposition data primarily to variable temperatures.

However, Brandt (1992) found that temperatures of 15, 20 and 25°C had no effect

on fecundity. Some of the differences in oviposition data can be explained by

considerable differences in the number of eggs laid per adult; Brandt (1992) found

that adults laid 1-210 eggs per female at 15°C and 5-303 eggs per female at 20°C.

Additional variation may be due to host plant variability and different

environmental conditions, as comparable effects have been observed in black vine

weevil studies (Brandt 1992).

The incubation period for SRW eggs also is variable. Emenegger (1976)

reported that the mean egg incubation period was 13.9 days at 20° C and 12.6 days

at 24°C. Other authors have reported incubation periods from 7 to 25 days

(Treherne 1914, Downes 1922, Shread 1950). The source of this variability was

not given although Brandt (1992) suggested that it may be associated with host

plant variability and environmental conditions. Genetic variability within SRW

populations is also a likely source of variation.

Egg fertility ranges from 70-80 percent (Treherne 1914, Emenegger 1976),

with the first eggs laid by a SRW adult having the highest rates of infertility

(Downes 1922). Wilcox et al. (1934) commented that some observed infertility

may be because the eggs that are laid first are undersized. Emenegger (1976) did
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not identify any size differences between early and late deposited eggs, although he

did observe a sizable reduction in egg fertility in late July and August. Newly

deposited SRW eggs are milky white in color, but melanisation of the chorion

proceeds rapidly in fertile eggs. Eggs that do not change color in 48 hours are

inviable (Emenegger 1976).

2.3.3 Larvae

Emerging larvae are white with light brown head capsules. Larvae are 0.5

mm long and covered with minute hairs (Treherne 1914). Larvae initially feed on

small rootlets, using rhythmic body contractions to move through cracks in the soil

(Emenegger 1976). Some researchers have reported that many larvae die even

before reaching suitable roots (Downes 1922). Others have reported that the larvae

are hardy and active even in dry soils (Cooley 1904, Lovett 1913). Shanks and

Finnigan (1973) observed significant mortality in neonate black vine weevils kept

below 85% relative humidity, and similar moisture conditions may influence

survival of strawberry root weevil larvae.

As the larvae grow they begin to feed on larger roots. In heavily infested

strawberry plantings, larvae have been observed feeding on plant crowns (Wilcox

et al. 1934). Gregarious behavior of larvae has not been observed. Although many

larvae may be found in association with the same root mass, the larvae are evenly

spaced through the roots in mint fields (Emenegger 1976). Cannibalism has not
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been reported, but Emenegger (1976) observed that larvae thrash violently upon

contact with other larvae in the laboratory.

In western Oregon the larval stage lasts about 10 months (Wilcox et al.

1934). Larvae are found at soil depths from 10 to 25 cm, and molt several times in

self-formed cells in the soil (Wilcox et al. 1934, Gambrell 1938, Emenegger and

Berry 1978). Although the number and length of the instars has not been well

documented, Wilcox et al. (1934) estimated that there are at least five instars in the

Willamette Valley; three are completed by autumn, one in winter, and one in spring

before pupation. However, because hatch occurs over a period of weeks, larvae

pass the winter in different stages of development.

The majority of the weevils overwinter as half-grown larvae, but some are

fully mature by autumn. Downes (1922) suggested that larvae maturing in one

summer developed from eggs laid early by overwintered adults. Mature

overwintered larvae are ready to pupate in early spring while half-grown larvae

must feed in the spring until they are fully developed (Treherne 1914). Larvae

move up in the soil column in the spring so that they are near the base of the plants

(Downes 1922). Mature larvae are about .5 cm long before pupation.

Downes (1922) reported that the pupal period was 10 to 26 days. Treherne

(1914) reported a pupal period of 21 days, and Emenegger and Berry (1978) found

a period of 22.6 days at 15°C. Cacka (1982) found that pupation in central Oregon

began in early May and peaked in late May. Other authors have reported pupation

beginning as early as mid-April (Treherne 1914, Downes 1922, Emenegger 1976).
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2.4 Hosts

0. ovatus is a polyphagous insect; both adults and larvae have many native

and cultivated host plants (Patch 1905, Treherne 1914, Wilcox et al. 1934,

Emenegger 1976). 0. ovatus occurrence has been studied in strawberries (Patch

1905, Treherne 1914, Wilcox et al. 1934, Downes 1922), in peppermint

(Emenegger 1976, Cacka 1982), and in conifers (Gambrell 1938, Schread 1950,

Brandt et al. 1995). In the Pacific Northwest 0. ovatus is a pest of nursery crops,

peppermint, and many small fruits including strawberries, caneberries, blueberries

and cranberries. Because of the wide range of host plants, many types of

vegetation can harbor root weevil populations. Control measures become

increasingly complex when alternate host plants are growing in close proximity to a

susceptible cultivated crop.

2.5 Control Strategies

A number of strategies have been implemented to control strawberry root

weevil. Early control measures were primarily cultural, such as crop rotation, clean

cultivation, cover cropping, weed control, and flooding (Lovett 1913, Treherne

1914, Downes 1922, Mote and Wilcox 1927). Cultivation proved to be the most

successful, killing weevils during the fragile pupal stages or removing food

sources. However, control by cultivation is limited to the preplant period and is of

little use in many of the perennial crops where 0. ovatus is the most serious
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problem, e.g., conifers, nursery stock, perennially grown strawberries, caneberries,

etc.

Trapping was an early control measure that made use of the fact that

weevils are flightless (Treherne 1914, Downes 1922). Wooden barriers and oil-

filled troughs were constructed to check the migration of weevils to new locations

or to prevent infestations in new plantings. Although the barriers were fairly

successful, they were only practical on a small scale under very limited conditions,

and their use was never accepted as a practical method of control.

2.5.1 Chemical control

Insecticides were first used experimentally to control SRW in the late

1920s. There was some experimentation with foliar sprays and drenches, but the

most successful chemicals proved to be poisoned baits of arsenate or flouride

(Downes 1927, Wilcox et al. 1934, Gambrell 1938). Poisoned baits provided some

control, but rain considerably abated the effectiveness of the baits (Downes 1927,

Wilcox et al. 1934).

By the 1950s, the pesticide market had grown dramatically. Insecticide

trials showed that chlorinated hydrocarbons were highly efficacious against root

weevils (Eide 1955, Breakey 1959). Many of these chemicals had a long

persistence of activity measured in years. They were incorporated into the soil

before establishing a planting (Breakey 1959). The acceptance of chlorinated

hydrocarbon pesticides began to decline in the late 1960s when it became evident
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that they were not without deleterious environmental consequences, and the

unilateral use of chlorinated hydrocarbons had increased pest resistance (Nielsen

and Montgomery 1977). Persistence and efficacy of chlorinated hydrocarbons once

perceived as beneficial were now regarded as liabilities and they came under severe

government restrictions in the1970s (Berry 1971).

Researchers in the 1970s responded to restrictions on chlorinated

hydrocarbons by investigating the effectiveness of organophosphates, carbamates

and pyrethroids for root weevil control (Shanks 1970, Berry 1971, Nielsen et

al.1978). Furadan® (carbofuran) was found to be one of the few chemicals that

consistently performed well in field trials. However, its efficacy was limited by

many factors including soil structure and organic matter, availability of irrigation,

canopy management, increases of carbamate-degrading soil microflora and

application methods (Nielsen and Boggs 1985). In addition to these drawbacks,

problems caused by two-spotted spider mite on strawberry were often magnified

with the use of carbofuran.

2.5.2 Biological control

Although several natural enemies of 0. ovatus have been reported, none

have proved to be effective control agents. Treherne (1914) and Lovett (1913)

observed weevils falling prey to birds, and Brandt (1992) found that bird droppings

in the vicinity of emerging weevils contained hundreds of 0. ovatus exoskeletons.

Lovett (1913) observed a mite feeding on 0. ovatus eggs, and Treherne (1914)
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suggested that moles may be important predators. In addition, several ground

beetles also have been reported to feed on adults and larvae of 0. ovatus (Weed

1884, Treherne 1914, Emenegger 1976, Cacka 1982).

An increasing environmental awareness and more stringent governmental

pesticide regulations since the early 1980s have elevated interest in biological

control agents for control of 0. ovatus. Much of the preliminary research has been

completed on black vine weevil, but successes with black vine weevil suggest a

future for biological control agents for 0. ovatus. Entomopathogenic nematodes

(Bedding and Miller 1981), mycorrhizal fungi (Gange 1996) and entomogenous

fungi of the genus Metarhizium (Moorehouse et al. 1993a) have controlled black

vine weevil larvae under controlled conditions. Entomogenous bacteria and

polyhedrosis viruses have not been demonstrated to be effective against black vine

weevils (Moorehouse et al. 1992).

Several entomophagous nematode species of the genera Heterorhabditis

and Steinernema have been investigated as weevil control agents. These nematodes

are obligate parasites of insects and effective biological control agents (Poinar

1979). Entomopathogenic nematodes are able to survive for a limited time in the

soil without feeding. Infective juvenile nematodes actively seek out their hosts,

entering through the mouth, anus or gut wall. Once inside, they release their

symbiotic bacteria into the haemolymph, which kill the host. Nematodes feed on

the bacteria and the dead insect. At the end of the life cycle, infective juveniles
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are formed that emerge from the dead host and spread into the soil in search of a

new host (Poniar 1979).

Nematode efficacy is limited by soil temperature and moisture (Rutherford

et al. 1987, Griffin and Downes 1994). One of the primary problems with

entomopathogenic nematodes is that the activity of most nematode species is

inadequate at low temperatures (Berry et al. 1997). However, recent work in

Oregon has shown that H. marelatus (Liu and Berry), a cool-temperature adapted

species, can provide adeqaute control of strawberry root weevil in field trials (Berry

et al. 1997).

Several Metarhizium spp. have been investigated as biological control

agents for black vine weevil (Moorehouse et al. 1993a). A mycelial granular

Metarhizium formulation has been marketed as a biocontrol agent in Europe

(Stenzel et al. 1992), but despite favorable evaluations of virulent and persistent

strains of Metarhizium spp., interest has not been great enough to produce it

commercially in the United States. Furthermore, no research has been done with

Metarhizium spp. on 0. ovatus, and research with the black vine weevil has

primarily been limited to greenhouse and potted plant studies (Moorehouse et al.

1993b, Stenzel et al. 1992). Field soil conditions such as temperature, moisture,

substrate, pH and host plant may influence the efficacy of entomogenous fungi

(Zimmerman 1996).

Research on the use of mycorrhizal fungi for biological control has not been

extensive, but results to date show considerable promise (Gange 1996).
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Arbuscullar mycorrhizal fungi may help plants defend against insects pests (Gange

1996). Although the action of the fungi has not yet been described, Gange (1996)

suggested that plant resistance may be strengthened through changes in plant

biochemistry. Preliminary research suggests that mycorrhizae have a great

potential for use in integrated systems to increase the effectiveness of other control

measures by enhancing biological growth (Gange 1996). In contrast to control

measures that have limited activity or persist only in the presence of larvae,

mycorrhizal fungi have a symbiotic relationship with their hosts and, therefore,

provide a long term protection system (Gange 1996).

2.6 Sampling

Sampling for 0. ovatus is necessary to estimate the size and progress of

infestations. Sampling is difficult because the adults are nocturnal and the

immature stages live in the soil. Predictive sampling methods are necessary to

develop an accurate portrayal of a pest's occurrence, which is required to formulate

and execute effective management strategies (Brandt 1992). Sampling methods

that quantify the size and distribution of larval stages of 0. ovatus are most

important because they are of the greatest economic importance (Cacka 1982).

Adult sampling has involved night sweep sampling, emergence monitoring

and trapping using pitfall traps, trap boards and burlap wrap (Brandt 1992). Most

methods have been effective in monitoring the timing of adult stages. However,

these methods have not been used successfully to associate population sizes with
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occurrence of different life stages. Quantifying population size is vital to the

development of accurate economic thresholds (Cacka 1982).

Sampling for immature stages has primarily involved washing or sifting soil

(Brandt 1992). Sampling methods have often provided satisfactory results, but

most procedures are labor intensive and require large quantities of soil and plant

destruction. To overcome these difficulties, Cacka (1982) developed a sequential

sampling method and an economic threshold for 0. ovatus in central Oregon

peppermint plantings, and Brandt (1992) developed a sampling method for larvae

in an Ontario ornamental conifer plantation using soil cores.
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3.1.1 Source of insects

Late instar SRW (2000) were collected from a second year strawberry

(Fragaria x ananassa Duch. var. 'Totem') plot at the Oregon State University,

North Willamette Research and Extension Center (NWREC), Aurora, OR in early

April, 1998. Larvae were divided into 10 groups of 200 and reared in 946 cc.

containers (Reynolds Metals Company, Richmond VA) that contained moist peat

moss. The larvae and containers were placed at 24°C with 0:24 (L:D). A

longitudinally sliced carrot was supplied as a source of nourishment (Masaki et al.

1987). Larvae were monitored daily, and pupae were removed as they transformed.

Five pupae were placed in 50 x 9 mm seal tight polystyrene dishes (Falcone,

Becton Dickinson Labware, Lincoln Park, NJ) with a tablespoon of moist peat

moss and randomly assigned to different temperature treatments. There were 11

constant temperature treatments, ranging from 3 to 33°C at 3° intervals. Pupae

were collected for each treatment until 100 pupae had been collected (20 replicates

of 5 pupae each). Pupae were monitored daily. Eclosion and mortality were

recorded.

To validate the laboratory derived models, the models were tested in the

field. In early April, a 0.75 ha. block of strawberries (var. 'Totem') at the
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NWREC, that was naturally infested with SRW, was mapped by sampling row

transects every ten m. (Appendix: Fig. A). From this map, I determined that the

infestation was primarily in the center six rows of the field. These six rows were

randomly sampled every eight days from early April to mid-July to determine the

proportion of larvae, pupae and adults. Each soil sample consisted of ten

standardized cores from a golf hole cutter (10.5 cm diameter X 18.5 cm depth).

Insects were recovered by sieving the soil through a series of three screens.

3.1.2 Data Analysis

Several nonlinear models that describe the relationship between temperature

and rate of development have been suggested (Stinner et al. 1974, Logan et al.

1976, Sharpe et al. 1976). However, for maximum use in widely available degree-

day models, rate of development must be modeled linearly (Rate =Bo + B1

*Temperature). Therefore, in addition to a nonlinear model, several linear models

were fit to the data: a non-weighted linear model and a set of weighted models.

The non-weighted model used a least-squares regression equation to determine the

model parameters (Arnold 1959). The average daily temperature weighted model

(AW) and the family of degree-day weighted models (KW) weighted the data

proportionately with the historical field temperatures in the PNW.

For the KW models, thirty year historical daily maximum and minimum

temperatures were used to derive weights by computing the degree-days accrued at

each temperature ± 0.5°C divided by the sum of the individual accumulations (the
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proportion DD accumulated at each temperature). I used average daily

temperatures from the same historical data for the AW weights, which were derived

as suggested by Van Kirk and AliNiazee (1981). Relative weights were the number

of occurrences of each experimental temperature ± 0.5°C divided by the total

number of occurrences.

Several KW models were fit to investigate the effect of geographic and

temporal thermal variation. The Aurora pupal model [Aurora KW (p)] was based

on historical air temperatures from Aurora, OR during the time that SRW pupae

have been reported to occur in the Pacific Northwest (15 April to 15 June). The

Aurora larval and pupal model [Aurora KW (lip)] extended the Aurora KW(p)

model to larval development by including the historical temperatures from the time

period in which the last instars commonly occur in the field (1 January to 15 April)

in the derivation of the weights. The local models (Eugene, Corvallis, Puyallup,

Clearbrook) were based on historical weather data (1 January to 15 June) from four

regions in western Washington and Oregon. The regional model was based on the

combined weather data (1 January to 15 June) from Aurora and the four local

models. Historical air temperatures were used to derive all of the models described

above. For the sake of comparison, I investigated the fit of a model based on soil

temperature: Aurora KW (ps).

To apply the weights, Van Kirk and AliNiazee (1981) used a weighted least

squares regression method. However, the model they used is not appropriate for

this purpose. My weights were applied as is commonly done to account for non-
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constant variance. This can easily be accomplished through the use of a computer

statistical package, such as SAS (Statistical Analysis System, SAS International

Raleigh NC), by including a "weight" variable.

Field samples of SRW were used to test the predictive value of the

laboratory derived models. To do this, I compared the length of pupation in

degree-days predicted by the models (1/slope) with the observed length of pupation

in the field. The observed length of pupation was calculated by taking the average

degree-days accumulated between 20, 30, 40, 50, 60 and 70 logit transformed

percent pupae and the corresponding logit transformed percent adults. Logit

transformations were used to linearize the sigmoidal curve produced by plotting the

gain in percent occurrence of pupae and adults so that the gain in percent

occurrence could be modeled linearly.

3.2 Adults

3.2.1 Source of insects

In April, 1998, 2000 late instar SRW were collected from a strawberry plot

at the Oregon State University, NWREC, Aurora, OR. Larvae were divided into 10

groups of 200 and reared at 24° C in 946 cc. containers (Reynolds Metals

Company, Richmond, VA) in a medium of moist peat moss. A longitudinally

sliced carrot was supplied as a food source (Masaki et al. 1987). Pupae were

removed from the containers every other day and placed on a compacted layer of
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moist peat moss in containers. Containers with pupae were maintained in a growth

chamber at 24° C and monitored daily. Adults were removed as they eclosed.

3.2.2 Treatments

Newly eclosed adults were subjected to 11 constant temperature treatments

(3 33° C at 3 degree intervals) with a photoperiod of 14:10 (L:D). Cohorts of 5

callow adults were subjected randomly to each temperature treatment until each

treatment contained 100 individuals. Adults were reared in standard (100 x 25mm)

petri-dishes (Falcon®, Becton Dickinson Labware, Lincon Park NJ) with a single

`Totem' strawberry leaflet that was kept alive by placing the stem in a water pic.

Leaves and dishes were changed every four days. Adults were monitored every

other day to record preoviposition period. Once oviposition commenced, eggs

were counted every four days for 100 days.

3.2.3 Data Analysis

Each parameter (time to feed, length of preoviposition period, length of

oviposition period and total eggs) was subjected to analysis of variance (ANOVA)

(NCSS 1998) to determine if there were statistical differences among treatments

(Appendix: Table B). Differences among treatments were determined with the

Tukey-Kramer multiple comparison procedure.
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4.1.1 Development rates

The upper lethal limit for SRW pupae was between 30 and 33°C with 100%

mortality occurring under 10 d at 33°C. Pupae did not eclose at temperatures below

6°C for the duration of the experiment (200 d). Mean pupal duration was 127d (±

4.57) at 6°C and 7d (+ 0.34) at 30°C (Fig. 1). Rate of development (1/days) was

greatest at 30 degrees (0.14 ± 0.01).

Both median rate and median time were modeled using the population

model design system (PMDS) software of Logan and Weber (1990) (Logan et al.

1991, Fisher 1994, Fisher et al. 1996). The Stinner model (Stinner et al. 1974), Rm

= Ci[lie(ki+ k21 was selected as the best model (based on the coefficient of

determination). Rm was the time or rate of development at temperature (T); C, k1

and k2 were fitted parameters. The rate constants were C = 0.180087, kl=

3.924273, k2 = -0.19344, and the time constants were C = 0.107847, kl= 4.368408,

k2 = -0.30748. For both time and rate, the coefficient of determination (CD) was

adequate (> 0.95); (rate model, R2 = 0.9949, time model, R2 = 0.9889). Kramer et

al. (1991) suggested that time would be the best predictor since the model was
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empirically derived from time. These nonlinear models could be used by growers to

accurately predict development over the length of the rate curve.

4.1.2 Linear models

For each model, I derived weights using temperatures from the time and

locality for which each model was created. The distribution of degree-days

accumulated at each degree of temperature (± 0.5 ) from 1 to 27°C for each month

from the regional model (combined five localities) is shown in Fig 2. From 1

January through 15 June the greatest proportion of degree-days were accumulated at

5°C (8.01 percent) and 6°C (9.57 percent) (Fig. 2). Of the total degree-days, 2.87

percent were accrued at one degree, all of which were accrued in January. Of the

total degree-days, the 0.09 percent that were accumulated above 20°C were accrued

in June. No degree-days were accumulated above 22°C.

The weights reflect the temperatures from the time and locality used to

develop each model. Weights used to derive selected models are shown in Fig. 3.

Table 1 shows the model parameters produced by fitting the models. Using the

Aurora pupal model [Aurora KW(p)] as the baseline model, the Aurora KW(1/p)

reflects the shift in weights when the model was extended to include the last instars

(Fig. 3). Because the temperatures to which the last instars were exposed (1 January

to 15 April) tended to be lower than those to which the pupae were exposed [Aurora

KW (p): 15 April to 15 June] including the last
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larval instars shifted weight to the lower temperatures. This shift in weight was

reflected in the model (Table 1). The Aurora KW (p) model predicted a base of

4.5°C and a degree-day requirement of 227.3. Extending the model to the last instars

shifted the base to 4.3°C but the degree-day requirement remained at 227.3. The

value of the lower development threshold predicted by the local models varied from

4.4°C predicted at Eugene and Puyallup to 4.1°C predicted at Clearbrook (Table 1).

The KW(regional) model extended the Aurora KW(1/p) model to the region by

including the historical air temperatures from the four local models (1 January to 15

June) in the derivation of weights. When these temperatures were included, the

weights were shifted slightly (Fig. 3), but the model parameters were nearly identical

to those produced from the Aurora KW (lip) model (Table 1).

The Aurora KW(ps) weights were derived from soil temperatures from

Aurora (15 April to 15 June). In the PNW from 15 April to 15 June, historical soil

temperatures at 15 cm on bare soil were generally warmer than air temperatures,

which was reciprocated in the distribution of the weights (Fig. 3). Six degrees was

weighted zero and 18, 21 and 24 degrees received higher weights than in any of the

air based models. A base of 7.3°C and a degree-day requirement of 163.9 were

derived when the soil weights were applied.

AW model weights were derived as suggested by VanKirk and AliNiazee

(1981). Using this method, weights were calculated using average daily

temperatures, thus greatly restricting the temperatures receiving a nonzero weight
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Table 1: Comparison of different linear degree-day models for the completion of
pupation. Developmental threshold (TH)=-b0/131 and degree-day (DD)
requirement =1/b1

Model bo b1 TH Pupal DD Req.

KW Aurora (p) -0.0198 ± 0.005 0.0044 ± 0.0005 4.5 227.3
KW Aurora (lip) -0.0190 ± 0.004 0.0044 ± 0.0004 4.3 227.3
KW Eugene(l/p) -0.0195 ± 0.004 0.0044 ± 0.0004 4.4 227.3
KW Corvallis (lip) -0.0188 ± 0.004 0.0044 ± 0.0004 4.3 227.3
KW Puyallup (1/p) -0.0193 ± 0.004 0.0044 ± 0.0004 4.4 227.3
KW Clearbrook (1/p) -0.0171 + 0.002 0.0042 1 0.0002 4.1 238.1
KW Regional (lip) -0.0188 ± 0.004 0.0044 ± 0.0004 4.3 227.3
Non-weighted -0.0379 ± 0.007 0.0061 ± 0.0004 6.2 163.9

KW Aurora (ps) -0.0447 ± 0.018 0.0061 + 0.0011 7.3 163.9

Table 2: Predictions of key life stage events based
on a biofix of 1 Jan and a base of 4.3°C

Event Predicted DD
Pupal development begins 471.8
50% Pupation 556.1
Adult development begins 683.5
50% Adults 748.1
Adults begin to feed 766.6
Peak oviposition 1077.8
Adults complete egglaying 1344.1

Table 3: Comparison of the performance of selected linear models to
predict the pupal period in the field

Model Predicted 95% CI Observed Error (d)

KW Aurora (p) 227.3 185 303 187.7 ± 2.0 4.6 ± .50
KW Regional 227.3 175 313 191.9± 1.9 3.2 ± .37
Non-weighted 163.9 142 192 152.0 ± 2.1 1.3 ± .45
Aurora (ps) 163.9 109 - 322 205.1 ± 2.5 5.8 ± .75
Soil non-weighted 163.9 142 192 216.4 ± 4.30 7.3 + .81
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(Fig. 3). The Aurora AW(p) method produced nonzero weights to temperatures 9,

12 and 15 while the Aurora KW(p) method produced nonzero weights to 6, 9, 12,

15, 18 and 21.

The non-weighted model, which includes all of the experimental

temperatures in the analysis, predicted a developmental threshold of 6.2°C and a

degree-day requirement (1/slope) of 163.9 (Table 1, Fig. 4). The regional KW(1/p),

which weighted experimental temperatures based on historical regional air

temperatures, predicted a threshold of 4.3°C and a degree-day requirement of 227.3

(Table 1, Fig. 4).

4.1.3 Validation

An average of 72 ± 21.9 individuals were recovered from each soil sample

(10 soil cores) in 1998. Using the developmental threshold of 4.3°C (predicted by

the KW(1/p) model) and a biofix of January 1, I found the first pupae after an

accumulation of 471.8 degree-days. The first adults were found at an accumulated

712.5 degree-days ( Appendix : Fig. B). Adults were predicted to begin feeding at

766.6 degree-days and peak oviposition was predicted to occur at 1077.8 degree-

days (Table 2).

The observed time to complete pupation was the average degree-days

accumulated between 30, 40, 50, 60 and 70 logit transformed percent pupae and the

corresponding logit transformed percent adults (Table 3). The Aurora KW(p)

model predicted these events with an average error of 4.6 days. The regional
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KW(1/p) produced an error of 3.2 days and the non-weighted model an error of 1.3

days.

4.2 Adults

Weevils fed at all temperatures from 3 to 33°C. The mean time of first

feeding was 59.6 d (± 3.4) at 3°C and 5.0 d (± 0.4) at 33°C (Fig.5). All adults

died within 21 d at 33°C and within 75 d at 30°C. High mortality did not occur at

any other temperatures during the 100 days of the experiment.

Weevils oviposited at temperatures between 18 and 30°C (Table 4). The

longest length of time for the preoviposition period was at 18°C (32.8 ± 2.1 d).

The lowest number of eggs (2.2 ± 1.3) and shortest length of oviposition (8.3 ± 4.5

d) were also observed at 18°C. The shortest preoviposition period (15.1 ± .48 d)

and the greatest number of eggs (282.5 ± 23.7) were observed at 27°C. The longest

period of oviposition (34.5 + 3.81 d) was observed at 27°C.

The temperature range of 21 to 27°C appeared to be an optimum

temperature range for oviposition; i.e. relative to other temperatures, preoviposition

time was short, mortality was low, and total number of eggs was high (Table 4).

The temperatures 21, 24 and 27°C were not statistically different (P < 0.05) for

both the preoviposition and oviposition period. The total number of eggs laid at 21

and 24°C did not differ statistically (P < 0.05)from each other, but they differed

from 27°C (Table 4). For the preoviposition, oviposition period and total number

of eggs, 21, 24 and 27°C were statistically different (P < 0.05) from both 18 and
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30°C. Considering time to feeding, 18°C was statistically different (P < 0.05)

from 21, 24, 27 and 30°C.

After 100 days, the weevils that had not yet began to lay eggs were placed

at 24°C. At this temperature, adults from all of the treatments started to layviable

eggs within 10 d.
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Fig. 5: Time to feed for cohorts of 5 0. ovatus that were maintained at different constant temperatures.



Table 4: Comparison of key lifestne events when retained at different constant temperatures

Temperature

18 21 24 27 30
Preoviposition (d) 32.8 ± 2.14 a 17.6 ± 0.28 b 17.9 ± 0.64 b 15.1 ± 0.48 b 21.9 ± 1.18 c

Length (d) 8.3 ± 4.53 a 30.1 ± 1.59 b 25.5± 1.96 b 34.5 ± 3.81 b 14.9 ± 1.67 c
Cumulative Eggs 2.2 ± 1.32 a 185.7 ± 16.5 b 141.3 ± 12.7 b 282.5 ± 23.7 c 44.6 ± 6.71 a

Time to Feeding (d) 6.7 ± 0.49 a 4.9 ± 0.34 b 4.6 ± 0.28 b 4.0 ± 0.26 b 4.4 ± 0.30 b

Values across each row followed by the same letter do not differ significantly
according to the Tukey-Kramer multiple comparison procedure, P<.05



40

5. Discussion

5.1 Pupae

To quantify the developmental rate of SRW pupae over a broad range of

temperatures, I developed a prediction model based on the temperatures to which

SRW is exposed in the PNW. To develop the model, I used a weighted regression

method based on historical temperatures observed in the field. This method used

standard daily maximum-minimum air temperatures, which are frequently used in

the development of temperature-based prediction models to derive weights that

represent the significance of temperatures for the development of SRW.

These weights were used in a weighted least-squares regression model to

determine the lower developmental threshold (TH) and the degree-day requirement

based on the temperatures to which SRW were exposed. By using this method,

temperatures to which SRW was commonly exposed to were given a higher weight

than temperatures to which SRW was exposed to less frequently. Temperatures to

which SRW was not exposed to were excluded from the analysis (weighted 0). If

the insects are most commonly exposed to temperatures in the linear portion of the

rate curve, this method will produce model parameters and values of TH and the

degree-day requirement that most appropriately represent the linear portion of the

curve. However, this is not compulsory for the model to have useful predictive

value.
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The significance of TH may have different implications depending on its

intended application (Pruess 1983). TH may not necessarily be the temperature

where no development occurs. If the actual value at which no development occurs

is of interest, alternate methods of determining TH may be more appropriate (Lamb

1992). However, if the primary purpose of a model is predictive, it is not essential

for TH to represent a biologically significant value. Pruess (1983) suggested that

TH should be defined at a value that is effective, rather than true. Furthermore, he

recommended that developmental thresholds should be standardized in

entomology. Insofar as degree-day based prediction models are concerned,

precisely defining TH only becomes important when insects commonly experience

temperatures in the lower portion of the rate curve (Campbell et al. 1974).

Laboratory derived prediction models are commonly developed from a

selected and restricted set of constant experimental temperatures, preferably those

to which insects from a particular region are commonly exposed. Therefore, in

practice only a portion of the rate curve is empirically known (Purcell and Welter

1990, Levine et al. 1992, Hart et al. 1997). Thus, the model that is produced may

not necessarily be the model that best describes the linear portion of the rate curve.

Rather, it is the model that best describes the rates of the experimental temperatures

included in the analysis.

The influence of experimental temperatures selection in model development

has been addressed to a limited extent. Logan et al. (1991) suggested selecting a

nonlinear model that performs best at the temperatures that predominate in a
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region. Van Kirk and AliNiazee (1981) compared model parameters predicted by

varying the set of experimental temperatures included in the analysis. Other

authors have excluded data from the fit of the regression equation to better

represent the linear portion of the rate curve (Sanderson et al. 1989, Roltsch et al.

1990, Fan et al. 1992, Judd and Mc Brien 1994). Overall, however, there is no

standard procedure and the selection of experimental temperatures remains

subjective.

A model developed using temperatures outside of the linear portion would

not provide as accurate an approximation of the true development rate curve, which

is commonly of interest in comparative evolutionary studies (Campbell et al. 1974,

Tauber et al. 1987, Lamb et al. 1987). However, the predictive value of the model

does not depend on its ability to accurately represent the length of the rate curve.

Insects have developed strategies to maintain their temperatures within a

favorable range (Heinrich 1993). These include cooling strategies, such as seeking

shaded areas and evaporative cooling, and strategies to keep their temperature

above ambient, such as absorbing solar radiation and loading wing muscles

(Chapman 1998). The temperature to which insects are exposed to during

development has been shown to influence their body color, and consequently their

body temperature (Chapman 1998).

Insects are believed to temper their thermal dependence in response to

variations in environmental conditions (Messenger 1959). However, few studies

have demonstrated this adaptation, thus suggesting that local thermal adaptation
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might not be as widespread as may be expected (Lamb et al. 1987, Tauber et al.

1987). Lamb et al. (1987) suggested that the introduced pea aphids they studied

(Acyrthosiphon pisum Harris) may not have had enough sexual generations to

exhibit observable thermal adaptation to local temperatures. Working with the

same aphid species, Campbell et al. (1974) suggested that spring temperatures may

strongly influence the developmental response. Considering a North American

species of green lacewing (Crysopa oculata Say), Tauber et al. (1987) postulated

that geographically related selection pressure may not be great enough, or that

physiological or genetic factors may be too prohibitive for C. oculata to exhibit

significant geographic thermal adaptation.

Practically speaking, insects are not strictly exposed to temperatures in the

linear portion of the development rate curve. When insects are commonly exposed

to temperatures outside the linear portion of the development rate curve, a

judgment must be made either to base the model on the linear portion, or on the

temperatures to which the insects are exposed. Authors have adopted the former

method by excluding data from the fit of the regression equation to better represent

the linear portion of the true development rate curve. I believe that for predictive

purposes the latter model is more appropriate.

Given that nonlinearality is a true phenomenon and that insects do

experience temperatures outside of the linear region, it is important for predictive

purposes to first determine the temperatures to which insects are actually exposed

then to develop a model based on those temperatures. Additionally, it is necessary
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that the temperatures included in this model reflect the frequency of temperatures

within the range of temperatures to which insects are exposed. Using a weighting

method provides an intuitive, objective procedure for determining what

experimental temperatures to include in the analysis.

Van Kirk and AliNiazee (1981) suggested that weights could be derived

from average daily temperatures (proportion occurrence). Campbell et al. (1974)

also suggested that average daily temperatures provide a basis of determining the

temperatures to which insects are exposed. However, it is clear that daily averages

do not accurately account for the range of temperatures that occur throughout the

day. This is succinctly demonstrated by the AW method. It excluded (weights 0)

from the analysis the temperatures 6, 18, and 21°C, all of which were temperatures

to which SRW was exposed.

To improve on the AW method I chose to weight the temperatures

proportionately with the degree-days accumulated at each temperature. The

degree-day weights (KW) provide a more accurate representation of the

temperatures to which the insects are exposed. Similar to the KW weighting

method, temperature data collected at a finer temporal resolution (such as hourly

readings) would also produce a more accurate description of the daily thermal flux.

However, daily maximum and minimum temperatures are relatively easy to record

and are standard output from a broad range of sources. The simple method of KW

weighting provides a better description of the range of temperatures as compared

with daily averages.
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Weighted methods produce models specific to a defined temperature

regime. Model specificity is contingent on the variability of temperatures within

the defined region. In a region which experiences generally homogenous

temperatures, a fairly specific model could have widespread application. However,

in a region that experiences highly variable temperatures, model specificity is

sacrificed to optimize applicability. In the case of the SRW in the Pacific

Northwest, I compared models developed in several localities and a regional model.

Because the area in which I wished to apply my model has generally homogenous

temperatures, the local models and the regional model are very similar (Table 1).

A similar balance between specificity and applicability exists when

developing a model for a certain life stage and extending that model to other life

stages to maximize its utility. To be of practical use in a degree-day model, one

threshold must be specified for all life stages. No development threshold has been

reported for SRW larvae, so I have assumed that it is similar to the pupal threshold.

In the case of the SRW models, the Aurora KW (p) model is based on the

temperatures to which pupae are most commonly exposed at my sampling location

(15 April-15 June). When this model is extended to include temperatures to which

the last instars are exposed [Aurora KW (lip)] its applicability increases, but the

model is no longer specific for pupae.

Practically speaking, the change of the parameters in the models with the

addition of cooler temperatures, both geographically and temporally, may not

change the predictive value of the model. As shown by Campbell et al. (1974),
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when insects are most commonly exposed to temperatures in the middle of the

developmental curve (well above the developmental threshold), the most

appropriate model predicts a base above the true threshold (x-intercept method).

When temperatures increasingly fluctuate in the lower portion of the development

curve, it becomes reciprocally important to account for those temperatures. Failing

to account for these temperatures risks the error of ignoring development when it is

actually occurring.

For the temperatures used in my analysis, at 6°C SRW proportionately

accumulated 18% of the degree-days in the Aurora KW(p) model and 33 percent of

the degree-days in the Aurora KW(1/p) regional model. The base predicted by the

non-weighted model (6.2°C) would only account for a small amount of this

development (from 6.2° to 6.5°C degrees). Thus, key events may be predicted after

they occur. Since SRW can develop at 6°C, and field temperatures do fluctuate

around 6°C, it may be reasonable to conclude that the weighted models, with

thresholds below 6 degrees, better describe the true accumulation of degree-days.

It is likely that the mobile stages of SRW seek out optimum temperatures.

However, it is not practical to attempt to describe this movement for the purposes

of prediction. The very implementation of empirical laboratory derived models

using air temperatures assumes that the temperatures used are a reasonable estimate

of the temperatures to which the insects are exposed. Even though it may be

advantageous to be able to better describe the microclimatic conditions to which

insects are exposed, the application of a model must be considered during its
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development (Pruess 1984). The precision of a model based on microclimatic

conditions would not be realized if those conditions were not also used in the

application of the model. Because the majority of current prediction models are

based on air temperatures, I also based my models on air temperatures.

Considering SRW larvae and pupae occur in the soil, it could conceivably

be argued that air temperatures may not accurately reflect the temperatures to

which the insects are exposed. However, I believe that air temperatures provide a

reasonable measure of the temperatures to which insects are exposed. Aside from

the fact that soil temperatures are less frequently recorded than air temperatures,

several other factors contribute to the inappropriateness of standard soil

temperatures for my purpose. Standard soil temperature data may be recorded

under bare soil, often at a depth of five to twenty cm. Soil temperatures are greatly

influenced by many factors including soil cover, moisture and color (Hanks and

Ashcroft 1980). The SRW larvae and pupae included in this study occured in

raised beds, covered with a layer of debris and under a canopy of strawberry plants.

Thus, for SRW the historical soil temperatures probably do not represent the

temperatures to which the insects are exposed any better than air temperatures.

Considering that air temperatures provide a reasonable measure of the

temperatures to which the insects are exposed, it is of value to observe that the air

temperatures do not appear to directly reflect the linear portion of the true

development rate curve. Differences in development rates have been thought to be

important in the adaptation of insect species (Messenger 1959). It may be
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suggested that the developmental rate of the population of SRW I sampled may not

directly reflect the temperature to which to which it was exposed for several

reasons. First, SRW is an old world species that is exposed to temperatures that

may be different from those in the insects natural range (as do many agricultural

pests). Second, SRW is polyphagous and occurs in a wide range of habitats

including outdoor and indoor nursery stock, many cultivated crops (annual and

perennial) in variable management systems (tilled, no till, raised beds) and on

native plants. The variable conditions to which SRW is exposed may restrict

selection of a specific temperature regime.

From the field validation of the laboratory derived models, it was evident

that both the non-weighted model and the weighted air-based models adequately

predicted the duration of the pupal period. From these data, empirically it appears

that the non-weighted air-based model is the better model. However, the spring of

1998 was warmer than average. Intuitively, the model that places greater weight on

warmer temperatures (non-weighted) would produce a better fit than the Aurora

KW(p) model, and the Aurora KW(p) model would produce a better fit than the

Aurora KW(1/p) model, which puts greater weight on cooler temperatures. The

weighted model is based on historical averages. Thus I believe this is a better

model.

The soil based models do a satisfactory job of predicting the length of

pupation. The soil can be considered an alternate temperature regime such as the
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local models. The model based on soil temperatures [Aurora (ps)] appears to be a

better model than the unweighted model (5.75 days compared to 7.25 days).

However, the soil temperature based models do not perform significantly

better than the air-based models. Thus air temperatures appear to be reasonable

predictors of the temperatures to which insects are exposed. The soil-based models

predict events before they occur, while the air-based models predict events after

they occur. The actual temperatures to which SRW are exposed possibly fall

between the two measured regimes. This would likely be expected considering

that, in the raised beds where the SRW were sampled, the soil temperatures are

probably warmer than air temperatures and cooler than the bare soil temperatures.

5.2 Adults

Under a heat accumulation hypothesis, if the adults were given ample time,

they would lay eggs at all temperatures. In these experiments, weevils did not

oviposit at temperatures below 18°C (3-15 °C). However, at the end of the

experiment (100 days) adults from all five temperature treatments started laying

eggs within 10 days when placed at 24°C. It appears, that the adults have a thermal

threshold that prevents them from ovipositing as predicted by a strict heat unit

accumulation hypothesis.

Because weevils fed at all temperatures (Table 4), it was not likely that

nutritional factors were the principal limiting factor, although nutrient availability

may be related to temperature. The intensity of feeding appeared to reach a peak
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then decline. Other than the onset, I was did not quantify the amount of feeding.

At the end of the experiment, weevils were feeding in the majority of the cohorts.

When the weevils that had not yet laid eggs were placed at 24°C, feeding appeared

to increase and adults began to oviposit.

No oviposition was observed at 33°C. Even though adults oviposited at 18

and 30°C these temperatures appear to be out of the range of optimum oviposition.

The range of optimum oviposition appeared to be between 21 27°C. Within this

temperature range, the preoviposition period, total number of eggs, feeding and

oviposition period were similar and mortality was low. This observation has

possible ramifications in the field. Adults are commonly found in the debris and

leaf litter during daytime hours, but weevils may actively seek out microclimates

that satisfy their thermal requirements. Although an appropriate microclimate may

exist within a broad range of air temperatures, cool periods likely influence weevil

oviposition. Cool temperatures may lengthen the pre-oviposition period and reduce

the number of eggs laid.

The preoviposition period I observed at 18 °C (32.75 ± 2.14 d) was

comparable to the 30 - 33 days reported by Brandt (1992) who studied weevils

feeding on Colorado spruce at 15, 20 and 25 °C . However, the preoviposition

periods that I observed in the optimum temperature range for oviposition (21, 24

and 27 °C) were approximately half as long (Table 4). Some differences noted

between this study and that of Brandt (1996) may be because Brandt caged weevils

singly, while I grouped weevils in cohorts of 5. This may have caused the
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preoviposition periods I measured to be shorter than would be expected for the

population. But, this does not explain why Brandt (1992) found no statistical

difference between 15, 20 and 25 °C. I did not observe any oviposition at 15°C.

The preoviposition period I observed in the optimum temperature range for

oviposition was similar to the 14 d reported by Lovett (1913). Lovett (1913) also

studied SRW in strawberries suggesting that the incongruity with Brandt's findings

may be due to host plant differences, since Brandt's study involved SRW in

Colorado spruce.

Egg laying habits of adults are not well understood. Treherne (1914)

reported that eggs are deposited near the crowns of strawberry plants and under

loose materials and in cracks in the soil. In my experiments, adults preferentially

oviposited where the base of the petri dish abutted against the lid suggesting that

they may need tactile stimulation and prefer to deposit their eggs in cracks in the

soil. Some eggs were found along the veins of the leaves but these were probably

deposited while the weevils were feeding.

The mean oviposition period of 49.0 + 4.21d reported by Brandt (1992) was

longer than I observed at any temperature (Table 4). Brandt (1992) also found that

at 15, 20 and 25°C weevils produced 62.3 ± 4.21 eggs, which is much lower than

the total number of eggs I observed in the optimum range of temperatures (average

203 eggs) (Table 4). My findings appear to agree with those of Downes (1922)

who reported that SRW laid 150-300 eggs when feeding on strawberries. As with
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the preoviposition period, the discrepancy between my data and Brandt et al (1992)

may be due to host plant differences.

Brandt (1992) investigated the movement and activity of SRW, but they did

not observe SRW ovipositing. Also, I did not study the minimal exposure to

optimum temperatures that is needed before oviposition begins. This information

would be useful to better understand the biology of SRW and may be the source of

further study.

In many crops, SRW is found in close association with black vine weevil,

Otiorhynchus sulcatus F. (BVW). SRW and BVW are often managed similarly so

it is of interest to compare life history characteristics between the two species.

Stenseth (1978) found that when fed strawberry, BVW oviposited at temperatures

from 12 to 27°C. Little oviposition occurred below 18 °C (Stenseth 1979).

Nevertheless it appeared that BVW can oviposit at lower temperatures than SRW.

The preoviposition period of BVW was 25 d at 24 °C and 61 d at 12 °C (Stenseth

1979). These periods are longer than that of SRW within the optimum temperature

range for oviposition and if BVW and SRW occur in synchrony, SRW would be

expected to oviposit before BVW. BVW appeared to oviposit in 3 cycles for a total

of about 1200 eggs per adult at 18, 21 and 24°C (Stenseth 1979). SRW oviposition

did not cycle during the 100 days of these experiments and even the most fecund

adults produced less than a fourth of the eggs laid by BVW in Norway (Stenseth

1979).
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An adult SRW may lay several hundred eggs under optimal conditions. But

it is not known whether weevils move from plant to plant or whether they are

primarily sessile. SRW has been found to walk several meters (Brandt 1992,

Emenegger and Berry 1978). Even though adults are flightless and lethargic in the

laboratory, they are capable of moving from plant to plant. Observation of adults

is needed to better determine their movement and oviposition habits.
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6. Conclusions

I investigated the temperature-dependent development of SRW pupae and

adults and developed a degree-day model for predicting pupal and adult occurrence.

To produce the model, I modified the traditional method for developing degree-day

prediction models (Arnold 1959) by weighting experimental temperatures relative

to their significance for the development to SRW in the PNW. The predictive

ability of the models produced by the modified and traditional methods was tested

by relating predictions to the observed occurrence of SRW life stages determined

from field sampling. Ideally this model would be further validated in the field for

several years after which it could be compared to the model produced from field

sampling (low CV method (Chimel and Wilson 1979)).

The weighted linear pupal prediction model produced a developmental

threshold of 4.3°C and a degree-day requirement of 227.3. The non-weighted

linear pupal prediction model produced a developmental threshold of 6.2°C and a

degree-day requirement of 163.9. Both the weighted and the nonweighted models

adequately predicted the pupal period.

The upper lethal limit for SRW pupae was between 30 and 33°C. Pupae did

not eclose below 6°C. The mean pupal period was 127 d at 6°C and 7 d at 30°C.

The rate of development (1/days) was greatest at 30 degrees (.14).

Adults fed at all temperatures from 3 to 33°C and oviposited at temperatures

between 18 and 30°C . The longest preoviposition period (37.75 d) and the fewest
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number of eggs (2.2) were observed at 18°C. The shortest preoviposition period

(15.1 d) and the highest number of eggs (282.5) were observed at 27°C. The

temperature range of 21 to 27°C appeared to be an optimum temperature range for

oviposition; i.e. relative to other temperatures, preoviposition time was short,

mortality was low, and total eggs were high.

Preoviposition and oviposition periods as well as total eggs laid by SRW

using strawberry as an adult host plant appear to differ dramatically from those

reported by Brandt (1992), who studied SRW in a conifer plantation in Ontario,

Canada. My findings appear to be more similar to other research that has been

done with strawberries (Downes 1922, Lovett 1913). This may indicate that SRW

development could vary with the host plant. There are distinct differences between

the ovipositional parameters of SRW and BVW, of which growers should be aware

when managing these species jointly.

With increasing governmental pesticide restrictions and environmental

awareness, growers are in need of non-chemical alternatives to control SRW. This

research provided essential biological information necessary for advancing the

management of SRW. Understanding of insect life cycles is absolutely central to

designing sustainable agroecosystems. By investigating the temperature-dependent

development of SRW, I developed a prediction model for pupal and adult

occurrence. This model could be used to improve the timing and efficacy of

control tactics. By achieving this, growers could potentially benefit from lower
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production costs and higher yields, through reducing pest populations and

providing crops with lower agrochemical residues.
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Fig. A: Field distribution of SRW sampled at an infested plot at NWREC. Each
column (A-P) represents a row (raised bed) of strawberries, each row (1-10)
represents a 10M transect across the rows of berries in which soil cores were
taken. Values represent the number of SRW found in each soil core. From this
preliminary sampling I choose to sample from rows E-J.

A B C D E F G H I J K LMNOP
1--------------- 2 3 14 7 1 --- ---

3 5 6 7 - --

3 --- --- --- 3 15 1 5 4 1 --- --- --- --- --- - --

4 --------------- 5 15 1

2 12 1 --- --- --- --- ---
5 6 7

2 5 19 15 2 --- --- --- --- ---
10--------------- 8 10 1 2
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Fig. B: Lifestage distribution of SRW sampled in 1998 based on development threshold of 4.3 and a
biofix of Jan 1.
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Table A: Descriptive statistics from holding pupae at different constant
temperatures.

RangeTemperature Count Mean Std dev Std error Min Max
6 35 127.6 4.57 0.77 120 137 17
9 77 50.7 4.54 0.53 40 64 24

12 81 29.6 1.42 0.16 27 33 6
15 72 22.7 1.18 0.14 20 24 5

18 75 17.8 0.09 0.11 16 21 4
21 86 10.5 0.65 0.07 8 12 4
24 95 9.0 0.58 0.06 7 10 3

27 87 7.5 0.59 0.06 6 9 3

30 72 6.9 0.34 0.04 6 8 2
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Table B: ANOVA tables for adults

Time to feeding temperatures 18-30°C Analysis of Variance Table

Source Sum of Mean Prob
Term DF Squares Square F-Ratio Level

A (Temperature) 4 103.0156 25.75389 10.74 0.0000001

S 94 225.4895 2.398824
Total (Adjusted) 98 328.505
Total 99

Preoviposition period 18-30°C Analysis of Variance Table

Source Sum of Mean Prob
Term DF Squares Square F-Ratio Level

A (Temperature) 4 2007.87 501.9674 38.99 0.0000001

S 82 1055.74 12.87487
Total (Adjusted) 86 3063.609
Total 87

Oviposition length 18-30°C Analysis of Variance Table

Source Sum of Mean Prob
Term DF Squares Square F-Ratio Level

A (Temperature) 4 6357.155 1589.289 14.23 0.0000001
S 77 8599.967 111.6879
Total (Adjusted) 81 14957.12
Total 82

Total number of eggs 18-30°C Analysis of Variance Table

Source Sum of Mean Prob
Term DF Squares Square F-Ratio Level

A (Temperature) 4 948828.7 237207.2 64.97 0.0000001

S 90 328592.3 3651.025
Total (Adjusted) 94 1277421

Total 95




