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most rapidly at approximately 3°C. These results coupled with those

reported by Brown (1978) confirm that chilling at 3 °C. for ca. 200 days

is best when high percent emergence, good synchrony of emergence, and

relatively rapid completion of diapause development is required.

Studies comparing emergence of field collected insects with that

of insects chilled in the laboratory show that in 1978 diapause develop-

ment in the field was near completion by the end of February. Similar

studies may be necessary to pinpoint the end of diapause in the field

population in any given year.

A standard method was used to determine the thermal developmental

threshold for use in degree-day models for adult emergence. This method

yielded a value of 10.2°C. A slightly modified version of this standard

method yielded a threshold of 11.7°C. A third method was used which

entailed weighting data on the basis of the proportional occurrence of

experimental incubation temperatures in the field. This method yielded

a threshold value of 8.3°C.



Comparison of the three thresholds using field emergence and

temperature data for a five year period indicated that a model based

upon the 8.3°C base threshold performed with less variation from year

to year than did models based upon the other two thresholds.
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THE RELATIONSHIP OF TEMPERATURE TO PUPAL DEVELOPMENTAL RATES

OF THE WESTERN CHERRY FRUIT FLY,

RHAGOLETIS INDIFFERENS CURRAN

I. INTRODUCTION AND LITERATURE REVIEW

A. Taxonomy

The family Tephritidae, found virtually throughout the world, is

divided into two groups (Bateman, 1972). One group, which includes the

genera Dacus and Anastrepha, inhabits relatively warm areas of the

world and lacks an obvious diapause. The other, which includes the

genus Rhagoletis, inhabits temperate regions and contains species that

are generally univoltine and usually undergo diapause.

The genus Rhagoletis includes over 50 described species (Bush,

1966) all of which feed as larvae in the pulp of developing fruit

(Wasbauer, 1972). The most important pest species in North America are

the apple maggot, Rhagoletis pomenella (Walsh), the walnut husk fly,

R. completa Cresson, the (eastern) cherry fruit fly, R. cingulata (Loew),

the black cherry fruit fly, R. fausta (Osten Sacken), and the western

cherry fruit fly, R. indifferens Curran.

Of the cherry fruit flies, R. cingulata is found in North America

east of Iowa and R. indifferens is found primarily in the Pacific

Northwest but also in parts of California, Colorado, and Montana

(AliNiazee, 1973). R. fausta is found in both eastern and western

North America (Cresson, 1929; Frick et al., 1954).

Until recently the nomenclature of the western cherry fruit fly

has been confusing. This species has been called both R. cingulata
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(eg. Frick et al., 1954) and R. cingulata indifferens (eg. Blanc and

Keifer, 1955). Blanc and Keifer (1955) and Bush (1955) have shown that

the western cherry fruit fly is in fact distinct from R. cingulata, and

Bush suggested the name Rhagoletis indifferens, the name originally

given the species as described from samples of wild cherries in Oregon

by Curran (1932). Nomenclature problems of this species are summarized

by AliNiazee (1973).

B. Pest Status and Control Techniques

The western cherry fruit fly was first reported in the Pacific

Northwest at Stayton, Oregon in 1908 and has since been found through-

out the cherry growing areas of Oregon (AliNiazee, 1973), Washington

(Frick et al., 1954), British Columbia (Arrand and Peters, 1968),

Montana (USDA, 1968), and Idaho (Manis, 1956). In Oregon, Washington,

and Montana, the western cherry fruit fly is currently the single most

important insect pest of commercially grown cherries.

The economic threshold for R. indifferens is very low. Currently,

growers are advised to spray their orchards with the onset of adult

emergence in the spring and every ten days thereafter until just prior

to harvest (Anon., 1978). Aerial application of ultra low volume mala-

thion is most often used although ground sprays of diazinon or carbaryl

are preferred by some orchardists. AliNiazee (1978) has experimented

with a system in which yellow sticky traps were used as monitoring

devices, and sprays applied only when one adult per acre was caught.

Results indicate that the number of sprays was reduced by up to 50%

without loss in crop yield or quality.
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Recently, Pacific Northwest growers have found a potentially fer-

tile market for cherry export in Japan. Quarantine restrictions dictate

that fruit for export must be absolutely free of R. indifferens. Thus,

for those producers wanting to take advantage of this market, effective

control becomes even more important than in the recent past.

Brown (1978) has proposed use of the sterile insect technique for

control and possible eradication of the western cherry fruit fly. He

suggested that "the low economic threshold, the small dispersal capa-

bility, and favorable radiobiology of the flies make this insect an

attractive candidate for the sterile insect technique." Before such

control measures can be employed methods must be devised for raising

large numbers of males for irradiation and release and determining

precisely when to release irradiated insects in order to obtain maximum

effectiveness.

C. Biology

Hosts: Curran (1932) originally described R. indifferens from the

native bitter cherry, Prunus emarginata, which is the preferred host.

This insect also infests the choke cherry, P. virginiana var. demissa

(Frick et al., 1954) and has been reported on P. subcordata, the pacfic

plum, and P. salicina, the Japanese plum (Ellertson, 1961). The most

important hosts from an economic standpoint are the sweet cherry, P.

avium, and the sour or pie cherry, P. cerasus. The western cherry

fruit fly is native to North America and is not found elsewhere in the

world (Bush, 1966). This species probably evolved with the native host

P. emarginata and became a pest when it was able to colonize in intro-
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duced P. avium and P. cerasus.

Adult Emergence, Mating, and Oviposition: Adult fruit flies emerge from

puparia in the soil and surface litter late in the spring. Adult

emergence of R. cingulata, R. fausta (Jubb and Cox, 1974), and the

European cherry fruit fly, R. cerasus (Baker and Miller, 1978) are

largely dependent upon temperature - developmental rate relationships

and can be predicted using thermal unit summation methods. Such methods

may also be useful in predicting emergence of the western cherry fruit

fly (AliNiazee, 1976), which usually starts in the Willamette Valley

near the first week of June and ends by mid July (Jones, 1945).

Sex ratios approximate 1:1 though there is some variation from

year to year (Brown, 1978). In the field the ratio of females to males

varies between 57:43 and 42:58 (Brown, 1978). Among most species of

Rhagoletis females emerge earlier than males (Bollerand and Prokopy, 1976).

Mating occurs on the cherry shortly after adults emerge from

puparia and fly to the tree (Brown, 1978) and females begin deposition

of eggs just inside the cherry skin after a preoviposition period which

lasts from seven to ten days (Johansen, 1971). Timing of the start of

oviposition is closely correlated with adult activity, which in turn is

correlated with daily mean temperatures (Frick et al., 1954).

Eggs and Larvae: Eggs normally hatch in five to seven days under field

conditions (Johansen, 1971) and first instar larvae begin feeding on

the fruit pulp. Larvae bore to the center of the fruit where they con-

sume most of the pulp surrounding the pit, meanwhile undergoing two

molts. Third instar larvae tunnel back out, often making one or more
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"breathing holes" before falling to the ground. Under field conditions

larval feeding generally lasts for two to three weeks (Johansen, 1971).

After dropping to the soil, third instar larvae burrow into the leaf

litter and the soil, where after a prepupal period of no more than a

few hours pupariation and subsequent pupation occurs.

Pupae: R. indifferens pass the rest of the season and all of the en-

suing winter as pupae within the puparium. AliNiazee (1974) has shown

that most pupae are found from one to four inches below the soil sur-

face, although a few may also be found in surface litter or as far as

six inches below the soil surface. The depth of penetration by larvae

prior to pupariation is dependent upon many factors including soil

types and cultivation practices.

Shortly after pupation most of the insects enter diapause, which

normally is not terminated without exposure to cold temperatures

(Frick et al., 1954). Thus, this species is normally univoltine, with

diapause ending sometime during the winter and normal development

resuming with the onset of warm temperatures in the spring of the

following season. Although pupal diapause is considered obligatory

(Brown, 1978), a very small percentage of the population completes the

pupal stage without exposure to cold temperatures (Frick et al., 1954;

Brown, 1978).

Normal morphogenesis resumes with the onset of warm temperatures

in the spring, and adult emergence may be predicted using thermal unit

summation techniques (AliNiazee, 1976). A small proportion of the

population fails to emerge as adults in the first spring, emerging
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instead in subsequent years. S. C. Jones found second year, or hold-

over, emergence as high as 42.9% (1937) and as low as 1.3% (1935).

Frick et al. (1954) state that the percent of holdover emergence is

proportional to the amount of exposure of the population to low tempera-

tures, and Brown (1978) suggests that holdover emergence may be an

adaptation to the frequent lack of fruit produced by both cultivated

and wild host trees of the fly.

D. Temperature - Developmental Rate Relationships

Diapause Development: There is considerable debate over the use of the

terms "diapause" and "diapause development" (see, for instance,

Mansingh, 1971 and Thiele, 1973). The term diapause was first used by

Wheeler (1893) to describe a stage of embryogenesis in the grasshopper

Xiphidium ensiferum in which a pause occurred between anatrepsis and

catatrepsis in the pendulum-like movements of the embryo about the

posterior pole of the egg. Since then, diapause has been used to

describe the condition of arrested growth in all insect stages from

egg to adult.

Diapause as used here is defined as a state of dormancy which is

adaptive and enables temporal escape from adverse environmental condi-

tions. Both facultative and obligatory diapause are under genetic con-

trol. Facultative diapause also involves induction by environmental

cues such as photoperiod changes which, though not adverse to insect

growth and development per se, signal the approach of adverse condi-

tions. Obligatory diapause, such as with R. indifferens, is believed

to be solely genetically controlled without utilization of environ-
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mental cues. In both cases, diapause proceeds until completion of

diapause development even in the absence of adverse conditions.

Diapause is distinct from quiescence, which is a direct response to

adverse environmental conditions and thus begins immediately with onset

and ends immediately with termination of adverse conditions (Saunders,

1976).

Andrewartha (1952) states that we can consider two components of

normal insect development. One, morphogenesis, is that morphological

development such as change in size, shape, or color, which is easily

discernable. The other is the physiological development which may be

discerned only with such extraordinary methods as hormone assays. This

second component is termed physiogenesis. During diapause, morpho-

genesis is halted but physiogenesis continues and is the basis of dia-

pause development. Andrewartha (1952) writes:

In considering diapause it is helpful to think
of development in terms of its morphological aspect,
morphogenesis, and its physiological aspect, which
may by analogy be called physiogenesis. Diapause may
then be considered (at least for ecological purposes)
as a stage in physiogenesis which must be completed as
a prerequisite for the resumption of morphogenesis...
We shall therefore speak of the diapause stage meaning
that stage during which morphogenesis is more or less
at a standstill; and we shall use diapause development
to mean the physiological development, or physiogenesis,
which goes on during the diapause stage in preparation
for the active resumption of growth.

The actual process of diapause development is not clearly defined

for all insects, but thorough treatments of the various theories are

avaliable (eg. Novak, 1975; Chippendale, 1977). Pbssibly, the insect

responds to the inducing stimulus by discontinuing the neurosecretory

release of a specific activating hormone necessary for continued
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morphogenesis. Williams (1946, 1952) found that this hormone in

cecropia moths is prothoracotropic hormone (PITH), which stimulates

the release of ecdysone. Diapause development consists of physiologi-

cal changes which result eventually in the renewed capability of the

insect's brain to release the activating hormone (Schneiderman, 1957).

This in turn results in secretion of ecdysone and resumption of morpho-

genesis.

Andrewartha (1952) showed that the rate of diapause development in

Austroi.cetes cruciata is related to temperature in a way that is unlike

the relationship found between temperature and non-diapause development

in most insects. The rate of diapause development increased with

decreasing temperature over a range of 10°C. to 20°C., and only

diminished below 10°C. Since then, many insects have been found which

exhibit temperature optima for diapause development which are different

from those for normal development. While we can conclude that the

temperature optima for diapause development differ from those for normal

development, the generalization that they are always lower is unwar-

ranted (Tauber and Tauber, 1976).

Frick et al. (1954) demonstrated the necessity of exposing R.

indifferens pupae to cold temperatures in order to obtain adult emer-

gence in the laboratory. They found that adult emergence increased

from 5.5% to 80.3% after periods of refrigeration (32° - 40°F.)

ranging from 0 to 210 days, respectively. Brown and AliNiazee (1977)

reported that the time between transfer from 3°C. to 26.7°C. and adult

emergence decreased when the duration of chilling was increased from 99

to 201 days. After longer periods of chilling, the time between trans-
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fer and emergence remained constant. The same authors found that syn-

chronization of emergence, measured as the minimum number of consecutive

days from first emergence to completion of 80% emergence, improves with

increasing chilling period until 201 days, after which it remains

constant at four days.

Brown (1978) has shown that adult emergence from puparia chilled

at 6°C. for 250 days begins approximately six days sooner on average

than would be expected of insects exposed to 3°C. for the same length

of time. Synchronization degenerates, however, with eight days required

for 80% emergence.

Little other research has been undertaken to determine the rela-

tionship of various temperature regimes to the rate of diapause develop-

ment of Rhaqoletis indifferens. One of the objectives of the research

reported here was to determine the optimum temperature for incubation

of pupae in the laboratory. Results of this research should be useful

in any program that requires storage of pupae or production of adults.

Specifically, such research is essential if the proposed sterile insect

release program is ever to be utilized for control of the western

cherry fruit fly.

Postdiapause Development: Postdiapause development includes both mor-

phogenetic and physiogenetic changes after diapause. Postdiapause

development of R. indifferens occurs in the spring, when ambient tem-

peratures are above the developmental threshold, and terminates with

adult emergence. A period of quiescence may occur after completion of

diapause development and before onset of postdiapause development if

ambient temperatures are below the postdiapause developmental threshold.
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Lathrop and Dirkes (1945) suggested the use of thermal summation

to predict phenological events of Rhagoletis pomenella populations.

Since then, thermal unit summation techniques have been used success-

fully in many entomological studies (eg. Eckenrode and Chapman, 1972;

Chaing and Sisson, 1968).

Biologists (eg. Krogh, 1914) have known for some time that the

relationship between rate of development and temperature is not

strictly linear. While a linear relationship may occur over medium

temperatures, the development curve is flattened at the low end of the

temperature range and falls off rapidly at high temperatures. Thermal

unit or day-degree models assume a linear relationship of developmental

rate to temperature above a low threshold temperature, and despite this

discrepancy many such models continue to perform well in field applica-

tion. In many cases deviation of the model from the actual situation

apparently average out with time (errors at high temperatures are in

the opposite direction of those at low temperatures) or are biologically

insignificant.

The basic day-degree equation is:

Tmax + Tmin
(base threshold) =

Daily Thermal Unit

2 Accumulation

where Tmax is the maximum daily temperature, Tmin is the minimum daily

temperature and the base threshold is the day-degree threshold (Arnold,

1960). The day-degree threshold is most often calculated by exposing

insects to constant temperature regimes and observing some developmental

indicator such as time until emergence. Mean developmental rates are

then plotted against temperature of incubation, and linear regression
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techniques used to fit a line through the points. The line is extended

to cross the temperature axis, and the intercept of the line with the

temperature axis defines the developmental threshold temperature for use

in day-degree models. The thermal constant, K, is the total number of

accumulated thermal units required for completion of a developmental

stage, and is constant over the range of temperatures described by the

line.

Arnold (1960) provides a way to minimize the error which might be

expected on days when the minimum temperature falls below the base

threshold. His method is widely used (eg. Eckenrode and Chapman, 1971)

although other methods of minimizing this error have also been proposed

(eg. Sevacherian et al., 1977).

Ali.Niazee (1976) has shown that the relationship between spring

development of R. indifferens pupae and thermal unit accumulation may

be useful in predicting timing of emergence levels of this pest. The

author summed thermal units after March 1 above a base threshold of 5°C.

The base threshold was not calculated using the standard methodology,

but arbitrarily selected based upon earlier reports. Two objectives of

the research reported here were to determine the day-degree threshold

for postdiapause development of R. indifferens pupae and to determine if

use of the March 1 starting date for thermal unit summation is reason-

able.
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II. MATERIALS AND METHODS

A. Insects

Unless otherwise noted, all insects were collected in July and

August of 1977 at an abandoned orchard southwest of Albany, Oregon. Two

collection methods were used. In one, sifted soil from the site was

placed in cardboard trays which were left under fruit laden branches to

catch falling larvae. The insects pupated in the soil and puparia were

later separated using the wet sifting method described by AliNiazee

(1974). With the second method, puparia were collected directly from

soil and plant debris samples taken from beneath limbs. This method

was used when collecting after the fruit had fallen.

B. Emergence Without Chilling

Puparia collected at the Albany site were held at room temperature

(23° - 27°C.) without prior exposure to cold temperatures. Adults

emerging from these puparia represented the small proportion of non-

diapausing individuals always found in this species. The proportion of

emergence without chilling was recorded for insects collected in both

1977 and 1978.

C. Diapause Development Rates

Puparia collected from the Albany site on July 8, 1977 were placed

in petri dishes and left at room temperature until November 11, 1977.

I assumed that no diapause development took place during this period.

On November 11, petri dishes containing 100 pupae each were placed in
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cardboard mailing boxes in incubation chambers set at temperatures of

-3°, 0°, 3°, 6°, 12.2°, 17°, and 26.7°C. Mailing boxes were used to

eliminate photoperiod variation among treatments. The 12.2°C. incuba-

tion chamber malfunctioned shortly after the start of the experiment,

and that treatment level was discarded.

Puparia were removed from cardboard boxes and placed in an incuba-

tion chamber set at 26.7°C., 18:6 L:D on February 10, 1978. The rela-

tively short chilling period of 93 days was used to minimize confounding

effects of postdiapause development.

Adult emergence patterns were monitored and analyzed to obtain the

mean time of emergence and the range from first to last emergence for

each_ treatment group. Synchronization of emergence within treatment

groups was also measured, using minimum consecutive days from first

emergence until completion of 80% emergence as an index (Brown, 1978).

As the chilling period was held to a minimum, differences in emergence

among treatment groups reflect the relative amounts of diapause develop-

ment completed by insects in treatment groups after transfer from

chilling. Thus emergence patterns indicate the relative rates of dia-

pause development among treatment groups.

D. Completion of Diapause in the Field

On January 26, 1978 and February 20, 1978, soil samples were col-

lected at the Albany site. Puparia were separated by the wet sifting

method and placed in an incubation chamber held at 26.7°C. and 18:6 L:D

and mean time of emergence for each group determined. These values

were compared using a "student's t" test (Petersen, 1975) to mean time
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of emergence of adults from puparia exposed to 3°C. for 201 days and then

incubated at 26.7°C., 18:6 L:D (Brown, 1978). The emergence of the

insects reared in the lab is assumed to represent the emergence of in-

sects which have completed diapause development while being chilled.

Thus comparison with emergence patterns of field collected insects

yields a measure of the relative completion of diapause development in

the field population at each sampling date.

E. Determination of Developmental Thresholds

For Use In Day-Degree Models

Pupae collected at the Albany orchard in July 1977 were chilled at

3°C. for a period in excess of 200 days. After chilling, groups of

puparia were placed in petri dishes in cardboard cartons and moved to

growth chambers set at 6°, 9°, 13°, 15.5°, 17°, 19.5°, 21°, 22°, and

25.5°C." Adult emergence of insects for each treatment level was moni-

tored.

All values of time of emergence after transfer from chilling for

each temperature were inverted to obtain values for percent development

per day. These values were then plotted against temperature of incuba-

tion, and linear regression analysis (using the least squares method as

described by Neter and Wasserman, 1974) was applied using all data

points and again after removing extreme temperature treatment data.

Because we know that temperature - developmental rate relationships

'Emergence data for adults from puparia chilled at 3°C. for more than 200

days and then incubated at 13°C. was supplied by Mr. Steve Stark,

Department of Entomology, Oregon State University.
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approach linearity only at medial temperatures (eg. Shelford, 1930), I

hoped that removing extreme temperature treatments from the analysis

and testing for lack-of-fit would indicate over what range the tempera-

ture - rate relationship is linear. The line through these points

should yield an x-intercept, which defines the developmental threshold

for use in linear day-degree models.

The standard x-intercept method for determining the day-degree

threshold was also used. This method, employed by Eckenrode and

Chapman (1971), Obrycki and Tauber (1978), and others, deals with mean

time to emergence for each temperature. These means are inverted to

yield mean percent development per day2, which is then plotted against

temperature. Linear regression is used to find a line through the

points, and this line is extended to find the x-intercept, which

defines the day-degree threshold.

I also used a modified version of the standard method in which the

data point for the 13°C. treatment was removed from the regression.

A third method, derived by Dr. David Birkes of the Oregon State

University Department of Statistics (personal communication), was also

used. This method entailed use of one-way analysis of variance (Neter

and Wasserman, 1974), and takes into consideration the relative number

of occurrences in the field of the various temperatures used as treat-

ments in the experiment. Because lack-of-fit tests showed that no line

adequately describes the relationship between temperature of incubation

2Use of the term "mean percent development per day" is misleading. In

fact, the values used are reciprocals of mean time to emergence, which

are not the same as the means of percent development per day. Mean

percent development per day is used here as it is conventional.
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and postdiapause developmental rates of R. indifferens pupae, an attempt

was made to minimize the error of using a linear day-degree model by

minimizing the error at those temperatures most often encountered by

field populations of developing pupae. The following equation was

utilized:

7

E Pi(ti - i)(;i)
bl = i = 1

7

E Pi(ti - t)2
= 1

7 7

b0 = E - bi( E Piti)

i = 1 i = 1

where ti is the temperature of incubation, E is the mean of all tempera-

tures, jfi is the mean percent development per day at the ith treatment,

and Pi is the proportion of occurrence of the ith temperature in the

field. Pi was estimated by deriving average daily temperatures at two

inches below the soil surface from an 11 year average of maximum and

minimum daily temperatures from March 1 to July 1 (Bates, 1975). This

time interval was selected because it approximates the period during

which postidapause development occurs in the field in most years.

Tallies were made of the occurrence of temperatures within .9°F. on

either side of each ti, and Pi was calculated as mi/n, where mi is the

count for temperatures of the ith interval and n is the sum of all mi.

F. Determination of Thermal Constant

The thermal constant, K, for emergence in the laboratory at con-
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stant temperatures, was calculated using the equation

K = di(ti - a) (Lin et al., 1975)

where ti is the temperature of incubation, di is the mean number of days

thin incubation at the .temperature, and a is the day-degree threshold.

G. Choice of the Most Applicable Day-Degree Threshold

Three different day-degree thresholds were found using the methods

described above. The question of which of these could be most success-

fully applied to predict emergence in the field remained. To solve this

problem, emergence records from 1973 through 1975 at the Albany orchard

were utilized in conjunction with two inch soil temperature data

(Wheeler Calhoun, unpubl.) for corresponding periods collected at the

Hyslop Farm, 2.6 mi. west of the orchard. Day-degree accumulations

until first and 50% emergence for each year were tabulated using the

equation

Tmax + Tmin Daily thermal unit
2

(base threshold) =
accumulation

where Tmax is the maximum daily temperature, Tmin is the minimum daily

temperature, and base threshold is the day-degree threshold. When the

minimum was below the threshold, Arnold's (1960) methods of calculating

days-degree were used. When both the maximum and the minimum tempera-

tures fell below the threshold, daily accumulation was considered nil.

Choice of the "best" threshold was made based upon variation among years

of days-degree accumulated to each level of emergence. Analyses for

this section were performed using Farenheit temperatures, as field
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temperature data is available only in this form.
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III. RESULTS AND DISCUSSION

A. Emergence Without Chilling

Percent emergence of adults from puparia collected at the Albany

site and held at room temperature (23°C. to 27°C.) without being

exposed to cold temperatures is shown in table 1.

Values for emergence without chilling are slightly higher than

those found by Brown (1978) and Frick et al. (1954). One possible

explanation for this is that during collection of pupae in 1978 and

1979, those pupae which were obviously dead (with the puparium col-

lapsed and darkened) were discarded. Thus, non-diapause emergence

reported here is actually percent emergence for apparently viable in-

sects and is higher than emergence for all insects. Neither of the

previous reports mentioned sorting of pupae. Also, there could be con-

founding effects of second year or holdover emergence involved as the

sampling procedure used does not eliminate the possibility of collecting

holdover pupae.

If pupal diapause is obligate in R. indifferens, as is generally

accepted, the ability of fruit fly populations to produce a small

number of non-diapausing individuals every year raises interesting

questions. Were diapause facultative and induced by environmental

factors, we might expect at least a few individuals to avoid the appro-

priate cues for diapause induction and proceed with pupal development

without undergoing diapause. Assuming that diapause is obligatory,

however, leads to the immediate conclusion that non-diapause genes

should be eliminated, as non-diapause adults emerge at a time when no
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Table 1. Emergence
stored at
prior exposure

of R. indifferens adults from puparia
to 27°C.) withoutroom temperature (23°C.

to cold temperature.

Year #Adults Total
Collected Rep. Emerged Puparia % Emergence

1977

a 9 60 15.00

b 4 62 6.45

c 7 67 10.45

d 8 83 9.64

e 2 51 3.92

f 5 62 8.06

g 1 38 2.63

Total 36 423 8.51

1978

a 0 9 0

b 3 48 6.25

c 0 3 0

d 9 190 4.74

Total 12 250 4.80
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hosts are available for oviposition. This apparent paradox may be

explained using the observation that emergence of non-diapausing insects

was observed as late as early January in the lab. Certainly emergence

does not occur at this time in the field as ambient temperatures are

too low for postdiapause development. Perhaps non-diapause genes are

maintained in field populations by reproductive success of non-diapause

flies which for some reason do not emerge in late summer or fall, but

rather in the spring of the following year.

B. Diapause Development Rates

Emergence patterns of adults from puparia exposed to different

chilling temperatures for 93 days prior to incubation at 26.7°C. 18:6

L:D are presented in table 2. These data show that emergence occurred

most quickly after chilling at 17°C. It is likely that at least some

of the early emerging adults from this treatment were non-diapause in-

dividuals. Moreover, poor synchronization (as measured by minimum

time for completion of 80% emergence) renders this temperature unaccep-

table for chilling pupae in future experiments (Appendix A).

On the basis of percent emergence, mean time of emergence, and

synchronization of emergence, chilling at either 3°C. or 6°C. appears

best for laboratory production of adults. Because of an apparently

faster rate of diapause development and only slightly less favorable

synchrony of emergence at 3°C. this temperature is chosen as the best

for chilling.

Brown (1978) found that insects chilled at 6°C. exhibited less

synchrony of emergence than those chilled at 3°C. when a chilling
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Table 2. Emergence of R. indifferens adults from puparia exposed
to different chilling temperature treatments for 93 days
prior to incubation at 26.7°C.

Chilling
Temperature (°C.)

#Adults
Emerged

Mean Time
of Emergence) Range2

Synchrony
Index3

-3.0 14 63.57 44 - 80 33

0.0 38 51.18 34 - 85 23

3.0 54 44.02 32 - 59 16

6.0 48 49.65 39 - 65 14

9.0 50 54.50 38 - 64 14

17.0 17 33.82 4 - 64 42

26.7 3 60.00 27 - 77 __

Each treatment group contained 100 puparia.

'Day after transfer to 26.7°C. on which emergence occurred averaged
for all emerging adults of each treatment.

2Day after transfer to 26.7°C. of first emergence and last emergence.

Minimum number of days after first emergence for completion of 80%
emergence.
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period of 250 days was used, and Brown and AliNiazee (1977) report that

synchrony is maximized at ca. 200 days chilling period when 3°C.

chilling temperature is used. As the chilling period in the present

study was near the minimum to attain emergence, and such relatively

short chilling periods result in very poor synchrony of emergence, the

data reported here are not entirely contrary to those reported by

Brown (1978). Moreover, the excessive chilling period used by Brown

would introduce confounding effects of postdiapause development which

might cause less synchronous emergence from puparia chilled at 6°C.

than those chilled at 3°C.

Tauber and Tauber (1976) state that response to temperature can

change through the course of diapause development. Thus it is reason-

able to assume that completion of diapause development by R. indifferens

pupae may be possible at relatively high temperatures despite the failure

of most pupae to complete diapause development when never exposed to

any chilling. Differences in degree of synchrony among groups of in-

sects chilled for various periods up to 200 days at 3°C. may reflect

the different proportions of the population which must complete diapause

after removal from chilling. As chilling for more than 200 days results

in maximum synchrony, perhaps even those pupae with the slowest rates

of diapause development are able to complete diapause development while

in chilling. Differences in degree of synchrony among groups of insects

chilled for long periods of different temperatures may reflect differen-

ces in rates of postdiapause development. Perhaps emergence of insects

chilled for 250 days at 6 °C. is less synchronous than that of those

chilled for the same period at 3°C. because more postdiapause develop-
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ment occurs at the higher temperature, 6°C.

C. Completion of Diapause Development in the Field

Emergence of adults from puparia collected at the Albany site on

January 26, 1978 and February 20, 1978 as well as that of adults from

puparia chilled at 3°C. for 201 days in the laboratory is shown in

table 3. I have assumed emergence of adults from puparia chilled at 3°C.

for 201 days represents emergence of insects with diapause development

complete. Thus, the difference between emergence of field populations

and laboratory-chilled pupae represents the amount of diapause develop-

ment yet to be completed by field populations after the sampling date

before postdiapause development can begin (Appendix B).

Comparison of means using the "student's t" test is the basis for

the conclusion that diapause development in 1978 was not completed in

the field on either of the collection dates. The trend toward shorter

time until emergence from the January sampling date to the February

sampling date indicates that diapause was probably completed in the

field in early March. Thus, use of the March 1 starting date for

thermal accumulation (AliNiazee, 1976) is not unreasonable.

Too little is known about the relationship of temperature to dia-

pause development of R. indifferens to accurately model and predict

when diapause is complete in the field in any given year. Until such

a capability exists, the best way to determine when to start thermal

unit summation to predict emergence may be to sample the field popula-

tion for several weeks each spring until nonsignificant differences are

found between the time after sampling of emergence of field populations
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Table 3. Time of emergence of adults after transfer to 26.7°C.

Sampling
Date

#Adults
Emerged

Mean # Days
Until Emergence

Standard
Deviation

Jan. 26, 19781 10 41.2** 4.85

Feb. 20, 19781 12 33.0** 5.15

Laboratory2 86 25.5 3.20

**Significantly greater than mean # days until emergence
of laboratory chilled insects (p < .01).

'Insects collected at the Albany site and placed in 26.7°C.
incubation chamber on date indicated.

2lnsects chilled at 3°C. for 201 days prior to transfer to
26.7°C. (Brown, 1978).
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and the time after transfer from chilling of emergence of laboratory-

chilled populations.

D. Determination of Developmental Thresholds

For Use In a Day-Degree Model

Emergence data for adults from puparia chilled at 3°C. for more

than 200 days prior to incubation was used to derive the developmental

threshold for use in a day-degree model for emergence of R. indifferens

(Appendix C). Analysis of variance was performed to determine the lack

of fit of lines derived to describe the relationship between temperature

of incubation and percent development per day (= 100 x 1/ time until

emergence in days). As shown in table 4, there is significant lack of

fit of lines used to describe this relationship even when data points

from extreme temperature treatments are removed from the regression.

Removing any more data points is not valid, as regression of daily

percent emergence on incubation temperature using on 17.0°, 19.5°, 21°,

and 22°C. yields a base or day-degree threshold of 13.3°C., which is

higher than the 13°C. incubation temperature at which adult emergence

was attained.

These results demonstrate the inadequacy of using a linear model

to describe the relationship between postdiapause development rates of

the western cherry fruit fly and temperature. However, day-degree

models are often accurate enough for useful field application. This

may be because errors at low temperatures are in the opposite direc-

tion of those at high temperatures, and compensation probably occurs

to some extent. Also, statistically significant variation of the model
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Table 4. F values for lack-of-fit tests of lines to describe the
relationship between rate of postdiapause development
of R. indifferens pupae and temperature of incubation.

Temperature Treatments
Included in Linear

Regression Analysis (°C.) F Value

Degrees
of

Freedom

Predicted
Base

Threshold°C.1

(all)

13.0, 15.5, 17.0, 19.5, 5

21.0, 22.0, 25.5 149.46** 275 10.9

15.5, 17.0, 19.5, 21.0, 4

22.0, 25.5 431.17** 256 11.8

17.0, 19.5, 21.0, 22.0, 3

25.5 52.93** 195 12.8

15.5, 17.0, 19.5, 21.0, 3

25.5 158.28** 247 11.9

17.0, 19.5, 2

21.0, 22.0 124.47** 187 13.3

**Significantly greater than 0 (p < .01).

1Base threshold in °C. derived by extending the line for each set
of data points to the temperature axis.
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from the actual relationship may not be significant in terms of use-

fulness in the field.

The standard method for determination of developmental thresholds

for use in day-degree models entails fitting a line with regression

techniques to describe the relationship between mean percent develop-

ment per day and temperature of incubation. Values for mean time of

emergence (in days) after removal from chilling, shown in table 5, were

inverted to obtain mean percent development per day. These values were

plotted against temperature of incubation and linear regression used

to find a line, which, when extended, produces a day-degree threshold

of 10.2°C. Comparison of residuals and thermal constants for each

incubation temperature (table 6) indicates that the point from the 13°C.

treatment level is well off this line. Therefore, the regression

analysis was performed again without including this point, and a base

threshold of 11.7°C. was found. Both regression lines are shown in

Figure 1.

The third technique using weighting of points from temperature

treatments was also used, and yielded a base threshold of 8.3°C. The

regression line is shown in Figure 2.

There are a number of lines which can be fit to the data depending

on what points are included in the regression analysis. Changing the

line in this way to reduce the error over one part of the temperature

range results in a reciprocal increase in error over some other part

of the temperature range. The third method was devised to minimize

the error which occurs at those temperatures most often seen in the

field and, conversely, place the bulk of the error at temperatures out-
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Table 5. Mean time of emergence in days after transfer from 3°C. incuba-
tion to incubation at various temperatures.1

Temperature
(°C.)

Total #
Puparia n2

Total

+s.d.4 n1

Males

±s.d. n1

Females

±s.d.

13.0 135 21 87.71 6 86.17 15 88.33
±3.90 2.64 4.22

15.5 109 61 76.61 35 76.94 26 76.15
±1.83 ±1.76 ±1.85

17.0 109 43 61.95 19 62.00 24 61.92
±2.07 ±1.97 ±2.19

19.5 100 77 46.99 42 46.91 35 47.09
±3.74 ±3.43 ±4.13

21.0 109 50 31.66 23 32.00 27 31.37
±2.32 ±2.84 ±1.76

22.0 100 21 29.38 11 29.18 10 29.60
±2.97 ±3.43 ±2.55

25.5 108 9 23.56 2 23.50 7 23.57
±2.65 ±2.12 ±2.94

1No adult emergence was observed from puparia incubated at 6° and 9°C.

2Number of adult flies emerged from puparia incubated at each temperature
after chilling at 3°C. for more than 200 days.

Mean number of days after transfer from chilling until adult emergence
from puparia chilled at each temperature.

4Sample standard deviation about the mean of days until emergence of
adults from puparia incubated at each temperature.
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Table 6. Residuals and thermal constants
above a base threshold of 10.2°C.
for emergence of R. indifferens
adults from puparia incubated
at seven different temperatures.

Temperature of
Incubation (°C.) Residuals) K2

13.0 .40 246

15.5 .11 406

17.0 .21 421

19.5 .37 437

21.0 .26 342

22.0 .23 347

25.5 .13 360

1Difference between 1/mean number of days
until emergence and predicted value based
on y = -.0277 + .0027(x).

2K, the thermal constant, = mean number of
days until emergence times the difference
between the temperature of incubation and
the base threshold.
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Figure 1. Regression lines describing the relationship between tempera-
ture of incubation (x-axis) and reciprocal of mean number of
days until emergence after transfer from chilling (y-axis),
defined by convention as mean percent development per day.
Solid line was derived using all points and dotted line was
derived without point from 13°C. treatment.
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Figure 2. Regression line describing the relationship between tempera-
ture of incubation (x-axis) and reciprocal of mean number of
days until emergence after transfer from chilling (y-axis),
defined by convention as mean percent development per day,
derived using weighting method (see text).
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side the range of those which normally occur in the field.3

E. Choice of Most Applicable Day-Degree Threshold

In order to choose which threshold is most useful for field appli-

cation, day-degree accumulations after March 1 above each of the pro-

posed thresholds was calculated for five different years. Accumulations

until first and 50% emergence at the Albany orchard are shown in table

7. Table 8 presents variation of day-degree accumulations in the form

of deviations from the mean in both day-degrees and calendar days.

The results presented in table 8 indicate that use of 47°F.

(8.3°C.) as a base threshold results in the least variation over a five

year period in day-degree accumulations until both first and 50% emer-

gence levels of R. indifferens adults in the field. While the differ-

ences appear slight, it is notable that use of the lowest proposed

threshold results in superior model performance especially at the level

of first emergence. This level is most important in terms of applica-

tion in the field, as AliNiazee (in press) has shown that most wasted

chemical applications are applied prior to first emergence. Therefore,

a base threshold of 8.3°C. threshold is most appropriate for field

application in predicting emergence of R. indifferens adults.

3Appendix D presents data used for this analysis.



Table 7. Day-degree accumulations' above three base thresholds until
first and 50% emergence levels2 of R. indifferens adults at
the Albany site for a five year period.

Threshold ( °F.):

Emergence Level:

Year

47

First 50%

50

First 50%

53

First 50%

1973 813.5 1117.0 616.0 904.0 453.0 672.5

1974 758.0 1085.0 574.0 865.5 392.0 635.5

1975 795.5 1158.5 594.0 895.5 455.0 728.0

1976 685.0 984.5 509.5 752.0 378.5 567.0

1977 653.0 801.5 472.0 591.5 339.5 432.0

i3 741.0 1029.3 553.1 802.3 403.6 607.0

'Calculated using 2" soil temperatures from Hyslop Farm (Calhoun, unpubl.).

2Emergence data from AliNiazee (1976) and AliNiazee (unpubl.).

Mean values over five years for each emergence level.



Table 8. Variation from mean day-degree accumulation for five years above three proposed
thresholds in day-degrees and calendar days.

Threshold: 47 50 53

Emergence Level:

Year

First 50% First 50% First 50%

1973 72.51- 42 87.7 - 4 62.9 - 4 101.7 - 5 49.4 - 4 65.5 - 3

1974 17.0 - 2 55.7 - 3 20.9 3 63.2 - 3 11.6 - 3 28.5 - 2

1975 54.5 3 129.2 7 40.9 - 3 93.2 - 6 51.4 4 121.0 - 9

1976 56.0 - 6 44.8 2 43.6 - 6 50.3 - 3 25.1 - 6 40.0 - 3

1977 88.0 7 227.8 -10 81.1 9 210.8 9 64.1 - 9 175.0 -10

Total 22 26 25 27 26 27

'Absolute value of deviation of day-degree accumulation for each year from mean accumulation
over all years.

2Number of days between occurrance of mean day-degree accumulation value and day-degree accu-
mulation value for each year (see Appendix E for an example of this calculation).
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IV. SUMMARY

Pupae of Rhagoletis indifferens normally undergo obligatory dia-

pause which requires exposure to cold temperatures for completion.

Pupae were chilled at seven different temperatures for 93 days before

transfer to incubation at 26.7°C. Emergence of adults was monitored

and the results indicated that diapause development is completed most

quickly at 3°C. while synchrony of emergence is slightly better with

6°C. chilling temperature. Comparison of this data with data reported

by Brown (1978) indicates that chilling at 3°C. for periods of ca. 200

days or more is optimal for production of adults in terms of total per-

cent of emergence, synchrony of emergence, and timing of emergence.

Field populations of R. indifferens complete pupal diapause during

the winter or early spring. Observations showed that in 1978 diapause

in the field population near Corvallis was completed by early March.

As timing of the completion of diapause in the field is probably

different in each year, sequential sampling each spring with comparison

of emergence to that of insects reared in the laboratory may be the

best way to pinpoint completion of diapause in the field for each

season.

Pupae chilled in the laboratory and presumably with diapause com-

pleted were held at various temperatures and adult emergence monitored.

Lack-of-fit tests on regression lines derived to describe the relation-

ship between temperature of incubation and rate of postdiipause

development showed that this relationship could not be described as

linear even when data points from all but the four middle temperature

treatments were removed from the analysis. Because many day-degree
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models are successfully utilized in the field despite similar inade-

quacies and because the day-degree type model is the best system

currently available for predicting emergence of R. indifferens adults

in the field, analysis was continued to find a base threshold for use

in day-degree models.

The standard method for finding developmental thresholds for day-

degree models yielded a value of 10.2°C. and a modified version in

which data from 13°C. incubation was removed from analysis yielded a

value of 11.7°C. Another method was used which weighted values for

temperature treatments on the basis of the occurance of temperatures

used as treatments in the field. This method yielded a threshold value

of 8.3°C.

Comparison of day-degree accumulations above the three thresholds

for first and 50% emergence levels for five years was used to choose

the best threshold for field application. Because use of the 8.3°C.

threshold resulted in the least variation over the five year period,

this temperature is possibly most appropriate for use in a day-degree

model for predicting adult emergence of Rhagoletis indifferens in the

field.
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APPENDIX A

Days until emergence after transfer from various chilling
temperatures to 26.7°C. of adults from R. indifferens puparia.

T. (°C.)1 Day2 Number3 T. (°C.) Day Number

-3.0

0.0

3.0

44

49
52

53

56
60

63
66
77

80
34

39

41

42

44
45
46

48
49

50

51

53

54
56

57

59
62
64
65

85

32

33

34

35
36

1

1

1

2

1

1

1

1

1

1

1

1

2

3

2

4

2

3

2

1

3

1

2

1

2

1

1

3

2

1

2

2

1

1

2

3.0

6.0

37

38
39

40
41

42

43
44

45

46

47

48
49
50
51

52
54
57
59

39

41

42

43
44
45
46

48
49

50
51

52

53

54
55

59

61

62

1

3

2

4

3

1

1

2

7

3

1

5

1

2

2

1

4
1

1

1

1

3

1

7

4

3

3

6

3

3

5

1

3

2

1

1

1
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(Appendix A, continued)

T. (°C.)1 Day2 Number3 T. (°C.) Day Number

9.0 39 1 17.0 44 1

41 1 46 1

42 3 49 1

43 1 55 1

44 7 58 1

45 4 70 1

47 1 26.7 27 1

48 1 76 1

49 9 77 1

50 5

51 5

52 2

54 4

56 1

57 1

58 1

60 1

63 1

17.0 4 1

16 1

17 1

18 1

25 2

26 2

28 2

41 1

1Temperature at which insects were chill
to transfer to 26.7°C.

2Number of days after transfer on which

3Number of adults which emerged.

ed for 93 days prior

emergence occurred.
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APPENDIX B

Emergence of adults from puparia collected in the
field in early 1978 and incubated at 26.7°C.

Date Collected' Day2 Number3

1/26/78

2/20/78

35 2

38 1

39 1

40 1

41 1

43 1

45 1

46 1

50 1

27 1

28 1

29 1

33 1

34 1

36 1

38 1

39 3

'Insects were collected by collecting soil samples
at the Albany site and using the wet sifting
method to separate puparia from soil and plant
debris.

2Day after collection on which adult emergence occur-
red at 26.7°C.

Number of adults that emerged on each day.
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APPENDIX C

Emergence of adults from puparia chilled at 3°C. for
more than 200 days before transfer to nine constant
temperature treatments.

T. (°C.)1 Day2 Females3 Males4 Totals

13.0 84 3 2 5

85 1 1

86 2 1 3

87 3 1 4

89 2 2

91 1 1 2

92 2 2

95 1 - 1

98 1 - 1

15.5 74 5 3 8

75 6 4 10

76 7 11 18

77 2 2 4

78 2 6 8

79 2 7 9

80 2 2 4

17.0 60 8 6 14

61 4 4 8

62 4 1 5

63 4 4 8

64 - 1 1

65 1 2 3

66 - 1 1

67 1 - 1

68 1 - 1

19.5 43 9 8 17

44 3 4 7

45 1 1 2

46 6 12 18

47 6 6 12

48 2 1 3

50 1 2 3

51 - 1 1

52 1 2 3

53 1 2 3

54 3 3 6

56 1 - 1

57 1 - 1
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(Appendix C, continued)

T. (°C.)1 Day2 Females3 Males`' Totals

21.0 29 1 1 2

30 9 9 18

31 8 1 9

32 4 5 9

33 2 3 5

34 1 1 2

35 - 1 1

36 2 1 3

42 - 1 1

22.0 26 1 2 3

27 1 2 3

28 3 3 6

29 - 1 1

30 1 - 1

31 1 - 1

32 1 1 2

33 2 1 3

37 0 1 1

25.5 22 4 1 5

23 1 - 1

24 1 - 1

25 - 1 1

30 1 1

'Temperature of incubation after removal from chil-
ling. No emergence occurred from puparia incubated
at either 6° or 9°C., so these temperatures are not
shown.

2Day after transfer from chilling on which adult
emergence occurred.

3Number of females emerged.

4Number of males emerged.

5Total number of flies emerged.
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APPENDIX D

Occurrence of treatment temperatures in the fieldl

Treatment
temperature

(°F)

Temperature
range2
(°F)

Number of
occurrences

Proportional
occurrence4

55.4 54.5-56.3 8 .157

59.9 59.0-60.8 4 .078

62.8 61.7-63.5 6 .117

67.1 66.2-68.0 9 .176

69.8 68.9-70.7 12 .235

71.6 70.7-72.5 11 .216

77.9 77.0-78.8 1 .020

1 Field temperatures are mean daily temperatures calculated

from an eleven year average of daily maximum and minimum

temperatures recorded two inches below the soil surface at

Hyslop Farm (Bates, 1975).
2Temperature used in laboratory treatment ±.9°F.

3Number of times the field temperature fell within each

temperature interval during the period of March 1 to July 1.

4Number of occurrences for each temperature interval divided

by the total number of occurrences for all temperatures.
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APPENDIX E

Example of Calendar Day Deviation Calculations

Calculations of calendar day deviations from mean day-degree

accumulations are somewhat confusing unless one understands exactly

how these calculations are performed. As an example, consider day-

degree accumulations until first emergence in 1973 above each of the

three base thresholds. Table D1 shows day-degree accumulations above

each of the three thresholds for May 21 through May 24, 1973. First

emergence in 1973 occurred on May 25, so day-degree accumulations

shown for first emergence in 1973 include daily accumulations from

March 1 to May 24. Table 8 (in the text) reveals that emergence

occurred 72.5 day-degrees later than expected if we use the mean accumu-

lations for all five years above a 47°F. base threshold to predict

emergence. Four days of day-degree accumulations (16.5 + 21.5 + 22.5 +

15.5) add up to at least the 72.5 difference observed between 1973

accumulated day-degrees and mean accumulated day-degrees above 47°F.

until first emergence. Actually, somewhat fewer than four days of

accumulation is necessary, but using anything less than whole-day

accumulations is not acceptable; cherry growers will complain that

the prediction missed by 4 days not 3.8.
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(Appendix E, continued)

Daily Day-Degree Accumulations
Date Base Threshold: 47 50 53

5/21 15.5 12.5 9.5

5/22 22.5 19.5 16.5

5/23 21.5 18.5 15.5

5/24 16.5 13.5 10.5


