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ABSTRACT
As measured by respiration (<0.45 /xliter 0:</mg wet

weight per hour), the potential imaginal estival-diapause
period of Hypcra pasticci (Gyllenhal) extended from
May to October. Current-year adults entered diapause
after a 3- to 4-wcek feeding period. Males entered dia-
pause in an immature state. Sperm-cyst development
began in mid-August, concurrently with increasing res-
piration. No observable changes in the female gonads
occurred until late September. The diapause-free period

(October-May) is interrupted in Wisconsin by cold
winters, thus resulting in abbreviated reproduction. Some
females lived over 3 years and underwent 3 successive
estival diapauses. Resorption of eggs and sperm and hy-
pertrophy of the fat-body occurred in rediapaused adults.
A small percentage of both overwintered and current-
year females failed to diapause and oviposited during the
summer months.

Manglitz (1958) noted a 5-month preoviposition
period for the alfalfa weevil, Hypcra postica (Gyl-
lenhal), during the summer in Maryland. Except
for a 3-week feeding period after adult emergence
from cocoons, weevils required no food until mid-
September. Manglitz recognized that newly emerged
weevils in the spring undergo estivation. Tombes
(1964a) established that estivation is a diapause in
both sexes, characterized by low respiration, low
body water content, high lipid content, and unde-
veloped reproductive organs. Snow (1928), Yak-
hontov (1934), Michelbacher and Leighly (1940),
and Saringer and Deseo (1966) concluded that in-
duction and termination of diapause were dependent
on temperature; high temperatures (>25°C) induced
and prolonged diapause, and low temperatures re-
duced it.

More recent work (Huggans and Rlickenstaff
1964, Tombes 1964a, Rosen thai and Koehler 1968)
suggested that diapause may be photoperiodically
induced. Huggans and Blickenstaff (1964) were
the first to consider that a stage prior to the imago
received the diapause stimulus. Bland (1971) singled
out the 4th larval stadium as the most receptive
period. But Rosenthal and Koehler (1968) believed
the diapause-inducing photoperiod may be received
as far back as the parent generation.

"VYe investigated the span of estival diapause in
Wisconsin by measuring the respiration of weevils
from different age groups. A characterization of
gonadal maturation of weevils in estival diapause
was sought for males and females similar to that
proposed by Gucrra and Bishop (1962) and Tombes
(1964b).

MATERIALS AND METHODS

Alfalfa weevils were collected as 4th-stage larvae
from fields in Wisconsin and were reared to adults
in an open-air insectary under natural photoperiods
at Arlington, Wis. (Litsinger and Apple 1973). The
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month and year of adult emergence from the pupal
cocoon established the age group.

The average rate of 02 consumption was measured
for the weevil age groups to determine the onset and
termination of diapause. When the adults were
transported from the insectary to the laboratory in
Madison, care was taken to insure maintenance of
outdoor photoperiods. Adults were exposed to arti-
ficial light only during daytime. If kept in Madison
overnight, they were held in a station wagon parked
away from street lights.

Adult respiration was monitored from July 18 to
Nov. 14, 1970, and June 11 to Nov. 15, 1971, with
a Gilson differential respirometer. A corked 5 mm-
diam-glass tube with one end screened to reduce
locomotion served as a cage to retain one adult.
A 20% KOH solution and filter-paper wick filled the
flask center-well. A water bath at 27° C was main-
tained throughout.

CO.j evolution, or conversely O2 consumption, of
13 or 15 adults of a given age group was measured
in ^liters by a direct digital rcadoff. Readings cov-
ered a 4- to 7-hr period, and the respiration rate was
recorded for each adult as /iliter O2 consumed/mg
wet wt per hr. At first, readings were taken hourly,
but when it became apparent that no hourly differ-
ences existed, only one reading was taken per day.
Each adult was weighed on an analytical balance to
the nearest 0.1 mg.

Both random and nonrandom samples of adults
were taken for respiration measurement. Nonrandom
selection was from those age-groups (1969-71) in
which the identities of sexual pairs were maintained
in numbered cages; the same weevils (or if missing
their replacements) were remeasured. During July
and August 1970, random samples of weevils from
June 1970 and July 1970 groups were measured until
sexual pairs were separated in September 1970.
Random sampling was also done for all 1971 emerged
adults. Weevils collected from the field on May 10,
1971, after surviving the winter of 1970-71 became
identified as field-control adults.

By monitoring the O2 consumption of "known"
individuals, respiration could be correlated with
coincident sexual maturation or oviposition. Respi-
ration was normally measured for both sexes except
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for 1969-emerged adults, in which case only the fe-
males were examined. If an individual died, escaped,
or was killed accidentally, it was replaced from colo-
nies of coeval adults maintained in the insectary.

Sexual maturation determinations on females in-
volved removal of an ovariole with fine forceps and
measuring the structure to the nearest 0.01 mm under
a binocular microscope fitted with a calibrated ocular
grid. The spermatheca also was removed and ex-
amined to determine whether insemination had oc-
curred.

Male testes were removed, placed in Ringer's solu-
tion on a slide, and macerated with pressure exerted
on a cover-slip. Testes development was categorized
as having: (1) all cysts in prespermiogenesis, (2)
at least one cyst undergoing spermiogenesis but with
nonmotile spermatozoa, or (3) motile spermatozoa.

RESULTS AND DISCUSSION

Diapause Induction of Current-Year Adults.—It
was noted (Fig. 1, 2) that the rate of respiration de-
clined during the summer and increased during the
fall. The pattern followed the U-shaped curve char-
acteristic of other insects involved with diapause
(Davey 1956). For any given date the O2 uptake for
each individual is represented by a point on the
figures. Variability on each sampling date expressed
in this manner allows the number of diapausing and
nondiapausing insects to be ascertained by age group.
A respiration rate < 0.45 juliter 02/mg wet wt per
hr was used as an index of diapause in this study.

The alfalfa weevil adults reaching adulthood from
June through August of a given year underwent
diapause after a short feeding period, during which
time respiration was at a high level (> 1.0 /Jiter).
Comparable high respiration rates were found sub-
sequently only for actively ovipositing females, but
not all those ovipositing attained these levels.

Working with field populations, Brazzel and New-
som (1959) found a consistent difference in the sex
ratio of diapausing boll weevils, Anthonomus grandis
Boheman, of ca. 1.5#:19, and they concluded that
diapause-inducing factors were different for each sex.
No sexual difference in the diapause response of the
alfalfa weevil was noted.

In 1970 (Fig. 1), June 1970 adults entered di-
apause in mid-July, July 1970 adults in mid-August,
and August 1970 adults in mid-September. The last-
mentioned adults showed (Fig. 1) a rapid decline
in O2 consumption, but by late September only % of
the individuals were considered to be in diapause.
The diapause period for these August adults was of
short duration, and by mid-October the average res-
piration level was back around 0.65 /xliter of O2.

In 1971 (Fig. 2), the early-June 1971 group
represented the lst-emerged adults (May 26-June 15)
reared from field-collected larvae in the spring. The
late-June 1971 adults reached adulthood from June
16 to 30, and their respiration decline followed the
earlier group by ca. 2 weeks until mid-August, the
nadir for the curves.

Weevils in an October 1970 age-group did not

undergo diapause in 1970 (Table 1), as all respira-
tion rates were well above 0.45 juliter O2 when
measured in November. In 1971, August 29-Sep-
tember 15 adults had respiration rates of 0.56 /xliter
O2 or greater and September 10-15 weevils had no
rate below 0.63 /^liters when tested in November. As
discussed here, diapause terminated in the month of
October in Wisconsin, and the 3- to 4-week feeding
period, necessary before diapause induction, permitted
adults emerging after August to bypass the diapause
phenomenon.

Diapause Termination by Current-Year Adults.—
Beginning with September in both 1970 and 1971,
the respiration rates of early-season weevils increased
to a peak in mid-October 1970 (Fig. 1) and early
November 1971 (Fig. 2). Adult feeding and activity
resumed in late September 1970, and early October
in 1971. The June, July, and August weevils of 1970
had average respiration rates above 0.45 /u.liter O2
after September 29 and the 2 groups in 1971 exceeded
this level after October 15.

In addition to respiration data in 1971, ovarioles
of June 1971 females were measured periodically
from August 24 to November 19, 1971. The results
as shown in Fig. 3 would indicate September 16-
October 7 as the period of most rapid ovariole length-
ening. Using the 2 criteria, respiration rate and
gonadal development, diapause terminated ca. Octo-
ber 1 during the 2 years at Arlington.

Diapause Induction Among Overwintered Adults.
—After diapause termination, weevil sexual matura-
tion is attained, and mating and oviposition begin in
October, only to cease with the onset of cold Wis-
consin temperatures in November. After overwin-
tering, oviposition resumes with the advent of warm
temperatures in April. According to reports from
other States (Snow 1928, Hamlin et al. 1949) these
overwintered adults then were assumed to die off
during the summer months as oviposition terminated.

After oviposition subsided in the summer of 1970,
a substantial number of overwintered 1969 adults re-
mained alive but were not ovipositing or feeding.
Some of these adults, particularly of the August 1969
and October 1969 age-groups, had never initiated
oviposition (Litsinger and Apple 1973). When the
O2 consumption was measured, beginning August 9,
1970, all females (males were not studied) of the
June, August, and October 1969 age groups respired
at rates indicative of diapause (Table 2).

In 1971, the fact of a renewed diapause was sub-
stantiated for both sexes, as most individuals from
the June and July 1970 age groups (Fig. 4), August
1970 age group, and field-control adults, along with
the twice overwintered combined 1969 females (Table
2), re-entered diapause during June and July, 1971.
These 2-yr-old weevils not only re-entered, but also
terminated diapause in 1971, thus indicating that di-
apause-inducing and -terminating stimuli act on the
imago regardless of age. This observation of suc-
cessive cycles of diapause and sexual rematuration
helps explain the high biotic potential of this species.

The October 1970 males and females, which missed
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FIG. 1. 2.—Oxygen consumption by current-year alfalfa weevil adults in 1970 (Fig. 1) and 1971 (Fig. 2).
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Table 1.—Respiration rates of late-season alfalfa wee-
vils transforming to adults in October 1970, Aug. 28 to
Sept. 2, 1971, and Sept. 10-15, 1971. Arlington, Wis.

O2 uptake (juliter/mg wet wt per hr ) a

Age group

1971

Weevil

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

Avg

Oct.

1.21
1.45
1.15
1.38
1.48
1.34
1.37
1.35
1.72
1.52
1.40
1.63
1.42
1.25

1.41

Aug.28-Sept. 2

0.91
.90

1.35
.69

1.06
.56
.65
.65
.72
.64
.60

.78

Sept. 10-15

0.87
.82

1.14
.78
.63

1.01
.67
.80
.86

1.08
.80
.94
.79
.79

1.06
.87

a Respiration rates measured in November of each year.

the diapause period in 1970, were in a diapause state
on June 15, 1971 (Table 2), the 1st date respiration
was monitored in 1971. As shown in Table 1, these
adults were not in diapause on Nov. 5, 1970, and it
was highly unlikely they entered diapause during the
winter months. The explanation of this situation
might be that diapause-inducing stimuli were pre-
sent in May. These October 1970 adults might re-
spond to these stimuli and enter a 1971 diapause be-
fore all other overwintered age groups because of
their sexually immature condition and hypertrophied
fat-bodies. The more sexually mature weevils of the
other age groups might be less responsive to the
diapause-inducing May photoperiods (Fig. 4). They
probably needed an additional 3- to 4-week feeding
period to augment the fat-bodies in preparation for
renewed diapause. Walker (1967) noted a predi-
apause feeding period of similar length for the boll
weevil.

The potential diapause period for the alfalfa wee-
vil in Wisconsin spans the months of May to Octo-
ber, but because of the prolonged Wisconsin winters,
diapause expression is reduced. The period of respi-
ration decline mimics that found by Tombes (1964a)
in South Carolina. However, Tombes conservatively
estimated that weevil diapause was initiated in July.

It might be argued that some weevils do over-
winter in a state of diapause. Such individuals,
which respired at rates indicative of diapause (be-
low 0.45 /Jiter O2) were noted in November 1970
(Fig. 1) and again in November 1971 (Fig. 3).
These weevils may not have had time to attain a
true nondiapause condition the next spring before
they entered another diapause.

Field-control adults collected in 1971 served as

a reference group to illustrate average field behavior
and to provide a basis for appraising the behavior
of caged weevils overwintered in the unheated farm-
house basement. Besides an artificial overwintering
site, the caged weevils were retained in numbers up
to 100/plastic box. Byrne (1969) reported that adult
crowding induced lower reproduction. This fact
might have a bearing on diapause expression. How-
ever, such a condition did not seem to develop with
the artificially held weevils in this study, because
their respiration paralleled that shown by a field
population (Table 2).

Characterization of Gonadal Maturation of Cur-
rcnt-Ycar Weevils in Diapause.—Female: Our find-
ings were similar to those reported by Guerra and
Bishop (1962). Ovarioles averaged 0.7-0.8 mm long
during late August and the 1st half of September
(Fig. 3). Thereafter, an accelerated lengthening of
the ovarioles occurred on into the fall. This phe-
nomenon accompanied the rise in respiration and
atrophy of the fat-bodies of female weevils. Visible
egg development in the ovaries succeeded ovariole
elongation. Had diapause not intervened, sexual
maturation of these June-emerged adults would have
been reached by July 27, when on that date 1 non-
diapausing female did oviposit while its respiration
rate was being determined (this individual laid 301
eggs between July 27 and Sept. 31). Diapause caused
a preoviposition period of 5-6 months, compared with
2 months in nondiapausing females. The 2-month
preoviposition period of nondiapausing females con-
curs with the results of Manglitz and App (1957).

Male: The rate of sexual maturation of the male
was observed with the same June 1971 age group.
In this case, opened testes were examined periodi-
cally from August 18 to November 18, 1971. Those
males involved in respiration monitoring (Fig. 2)
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FIG. 3.—Length of ovarioles from alfalfa weevil adults
originating in June, 1971. Solid circles r= average for
date.
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Table 2.—Oxygen consumption by alfalfa weevil adults one or more years of age. Arlington, Wis.

15

Date

6 15
6/22
7/1
7 15
7/29
8/9
8/24
9/8
9/20
9/28

10 6
10/13
10/20
10 27
11 3
11/15

June 1969

0.22+0.04
.18+ .04
.20+ .04
.29+ .07

.71+ .24

.78+ .19

.77± 22

Avg respiration (/*lit

1970 determinations

Age-group

Aug. 1969

0.34+0.18
.26+ .06
.22+ .09
.26+ .13

.72+ .14

.78+ .18

.79+ .19

Oct. 1969

0.22+0.04
.15+ .04
.13+ .04

.72+ .15

.73+ .28

er O2 uptake/mg wet

Combined-1969

0.75+0.35

.51+ .26

.36+ .28

.32+ .23

.30+ .22

.15+ .04

.20+ .13

.33+ .19

.37+ .25

.55+ .28

.75+ .47

.85+ .39

wt per hr) (± SD)

1971 determinations

Age-group

Aug. 1970

0.70+0.21

.27+ .18

.38+ .35

.16+ .11

.17+ .15

.10+ .09

.24+ .17

.22+ .20

.44+ .23

.49+ .20

.72+ .16

.73± .22

Oct. 1970

0.36+0.24
.43+ .30
.12+ .10
.18+ .12
.10+ .06

.18+ .12

.24+ .12

.27+ .16

.39+ .13

.36+ .16

.42+ .19

.79+ .15

.79± .24

.78+ .14

Field-control

0.89+0.18
.76+ .28
.61+ .30
.81+ .30
.35+ .19
.26+ .18
.36+ .28
.32+ .25
.18± .11

.37± .30

.48+ .16

.72+ .16

.71+ .42

were dissected (from 3 to 8 per date) as described
previously. Only fat globules were visible in the
testes of 6 i examined on August 18. Cyst forma-
tion, but no spermiogenesis, was observed in 5 $
on Aug. 24. Commencing September 2, and asso-
ciated with the slow upswing of the curve of average
respiration rate, spermiogenesis was noted in pro-
portionally more cysts. However, the spermatozoa
were nonmotile. Beginning September 16, motile
spermatozoa began to appear (in 3 of 4 6 ) in 1-2
cysts/testis.

Characterization of Gonads in Rc-Diapauscd Adults.
•—Female: Rediapaused females did not contain eggs

in any visible state of development. Hypertrophy of
the fat-body was evident and oosorption must have
occurred, but ovariole length did not regress in the
7 individuals studied. Oosorption was noted in early
emerged female boll weevils during hibernal-diapause
by Brazzel and Newsom (1959). The same phenom-
enon was observed in diapaused female Colorado
potato beetles by deWilde et al. (1959).

Male: The rediapaused male underwent sex-organ
regression. The testes of 7 July 1970 males, which
had been observed in the act of mating in May 1971,
were examined Aug. 6, 1971, and 5 showed fat glo-
bules but no cyst development. Two possessed cysts
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FIG. 4.—Oxygen consumption of year-old alfalfa weevils.
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with nonmotile spermatozoa. Hypertrophied fat-
bodies also were evident in 1-year-old male alfalfa
weevils. Subsequent dissection of more (10) 1-year-
old males in diapause showed the sexual maturation
rate to be no greater than that in current-year
weevils.

Because of gonadal regression and hypertrophy of
the fat-body in rediapaused alfalfa weevils, current-
year and overwintered adults became identical. There-
fore the studies by Snow (1928) and Hamlin et al.
(1949) pertaining to overwintered adult survivor-
ship in the field during the summer should be re-
evaluated in light of this discovery.

The imago was found to be sensitive to the di-
apause-inducing photoperiods over the life of the
adult. Huggans and Blickenstaff (1964) and Bland
(1971) concluded that the larval stage is photo-
sensitive to diapause-inducing photoperiods and hence
determines the diapause fate of the imago. Field evi-
dence of the periodicity of weevil larval populations
between southerly (e.g., Michelbacher and Leighly
1940, Bass 1967) and northerly (e.g., Barnes 1967)
regions shows, however, that the larval state could
not be the only photosensitive, diapause-determining
stage. If this were the case, one would expect rela-
tively more nondiapausing weevils giving rise to
summer larvae in southerly than in northerly regions.
Barnes believed that the opposite effect was evident.
A situation similar to that found in the Colorado
potato beetle, Lcptinotarsa decemlineata (Say), as
described by Hodek (1971), possibly exists for the
alfalfa weevil. Both the larval and adult stages of
the Colorado potato beetle are photosensitive to the
induction of imaginal diapause. However, the effect
received by the imago dominates and may reverse
the signal received by the larva.
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