Vol. 85, Nos. 5 & 6, May & June 1974 159

STUDIES ON THE BIOLOGY OF THE CHRYSOPIDAE V.
THE DEVELOPMENTAL AND REPRODUCTIVE
MATURATION RATES OF CHRYSOPA CARNEA

NEUROPTERA: CHRYSOPIDAE) 12

Joseph K. Sheldon 2 Ellis G. MacLeod4.5

ABSTRACT: The effect on the developmental rate of Chrysopa carnea Stephens of the
variables photoperiod, temperature, geographic locality, diapause state, and sex was
examined by multiple regression analysis. A significant three-way interaction between photo-
period, temperature, and locality was found. Both diapause state and sex were also found to
have a significant effect on development, although neither were involved in interactions with
other factors.

A study of the effect of photoperiod on the reproductive maturation rate of nondiapausing
adults was also made. A significant difference was found in the response of females reared
under LD = 14/10 vs. LD = 16/8. The significance appears to lie in the degree of hetero-
geneity of the female’s response once yolk depostion has begun. No effect was found on the
males examined.

Chrysopa carnea Stephens, one of the more common North American
members of the ubiquitous family Chrysopidae, is widely distributed
throughout the temperate regions of the world. Recently this species has
gained attention as a potential biological control agent because of its
highly predaceous larval stages ( Lingren et al. 1968a,b; Ridgway and
Jones 1969) and a number of studies examining aspects of its biology have
appeared. These include work on the adult feeding habits ( Hagen et al.
1970a, b; Sheldon and MacLeod 1971), characteristics of the diapause
phenology (MacLeod 1967; Honek 1973; Honek and Hodek 1973;
Tauber and Tauber 1969, 1970a,b, 1972, 1973a,b; Tauber et al.
1970a,b), and more general studies of the over-all seasonal cycle ( Zeleny
1965, Sheldon and MacLeod 1974).
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The data presented here relate to yet another phase of the biology of C.
carnea, the developmental and reproductive maturation rates. We have
examined the influence of the variables photoperiod, temperature,
geographic origin, diapause state, and sex, plus their interactions on the
developmental rate from egg to adult. This is then followed by a con-
sideration of the response of newly emerged, nondiapausing adults to
different photoperiods above the diapause inducing level in order to de-
termine whether, once the critical photoperiod has been surpassed, if there
is a photoperiodic effect on the reproductive maturation rate.

MATERIALS AND METHODS

The investigation of the pre-imaginal developmental rate utilized the
offspring of 54 field-collected adult females from 3 localities, Paducah,
Kentucky (37°N, 16 females) ; Urbana, Illinois (40 N, 22 females) ; and
Madison, Wisconsin (43°N, 16 females). The work was carried out over a
period of about 2 years (1969-1970) and involved 5 rearing experiments
which examined the effects of 18 different photoperiods ranging from LD
= 10/14 to LD = 16/8 at 2 temperatures, 19°C and 25°C on the develop-
mental rate of the 3 geographic stocks. Results of the five rearings were
pooled for the final analysis. Approximately 2200 individuals were reared
in the study. In each rearing, the adults utilized for oviposition had
constant access to both food (described by MacLeod 1967) and water.
They were maintained at 25°C, LD = 16/8 prior to and during egg
collection and an equal number of eggs was collected daily from each
female. These were randomly distributed among the photoperiod and
temperature regimes utilized during the rearing. The larvae were
maintained as described by MacLeod (1967) except for the addition of a
relative humidity control (see Sheldon and MacLeod 1971). After the
adults emerged, they were held for six days, dissected, and analyzed for
diapause as described elsewhere (Sheldon and MacLeod 1974). The
ultimate fate, diapause vs. nondiapause, was considered a variable in the
analysis.

The offspring of 12 females collected at Urbana, Illinois on 9 and 12
June 1969 were utilized to examine the effect of photoperiod on the repro-
ductive maturation rate. These females were maintained as a mass culture
at 25°C, LD = 16/8. Eggs were collected daily and were placed indi-
vidually into cotton-stoppered, 2-dram shell vials. They were then divided
equally between the 2 photoperiodic regimes, LD = 14/10 and LD = 16/8.
The larvae were reared as above. These 2 photoperiods were chosen because
they are on opposite ends of the ecologically relevant, nondipause-inducing
photoperiods experienced by the Urbana population. LD = 14/10 is near the
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critical photoperiod, but enough above it that there is no diapause (Sheldon
and MacLeod 1974). LD = 16/8, on the other hand, is approximately the
longest photoperiod experienced at a latitude of 40°N.

Upon emergence, the adults of each photoperiod were separated by sex
and were randomly divided into groups to be dissected at the adult ages
shown in Figs. 4 and 5. Prior to dissection, the adults were maintained
under their rearing conditions. The analysis of the degree of reproductive
maturation in the females was based on a measurement of the diameter of
the basal oocyte of the largest ovariole in each ovary. A diameter of
approximately 0.41 mm indicates the presence of a mature oocyte, while a
teneral or diapausing individual has ovarioles with a maximum diameter
of about 0.07 mm. In the males the position of the sperm was noted. A
shift of sperm from the testis to the seminal vesicle indicates a sexually
mature individual.

With the exception of the males in the reproductive maturation experi-
ment where a chi square test was utilized, the results of both studies were
analyzed with a multiple regression analysis.

RESULTS

Developmental Rate. The results of our analysis are presented in Table
1. The analysis was partitioned such that the separate contributions of
each instar from egg to adult could be determined. All possible interac-
tions for main factors and the covariate were considered. Terms were
dropped only after examination of their contributions to regression sum of
squares indicated that the terms were unnecessary. Retained interactions
involving locality include both its linear and quadratic components; re-
tained interactions involving photoperiod include its linear, quadratic,
and cubic components.

In the periods to the 1st instar, cocoon, pupa, and adult, the analysis
indicates that T ( temperature), L ( locality), and P ( photoperiod) are in-
volved in three-way interaction in the sense that the effect of any one factor
depends on the levels of the other 2 factors. It should be pointed out that
for the adult stage, although the 3-way interaction was not significant, 2 of
the terms, of the 6 that are included in this interaction, are significant at
less that the 5% level. Therefore, there is significant 3-way interaction if
the interaction is partitioned into its individual components; then the 2
terms would be shown as significant. In the case of the 2nd and 3rd instars,
the overall 3-way interaction is not significant, nor is any of the 6 terms
included in each of these interactions significant.

The high degree of significance that was found in the lower-level terms,
especially in the 2nd and 3rd instars and the adult stage where the 3-way
interaction was lacking or only partially present, should also be noted. Of
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the 2-way interactions, L x P and T x P, all are significant with the excep-
tion of L x P in the 1st instar. Also T x L in the 3rd instar proved highly
significant. The main factors, T, L, and P were all significant with the ex-
ception of locality in the 1st instar. Sex (S) was also found to be highly
significant even though its interactions were not. The males consistently
developed faster than the females. Diapause, the covariate, was also found
to have a significant effect in all except the lst 2 periods, the diapausing
individuals developing, on the average, slightly faster ( 0.46 days) than the
nondiapausers.

The developmental rates for all instars (sexes combined) of the
Paducah, Ky.; Urbana, Ill.; and Madison, Wisc. populations are shown
in Figs. 1-3 respectively. A close examination of these figures reveals where
some of the complexity lies. The effect of temperature alone is striking, but
it is also evident that the general shape of the photoperiodic response curve
is consistently different at the 2 temperatures (compare A and B in all 3
figures), a feature which is not surprising considering the high degree of
significance for the T x P interaction shown in Table 1. The response of
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Fig. 1. Time to reach successive growth stages of C. carnea, Paducah, Kentucky popula-
tion. A = 19°C; B = 25°C. 1 = the length of time to reach the 1st instar ( hatching of egg) ; 2
= time to 2nd instar; 3 = time to 3rd instar; 4 = time to pre-pupa ( spinning of cocoon; 5
= time to pupation; 6 = time to adult eclosion. The standard error for each photophase i
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Fig. 2. Time to reach successive growth stages of C. carnea, Urbana, Illinois population. A
= 19°C; B = 25°C. 1 = the length of time to reach the 1st instar (hatching of egg); 2 =
time to 2nd instar; 3 = time to 3rd instar; 4 = time to pre-pupa ( spinning of cocoon) ; 5 =
time to pupation; 6 = time to adult eclosion. The standard error for each photophase is

given for the adult.
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Fig. 3. Time to reach successive growth stages of C. carnea, Madison, Wisconsin popula-
tion. A = 19°C; B = 25°C. 1 = the length of time to reach the 1st instar ( hatching of egg) ; 2
= time to 2nd instar; 3 = time to 3rd instar; 4 = time tc pre-pupa ( spinning of cocoon) ; 5
= time to pupation; 6 = time to adult eclosion. The standard error for each photophase is

given for the adult.
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the 3 geographic populations also can be seen to vary with the temperature
and photoperiod. A 19°C the Urbana population developed most rapidly
under 12 of the 18 photoperiods examined, while Paducah was the slowest
in 11 cases. The results were noticeably different at 25°C where the
Madison population was found to develop most rapidly under 8 of the 11
photoperiods examined, with Paducah again the slowest 8 out of the 11
times.

Reproductive Maturation Rate. The results of this study are presented in
Figs. 4 and 5. Females were found to initiate ovariole swelling, the first
indication of yolk deposition, at about 48 h following adult eclosion and
most individuals examined had mature eggs by 120 h (Fig. 4 A,B). Some
difference was present between the 2 groups with respect to the degree of
variance once yolk deposition has begun. This was particularly apparent in
the 84- and 108-h groups in the LD = 14/10 series in which there was
significantly less yolk deposition present than in the corresponding groups
at LD = 16/8. A differential response between the 2 groups was also
indicated by multiple regression analysis (P <0.05).

The results of the males ( Fig. 5A,B) show that maturation occurs much
earlier in this sex. The first males to undergo a sperm shift were encount-
ered after 15 hin the LD = 14/10 group and after 21 h in the LD = 16/8
group. By 42 h all males examined at LD = 16/8 and all but 3 at LD =
14/10 had shifted sperm. The response of the LD = 14/10 group seemed
to be somewhat more scattered (although not significantly so), since the
first shift appeared 6 h earlier and the last shift 6 h later than that found in
the LD = 16/8 group.

DISCUSSION

Developmental Rate. That the developmental rate may be affected by a
number of parameters has been common knowledge for many years. Most
of the studies examining the influence of these parameters have been
restricted to single factor analysis, with the effect of temperature receiving
by far the most attention (see Wigglesworth 1965). Other factors whose
effect on the developmental rate have been examined include the length of
the photoperiod ( reviewed by Beck 1968, and dealt with in more recent
studies such as those by Lutz 1968, Benschoter 1968, Clark 1969) ; sex
(innumerable cases are known in which one sex develops faster than the
other) ; and intraspecific differences due to geographic origin ( Danilevskii
1965) .

Recently attempts have been made to examine simultaneously the
influence of some of these environmental parameters to determine their
joint effect (see for example Selander and Weddle 1972). This latter
approach has the potential of providing a great deal more information
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concerning the nature of the response as well as information about the
organism’s monitoring system since, as we have demonstrated, and it was
also shown to be the case in the beetles examined by Selander and Weddle,
multifactor control systems with high levels interaction are present in some
species and are probably quite common. An attempt to deal with such
complex problems by using single factor analysis will provide some infor-
mation, but it is also likely to give a gross oversimplification of the actual
conditions.

The significant 3-way interaction between temperature, locality, and
photoperiod that we encountered in our analysis provides a good example
of the complexity that may be involved. This is in marked contrast to the
results reported by Benschoter 1968, working on Heliothis zea ( Boddie)
and H. virescens ( Fabricius) who examined only the effect of photoperiod
and found that an increase in the amount of light accelerated the
developmental rate in approximately a linear manner. Although we found
the slowest growth rates were at the short photoperiods, it was at the
middle photoperiods that the most rapid development took place rather
than at the long photoperiods as reported by Benschoter. This was true in
all geographic populations at 19°C and in the Urbana group at 25 C.
Unfortunately, the extreme photoperiods were not examined at 25°C for
the Paducah and Madison strains.

The high degree of significance of the locality effect encountered in our
study, outside of its part in the interaction, should also be noted since, in
general, insects have not been found to show a geographic effect of locality
on the developmental rate (Danilevskii 1965). Danilevskii suggests that
this probably is due to the relatively uniform distribution of temperatures
throughout the range of most species during the growing season. It would
seem reasonable, however, that a southern population might develop more
slowly at a given temperature e.g., Paducah, Ky. than its northern
counterparts since the longer growing season would not necessitate a rapid
growth rate to complete the life cycle-up to the point where additional
generations are added. Since we have analyzed only the number of genera-
tions in the Urbana population ( Sheldon and MacLeod 1974), we are un-
able to provide precise information on this point. The ecological reason
why the Urbana population develops more rapidly at 25°C than Madison
and then reverses itself at 19°C is also unclear at this time.

The more rapid development of the males would seem to indicate the
presence of a selective advantage for a large early population of this sex.
This same phenomenon was also encountered in the study of the
overwintering generation discussed elsewhere (Sheldon and MacLeod
1974) in which the males were found to leave the overwintering sites first
and undergo their sperm shift well before the females reach sexual
maturity. Since both sexes undergo multiple matings (Sheldon and
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MacLeod, unpublished data; Tauber and Tauber 1969) this would seem
to maximize the likelihood of an adequate initial supply of males and,
combined with the relatively long life span of both sexes (up to several
weeks) , it should also provide a sufficient number of males for subsequent

matings.

Reproductive Maturation Rate. The initial motivation for this study was
the need to determine the optimal time for performing dissections in the
analysis for diapause in an investigation reported by Sheldon and MacLeod
1974. Individuals emerging in diapause cause no problems since their
reproductive status remains constant, assuming that they are held under
diapause maintaining conditions, for several weeks (see Sheldon and
MacLeod 1974 and Tauber et al. 1970a for details) . Our primary concern
was the type of response shown by individuals reared at photoperiods very
close to, but slightly above those inducing diapause vs. the typical long-day
conditions during mid-summer.

It is clear, for the purpose of diapause analysis, that the response to the 2
photoperiods examined is essentially uniform. The difference in the rate of
maturation encountered in the females was of little importance to the
analysis since yolk deposition was initiated and mature eggs were
encountered at approximately the same time in both groups. At 25°C a
delay of 48 h in the dissection of males following adult eclosion provided
sufficient time to permit those individuals not going into diapause to shift
sperm to the seminal vesicle. Likewise, a delay of 5 days is sufficient for
virtually all nondiapausing females to develop mature eggs.

The increased heterogeneity in the response at LD = 14/10 may
indicate that at the shorter photoperiods, above the diapause-inducing
levels, that individuals may not be entirely turned off to diapause. They
may, in fact, undergo a periodic regression toward diapause which is then
followed by another period of yolk deposition. It would seem likely that one
might encounter some evidence of yolk resorption and/or an increase in
the length of time required for development, however we did not detect
either.
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