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Abstract. Reproduction in Aphelinus albipodus (Hayat & Fatima) from China on Diuraphis noxia (Mord-
vilko) hosts was studied in the laboratory. Studies were conducted at three constant temperatures, 10.0,
21.1. and 26.7°C (¢1.0°C), 14 L : 10D photoperiod, and 50-70% R.H. The longevity of both males and
females was greatest at 10.0°C (26.0 and 41.5 d, respectively); differences in longevity were not signifi-
cant (p > 0.05) between 21.1 and 26.7°C in both sexes (males 13.1 vs. 10.0 d, females 20.9 vs. 16.4 d, re-
spectively). Fecundity was greater at 26.7 (294.7 + 27.6 mummies) and 21.1°C (214.8 + 33.5 mummies)
than at 10.0°C (56.9 + 11.7 mummies), but was not significantly different (p > 0.05) between the former
two temperatures. Aphelinus albipodus did not successfully develop to adulthood at 10°C, thus r,, and R,
values were zero, and 7. (generation time) could not be estimated. At 21.1°C, r,, = 0.188, R, = 68.9, and T,
= 23.9 d; those values were 0.288. 67.4, and 15.2 d, respectively, at 26.7°C. The offspring sex ratio (fe-
males) was male-biased at all three temperatures: 0.364 + 0.061 at 10.0°C, 0.437 £ 0.029 at 21.1°C, and
0.341 + 0.002 at 26.7°C. Moreover, daily offspring sex ratio decreased with the age of the female parent
at all three temperatures (p < 0.05). A pre-oviposition period of 1.5 d was observed in A. albipodus at
10°C. and female offspring were not produced during the first 7.5 d of adult life of mated females. The
limited number of ovarian eggs, 6.5 + 2.5, in newly emerged females (< 6 h old) together with their fecun-
dity schedule indicated synovigeny in A. albipodus. Results are discussed in relation to the colonization in
North America of A. albipodus for biological control of D. noxia.

INTRODUCTION

Aphelinus albipodus (Hayat & Fatima) (Hymenoptera: Aphelinidae) [formerly
Aphelinus sp. nr. varipes; see Hayat & Fatima (1992), Gonzdlez et al. (1994)] was col-
lected from Russian wheat aphid, Diuraphis noxia (Mordvilko) (Hemiptera: Aphididae),
hosts in the vicinity of Tahcheng, People’s Republic of China, and imported to the USA in
1992 for biological control of the latter pest species. Diuraphis noxia presumably was in-
troduced to the USA prior to 1986 when it was first discovered infesting cereal crops in
Texas.

Following its discovery in Texas, D. noxia rapidly spread to most western states and to
three Canadian provinces (Russian Wheat Aphid Task Force, 1992). At least two
Aphelinus species have been reported parasitizing D. noxia in the USA prior to the suc-
cessful colonization and spread of imported Aphelinus species (Feng et al., 1991; Lajeun-
esse & Johnson, 1991; Bernal et al., 1993). Indigenous natural enemies of D. noxia,
including parasites, predators, and pathogens, are not effective at maintaining this pest at
acceptable levels (Feng et al., 1991, 1992; Wraight et al., 1993; J. Bernal, unpubl. data).
The importation and colonization of natural enemies with a long association with D. noxia
has great potential as an effective method for its control. Such a long association may exist
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between D. noxia and its natural enemies in north-western China, the presumed native
range of this pest (Gonzdlez et al., 1990).

Natural enemy populations may reduce the growth rate, and thus the size, of their host
populations by contributing to the total mortality suffered by the latter. The ability of a
parasite population to increase in size, consequently causing greater mortality and there-
fore reducing the growth rate of its host population, is hence of special interest in biologi-
cal control. The intrinsic rate of increase, r, (Birch, 1948), is frequently used as a measure
of a parasite population’s potential rate of increase under specific environmental condi-
tions. The parameter r,, combines reproduction and mortality estimates into a single value;
thus, it is a practical measure of the potential performance of an organism in a given envi-
ronment. Accordingly, 7, has been used as a relative measure of the potential impact that a
parasite may have on its host’s population (Force & Messenger, 1968; Messenger, 1970;
Kambhampati & Mackauer, 1989). Ambient temperatures, among other factors, are known
to affect the r,, of parasite populations (Force & Messenger, 1964b; Botto et al., 1983;
Powell & Bellows, 1992; Steenis, 1993, 1994). Estimates of r, obtained over a range of
temperatures in the laboratory. have been used to explain the distribution and abundance of
parasites introduced for biological control (Force & Messenger, 1968; Messenger, 1970).
The analyses of Force and Messenger support the use of the parameter r,, as an effective
aide in assessing the potential relative performances of parasites imported for biological
control of pests. Other studies (Kambhampati & Mackauer, 1989; Holler & Haardt, 1993),
however, do not support the use of reproductive parameters, by themselves, as indices of
the potential relative performances of introduced parasites.

The objective of the studies reported here was to examine under laboratory conditions
the effect of different ambient temperatures on reproduction and reproductive parameters
of A. albipodus (T92023*) from Tahcheng, PRC, on D. noxia hosts.

MATERIAL AND METHODS

Host and parasite cultures

Founder individuals for the parasite culture were collected in Tahcheng, PRC (46°42° N, 83°00”E, ca.
500 m), by D. Gonzélez during 1992 and shipped to the Texas A & M University Quarantine Facility,
College Station, Texas, USA. Rearing of A. albipodus at Riverside was initiated early in 1993. Rearing
conditions and methiods for the host and parasite were as described by Bernal et al. (1994).

Experimental methods

Two series of experiments were conducted at each of three constant temperatures, 10, 21.1, and 26.7°C
(+ 1.0°C), inside small environmental chambers. Light intensity inside the chambers was ca. 500 Einstein.
Photoperiod and humidity conditions inside the chambers were set at 14L: 10D, and 50-70% R.H.,
respectively.

In the first set of experiments, newly emerged male-female pairs of A. albipodus were offered 100
“large” (instars IIL, IV, and adults) D. noxia hosts daily. Large D. noxia were previously found to be suit-
able hosts for A. albipodus (Bernal & Gonzdlez, in press). Hosts were offered on two wheat seedlings (cv.
MIT, 3 leaf stage, ca. 10 cm high) sown in plastic vials and enclosed in individual vial cages as previously
described (Bernal et al., 1994). A streak of honey was provided on the inside of the vial cages as food for
the parasites and was replenished as necessary. Parasite pairs were transferred daily to new vial pots con-
taining 100 hosts until the death of the female parasite. Males usually died sooner than females and were
replaced upon their death with males < 24 h old. Following exposure to the parasite pairs, the aphids on
wheat seedlings were held inside an environmental chamber at 21.1°C (£ 1.0°C), 50-70% R.H., and

* Refers to Texas A & M University quarantine and taxonomic voucher number.
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14L : 10D for formation of parasite mummies. Mummies were counted upon formation, and the wheat
seedlings with live (i.e. potentially parasitized), and mummified aphids were cut at their base and trans-
ferred to small vials with mesh “windows”. The vials containing the cut wheat seedlings and aphids were
further held in the environmental chamber to allow formation of additional mummies and emergence of
adult parasites. Adults were counted on emergence and their sex determined to estimate the offspring sex
ratio (= proportion females). This set of experiments provided data on fecundity, offspring sex ratio, and
adult survivorship and longevity in A. albipodus at each of the three study temperatures.

The second set of experiments was designed to provide data on pre-imaginal survivorship in A. albi-
podus. For each of the 3 study temperatures, groups of at least 350 large aphids on wheat leaf segments
(ca. 1 cm) were exposed to groups of ca. 40, 0-2 day old mated female parasites for 4-6 h at 20-23°C.
Following exposure to the parasites, the aphids were divided into 4 or 5 groups; each group was then
transferred to potted wheat seedlings sown in plastic vials (described above). The aphids on wheat seed-
lings were held at one of the three study temperatures to allow development of the immature parasites. In
the case of the 10.0°C experiment, one group of aphids was held at 21.1°C, the other groups at 10.0°C. On
the day immediately following exposure to the female parasites, the aphids from one of the groups at each
of the study temperatures (the group held at 21.1°C in the case of the 10.0°C experiment) were dissected
to estimate the number of immature parasites (i.e. the size of the cohort) at the beginning of each experi-
ment. The aphids of the remaining groups, except one group, were dissected at ca. equal intervals during
the egg-mummy developmental period and the number of parasitized individuals (= immature parasites)
was recorded. The duration of the egg-mummy developmental period had previously been determined
(Bernal & Gonzélez, in press). The aphids of the remaining, undissected, group were allowed to form
mummies and produce adult parasites. This series of dissections, coupled with the known numbers of
mummies and emerged adults allowed us to estiinate the mortality suffered by the cohort of parasites
from oviposition to emergence of adults.

The data obtained from the 2 sets of experiments were used to construct survivorship-fertility sched-
ules for A. albipodus at each of the three temperatures studied. The iterative equation of Birch (1948),
Zlm exp(-r,x) = 1, was solved to obtain an estimate of the intrinsic rate of increase, r,, at each of the
temperatures studied. In Birch’s equation, x = age in days (including the immature stages), [, = age spe-
cific survival (including immature mortality), m_= age specific number of female offspring per female
parent, and r,, = the intrinsic rate of increase. The net reproductive rate was calculated as R, = £/ m,, and
the mean generation time as T, = X m_x/R,.

A number of newly emerged females (< 6 h old) were dissected and the number of mature ovarian eggs
counted in order to obtain information on a proovigenic or synovigenic status of A. albipodus. Mummies
obtained from our parasite culture were placed individually in gelatin capsules and examined for emer-
gence daily at 8:00 h and 14:00 h. Female parasites emerging during that period were killed by freezing
and dissected in a droplet of soap water (10%). The number of mature ovarian eggs (= the egg load) and
the length of the hind tibia were recorded for each female.

Statistical analyses

Unless otherwise indicated, means followed by their standard errors (S.E.) are presented. t-tests were
used to test for significant differences in adult Jongevity between the sexes at each of the study tempera-
tures. Analysis of variance (ANOVA) was used to test for significant differences (p < 0.05) in longevity
and fecundity among the study temperatures. Student-Newman-Keuls tests (p < 0.05) were used to sepa-
rate means where warranted. Bartlett’s test for homogeneity of variances (Zar, 1974) revealed significant
differences (p < 0.05) in the variances of the fecundity of A. albipodus among the study temperatures.
Thus, fecundity data were transformed to Log,, values for ANOVA. Linear regression analysis was used
to check for trends in daily offspring sex ratio with respect to female parent age. Comparisons among the
overall offspring sex ratios (= total female offspring/total offspring) at the three study temperatures were
made by examining for overlap between 98.3% confidence intervals. Confidence intervals were estimated
at the 98.3% level in order that the comparisonwise error rate (3 comparisons) would result in a 95% con-
fidence level for the experimentwise error rate for a Type I error.
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RESULTS

Adult longevity

The mean longevity of female and male A. albipodus at each of the three study tempera-
tures is given in Table 1. Females lived significantly longer (p < 0.05) than males at all
three temperatures. ANOVA (females, F, ,; = 17.625, p << 0.001; males, F, ,,=9.128, p<
0.001), followed by a Student-Newman-Keuls test (p < 0.05), revealed that both male and
female adults lived significantly longer at 10.0°C relative to 21.1 or 26.7°C; longevity was
not significantly different between 21.1 and 26.7°C. The longevities of males and females
tended to be less variable as temperature increased.

TaBLE 1. Mean longevity (= S.E.) in days of adult A. albipodus by sex, and fecundity (+ S.E.) at three
constant temperatures.

Temperature (°C) Sex Longevity' Fecundity’ n
10.0* female 41.5+52A 569+ 11.7a 12
male 26.0+4.9a — 8
21.1%* female 209+ 19B 214.8 £33.5b 12
male 13.1+2.0b — 11
26.77%*% female 16.4 + 1.5B 294.7 +27.6b 14
male 10.0+1.2b — 11

* %k ks Hemales lived longer than males; r-test, p = 0.05, p < 0.01, p < 0.005, respectively.

' Values followed by same upper-case letter (females) or lower-case letter (males) within column are not
significantly different, Student-Newman-Keuls test, p < 0.05.

? Values followed by same letter within column are not significantly different, Student-Newman-Keuls
test, p < 0.05. Log,-transformed values were used to separate means (see text).

Fecundity

All A. albipodus females produced eggs which developed to mummies during the first
day of adult life at 21.1 and 26.7°C. However, only 1/3 of the females oviposited during
the first day of adult life at 10°C. A pre-oviposition period, estimated as the number of
days post adult emergence without production of mummies, in A. albipodus at 10°C was
estimated as 1.5 + 0.6 d (n = 12). Moreover, only in few cases were female offspring pro-
duced on the first day following the pre-oviposition period at 10°C. The number of days
immediately following adult emergence during which female offspring were not produced
was estimated as 7.5 £ 2.2 d (n = 11). Our observations at 21.1 and 26.7°C do not preclude
the existence of a pre-oviposition period < 1 d in length at these temperatures.

The mean fecundity of A. albipodus at each of the three study temperatures is given in
Table 1. Bartlett’s test for homogeneity of variances (Zar, 1974) revealed that the vari-
ances of the fecundity of A. albipodus at the three temperatures were significantly differ-
ent (B, = 10.531, 35 d.f, p < 0.005) thus further analyses were conducted on the
Log,-transformed values of the fecundity of individual females. ANOVA (F, ,, = 30.298,
p < 0.0001), followed by a Student-Newman-Keuls test (p < 0.05), revealed that the fecun-
dity of A. albipodus was greater at 21.1 and 26.7°C relative to 10.0°C, but was not signifi-
cantly different between the former two temperatures (Table 1). The mean numbers of
mummies produced by individual females at each of the temperatures were highly

86



variable, with ca. 16-, 6-, and 4-fold differ-
ences between the lowest and highest fecun-
dities at 10.0, 21.1, and 26.7°C, respectively.

The egg load of newly emerged females
(< 6 h old) was 6.5+2.5 (n = 23) mature
ovarian eggs. Linear regression of the egg
load of females against the length of their
hind tibia was not significant (F, ,, = 2.511,
0.00- p=0.128).
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Fig. 1. Age-specific survivorship in A. albi- Data on daily fecundity and survivorship
podus at 10+ 1°C (14L: 10D, 50-70% R.H.). in A. albipodus at the three study tempera-
Sample sizes used to estimate survivorship at each  tures are presented in Figs 1-3. Mortality
age were 141, 56, 50, 500 and 97 for the 0, 8. 16, qyring the larval stage at 10°C (i.e. up to age
36, and adult cglumns, respectlvely...Age.O indi- 36 d) was > 80% and adults did not emerge
cates day on which hosts were parasitized (i.e. day . . .
of oviposition). Adults did not emerge from a to- from mummies (i.e. 100% mortality by adult
tal of 97 mummies. emergence) at this temperature (Fig. 1). The

fecundity schedule of A. albipodus females
at 10.0°C is shown in Fig. 2. Daily fecundity never exceeded 4 mummies and females had
a maximum reproductive life of ca. 60 d (Fig. 2a). When fecundity was adjusted by daily
offspring sex ratio, the number of female offspring did not exceed two on any day and ex-
ceeded one on only 8 d of the reproductive life of the females (Fig. 2b). The maximum re-
productive life of female A. albipodus was ca. 50 d when adjusted for production of
female offspring (Fig. 2b).

Data on survivorship and fertility in A. albipodus at 21.1°C are presented in Fig. 3a.
Mortality in A. albipodus during the pre-imaginal stages was ca. 25% and was particularly
notable during the early larval instars (age interval 0-8 d) where ca. 20% mortality
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Fig. 2. Daily fecundity in A. albipodus at 10+ 1°C (14L : 10D, 50-70% R.H.). a — mean numbers of
mummies (z S.E.) produced daily; b — number of female offspring produced daily.
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o \4’ a | occurred, the remainder occurring during the

mummy stage (age interval 8-18 d). Mortal-
ity did not occur during the first 11 d of adult
life; it then steadily increased to 100% by
age 51 d. The fertility schedule of A. albi-
| podus was characterized by a succession of
027 \- peaks and valleys with three similarly high

peaks (ca. 10-11 female offspring per day)
60 occurring during the first 6 d of adult life af-
b 1" ter which the peaks steadily became smaller;
a final small peak (ca. 0.5 female offspring)
occurred at 40 d. The maximum reproductive
life of A. albipodus was ca. 40 d; mummies
and female offspring were not produced after
43 and 40 d, respectively.

Data on daily survivorship and fertility in
A. albipodus at 26.7°C are presented in Fig.
o e 3b. Mortality during the pre-imaginal stages

Parasite age (days) at 26.7°C, ca. 32%, was slightly greater than

Fig. 3. Survivorship (/) (broken line) and fer- at 21.1°C. However, mortality was not de-
tility (m,) (solid line) in A. albipodus at two con- tected during the early larval instars at
stant temperatures (14L: 10D, 50-70% R.H.), 2 26.7°C; all larval mortality occurred during
~21.1x1.0°C; b - 26.7 + LO°C. Arrows indicate o 506 jnterval 4-5 d. Mortality during the
the parasite ages at which hosts were dissected to .
estimate parasite survivorship. mummy stage (age interval 5-11 d) was ca.

8%; less than that which occurred during the
larval stage. Mortality did not occur during the first 11 d of adult life (age 11-22 d) after
which survivorship steadily decreased to a small plateau (ca. 0.10) between 33 and 39 d of
age, and then reached zero by 42 d. The fertility schedule of A. albipodus at 26.7°C was
unlike that at 21.1°C. At 26.7°C it rapidly increased to a small plateau (ca. 17 female off-
spring per day) between 3 and 5 d after adult emergence followed by a fast decline to < 1
female offspring. per day by 10 d. The maximum reproductive life of female A. albipodus
was ca. 27 d; mummies and female offspring were not produced after 27 and 25 d,
respectively.
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TaBLE 2. Life-table parameter values and offspring sex ratio (+ 98.3% confidence intervals'y in A. al-
bipodus at three constant temperatures.

Temp. (°C) R, r, T, Sex ratio’
10.0 0.000 0.000 — 0.364 x 0.061ab’
21.1 68.913 0.1884 23.9 0.437 +0.02%9a
26.7 67.391 0.2878 15.2 0.341 + 0.002b

! Confidence intervals were calculated as [t, ;_, 405, 1] * (S.E.) to allow comparisons (95% experi-
mental error rate) among sex ratios.

? Expressed as proportion female offspring; sample sizes are n = 357, n = 1695, and n = 2957 for 10.0,
21.1, and 26.7°C, respectively.

* Values followed by same letter within column are not significantly differentl (p <0.05).
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Intrinsic rate of increase, r,, net reproductive rate, R, and generation time, T, values
for A. albipodus at all three study temperatures were estimated from data presented in Figs
1-3 and are presented in Table 2. Values for R, and r, at 10°C were taken as zero since
100% mortality occurred during pre-imaginal development; the T, value thus could not be
estimated. R, values were similar at 21.1 and 26.7°C, 68.9 and 67.4 respectively, while r,
values increased ca. 0.5-fold, from 0.19 to 0.29, with temperature in that interval.

Although A. albipodus did not develop successfully from egg to adult at constant 10°C,
several adult parasites were obtained from mummies formed at this temperature but trans-
ferred to a higher temperature, 21.1°C, at 120 d from oviposition (= ca. 84 d in the
mummy stage). Adults obtained under these conditions, referred to as “cold-type”, were
mated in different combinations with each other or with adults from the insectary culture,
referred to as “normal-type”. These adult parasites were then offered hosts for oviposition
until the death of the female in order to gain insight to the effect of development at low
temperature (10°C) on reproduction. The results of these mating and reproductive trials are
presented in Table 3. The reproductive capacity of females and fertilization ability of
males was not affected by the prolonged exposure to and development at 10°C, as shown
by the production of mummies and female offspring when a cold-type male was mated
with a similar female or a normal-type female. A cold-type female confined for its adult
life with a cold-type male produced 202 mummies and the offspring sex ratio was 0.705; a
normal-type female confined for 2 h with the latter cold-type male produced 285 mum-
mies but only male offspring emerged (i.e. mating was not successful). However, in a
separate trial a normal-type female confined for its adult life with a cold-type male pro-
duced male and female offspring; the sex ratio was 0.462.

TasLE 3. Results of reproductive trials involving “cold-type” A. albipodus mated with either a similar
or “normal-type” individual at 21.1°C (Cm = “cold-type” male, Nf = “normal-type” female, and Cf =
“cold-type” female). See text for explanation of “cold-type” and “normal-type”.

Trial/Cross Female parent age Total offspring
Mummies Females Males

1) Cm' x Cf 0-6 days 107 65 32
7-10 days 48 28 5
11-20 days 47 0 2
21 days— 0 0 0
Totals 202 93 39
2) Cm' x Nf 0-6 days 92 0 71
7-10 days 81 0 58
11-20 days 99 0 17
21 days— 13 0 0
Totals 285 0 146
3) Cm x 2 Nf? 0-4 days 57 23 25
5-14 days 60 7 10
15 days— 4 0 0
Totals 121 30 35

! The same male was used in Trials 1 and 2: Cm confined with Nf for ca. 2 h in Trial 2; then Cm con-
fined with Cf for duration of experiment in Trial 1.
2 Cm confined with 2 Nf for duration of experiment.
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Fig. 4. Change in the offspring sex ratio (fe-
males) with parental female age in A. albipodus at
three oviposition temperatures, a— 10.0 £ 1.0°C; b
- 21.1 £1.0°C; ¢ - 26.7 £ 1.0°C. Adult parasites
used in trials at all 3 temperatures were obtained
from an insectary culture maintained at 20-25°C.
Vertical bars indicate 95% confidence intervals.
The linear regression curve for each temperature
is shown superimposed. The equations, and F-
values, describing the relationship between female
parasite age and offspring sex ratio are: a — Y =
0.45769 - 0.00557X (r* = 0.136), F, ,, =5.994, p
<0.02; b - Y =0.71523 - 0.03012X (r* = 0.862),
F, ,, = 131.700, p << 0.001; ¢ = Y = 0.55033 —
0.03963X (r* = 0.830), F, ,, = 68.120, p << 0.001.
Only values where 2 4 offspring were produced at
a given age (n 2 4) were used for analyses and are
shown. Note change of scale in X axes.

The overall offspring sex ratio (= total fe-
male offspring/total offspring) was male-
biased at all three study temperatures (Table
2). The lowest sex ratios occurred at 10.0
(0.364 = 0.061) and 26.7°C (0.341 + 0.020),
while the highest occurred at 21.1°C
(0.437 = 0.029). However, the difference in
sex ratio between 21.1 and 10.0°C was not
significant (p > 0.05). Although the overall
offspring sex ratio at all three study tem-
peratures was male-biased, the age-specific
offspring sex ratio varied with the age of the
female parent (Fig. 4). In general, the off-
spring sex ratio tended to decrease with the
age of the female parent at all three study
temperatures (p < 0.05). At 10°C, the off-
spring sex ratio rarely exceeded 0.5 on any
day during the life of the female parent but
decreased in general with her age; however,
the correlation between age and sex ratio
was relatively poor at this temperature (Fig.
4a). At 21.1°C, the sex ratio was female-
biased during the first 8 d of adult life, but
then decreased to < 0.5 as the female parent
aged (Fig. 4b). At 26.7°C, the offspring sex
ratio initially increased from ca. 0.40 to ca
0.55 by 5 d following adult emergence, and
then rapidly decreased to < 0.10 by 10 d
(Fig. 4c). Linear regression analyses re-
vealed that the reductions in offspring sex
ratio with the age of the female parents were
highly significant (p < 0.05).

DISCUSSION

The longevity of aphelinids depends on
various factors, among which food and tem-
perature are of special importance. Food, in
the form of honey and hosts, was available
to all parasites during the course of the ex-
periments at all three temperatures. Thus,

differences in longevity of A. albipodus reflect the influence of temperature on this attrib-
ute. These results are consistent with assertions that, within specific limits, longevity in-
creases with decreasing ambient temperatures (Viggiani, 1984; Stary, 1988). The
longevity of A. albipodus observed in this study is comparable to that of other Aphelinus
species reported by various authors (Force & Messenger, 1964a; Bonnemaison, 1965;
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Raney et al., 1971). On the other hand, certain species such as Aphelinus abdominalis
(Dalman) appear to be longer lived, different isofemale lines living > 50 d at 20°C (Holler
& Haardt, 1993). The longevity of females may or may not be longer than that of males
(Viggiani, 1984). In this study, females lived significantly longer than males at all three
temperatures.

A pre-oviposition period of several hours (or less) is common in aphelinid females
(Viggiani, 1984). In this study a pre-oviposition period > I day was detected at 10°C but
not at 21.1 or 26.7°C. The frequency of our observations, i.e. once daily, did not allow us
to detect shorter pre-oviposition periods that may have occurred at 21.1 and 26.7°C. Thus,
we can not preclude the occurrence of a pre-oviposition period of < 1 day at higher tem-
peratures (21-27°C) in A. albipodus. In addition, female A. albipodus held at 10°C delayed
production of daughters for several days (> 7 d) following their emergence from mum-
mies. Thus it is reasonable to expect that in the field, A. albipodus females emerging early
in the season, i.e. late winter-early spring, will contribute less and later to decreasing the
growth rate of D. noxia populations than their presence would suggest. Any significant im-
pact of A. albipodus on D. noxia populations would necessarily be deferred until field tem-
peratures are above 10°C for an appreciable length of time during the day. Target release
areas in North America are within temperate zones where late winter-early spring tem-
peratures are relatively cool.

Data concerning the fecundity of aphelinid species parasitic on aphids are relatively
scarce if compared, for example, with the amount available in the case of aphidiid species.
The fecundity of aphelinid females is known to vary with ambient temperatures and other
factors (Stary, 1988). Moreover, aphelinids are mostly synovigenic (Viggiani, 1984); thus,
the availability of adequate food is of particular importance. The fecundity of A. albipodus
observed in this study is comparable to reports for certain other Aphelinus species (Bonne-
maison, 1965; Raney et al., 1971; Wahab, 1985; Bueno & Stone, 1987). However, other
authors (Force & Messenger, 1964b; Holler & Haardt, 1993) reported considerably higher
(as much as 4-fold higher) fecundity in species such as Aphelinus semiflavus Howard (=
asychis) and A. abdominalis. The influence of temperature on the fecundity of insect para-
sites, including aphelinids, is well documented (Force & Messenger, 1964b; Raney et al.,
1971: Powell & Bellows, 1992). Our observation that the fecundity of A. albipodus was
lowest at 10.0°C, but relatively constant between 21.1 and 26.7°C is similar to the results
of Raney et al. (1971) for A. semiflavus, but unlike those of Force & Messenger (1964b)
where the fecundity of the latter species decreased at temperatures above 21°C. The latter
possibly reflects inter-specific differences in responses to temperature between the
Aphelinus species involved, including adaptation to distinct temperature regimes, since
they originated in widely distinct climatic zones. As in the case of longevity, the availabil-
ity of food was not a factor contributing to the differences in fecundity in A. albipodus
among the study temperatures.

The results of this study, in particular at 21.1°C, indicate that A. albipodus is synovi-
genic. Fecundity schedules for individual female A. albipodus (not shown) typically show
daily successions of peaks and valleys in the number of offspring produced due probably
to alternate periods of oviposition and host-feeding/oogenesis. Moreover, adult females
emerged with ca. 6 ovarian eggs available for oviposition; a small fraction, ca. 1/45 to 1/9,
of the numbers of offspring produced at the different study temperatures.
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Mortality during the pre-imaginal stages at 10°C was 100% in A. albipodus. The lethal
effect of low temperature on A. albipodus is consistent with other reports concerning dif-
ferent species of Aphelinus (Force & Messenger, 1964b; Bernal & Gonzilez, 1993; Bernal
& Gonzdlez, in press). The rate of increase r,, and the net reproductive rate R at 10°C
were thus equal to zero since they are functions of pre-imaginal survivorship. Even in the
case of a small proportion of individuals surviving to the adult stage at 10°C, the r, value
would be negligible due to the extremely long developmental time (Bernal & Gonzalez, in
press) and high immature mortality at this temperature. Our results are similar to those of
Force & Messenger (1964b) who determined that r, and R, were negligible in A. semifla-
vus at 10°C. Pre-imaginal mortality at 21.1 and 26.7°C was ca. 30% in A. albipodus. Force
& Messenger (1964b) did not detect any significant pre-imaginal mortality at temperatures
in the 21.1 to 29.4°C range, while ca. 20% pre-imaginal mortality occurred at 15.6°C in
their study.

Life-table parameters are known to be affected by a number of environmental factors. In
general, factors which affect the developmental time, survivorship, offspring sex ratio, or
fecundity of parasites will affect parameters such as r,, T,, and R . In this study, the only
variable was temperature which is known to have a strong effect on these parameters
(Force & Messenger, 1964b; Botto et al., 1988; Powell & Bellows, 1992; Steenis, 1993,
1994). Despite the generally accepted influence of parameters such as r,, on the perform-
ance of natural enemies, few studies have been conducted where the r,, has been estimated
for species of Aphelinus employed in various biological control programs. Force & Mes-
senger (1964b) reported r,, values for A. semiflavus ranging from “very low” at 10.0°C, to
0.34 at 26.7°C, followed by a decline to a negative value by 32.2°C. Our estimates of r,, in
A. albipodus at the three study temperatures were considerably lower than those of Force
and Messenger. Similarly, they obtained estimates of the net reproductive rate, R, ca. 6.5-
and 3.8-times higher than ours at 21.1 and 26.7°C, respectively.

Fecundity was not affected in female A. albipodus emerged from mummies formed at
10°C and transferred to 21.1°C at age 120 d from oviposition (ca. 84 d in the mummy
stage). A cold-type female mated with a cold-type male and kept at 21.1°C produced > 200
mummies which is within the 95% confidence limits for the mean fecundity at 21.1°C.
Likewise, the fertilization ability of males was not affected by development at 10°C. In
two cases where a cold-type male was used to mate females (normal-, and cold-type) and
female offspring were produced (i.e. mating was successful), the offspring sex ratios were
0.462 and 0.705. These sex ratios are greater than the overall offspring sex ratios at the
three study temperatures. These results are similar to those of other authors involving
aphelinid and aphidiid parasites of aphids in cases where mummies or adults produced at
moderate temperatures were stored at low temperatures for varying lengths of time
(Archer & Eikenbary, 1973; Archer et al., 1973, 1976; Scopes et al., 1973; Hofsvang &
Hagvar, 1977).

The majority of aphelinids are biparental (arrhenotokous), although some uniparental
(thelytokous) species are known, and certain otherwise biparental species have been found
to include uniparental strains (Viggiani, 1984; Stary, 1988). Aphelinus albipodus is an ar-
rhenotokous species (J. Bernal, unpubl. data). The offspring sex ratio of parasites is known
to vary with a number of environmental and intrinsic (i.e. to the female parasite) factors
(c.f. King, 1987). In the Aphelinidae, ambient temperatures have been shown to have a

o?
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significant effect on the offspring sex ratio (Stary, 1988). Commonly, offspring sex ratios
(= proportion of females) in parasitic wasps are highest at intermediate temperatures and
lowest at extreme temperatures (King, 1987). The latter assertion is, in general terms, con-
sistent with our observations; offspring sex ratio was highest at 21.1°C (although not sig-
nificantly different from that at 10°C). Reports concerning the offspring sex ratio of
Aphelinus species show high variability. Reported sex ratios are in the range 0.00 to 0.84
(Force & Messenger, 1964b; Raney et al., 1971; Haardt & Holler, 1992; Holler & Haardt,
1993; this study), in some cases reflecting the effect of different temperatures, and in oth-
ers the effect of different hosts or different parental isofemale lines. In addition to differ-
ences in offspring sex ratios due to temperature, we observed differences associated with
the age of the parental parasites. In general, the offspring sex ratio decreased with the age
of the parental female, and perhaps the male. King (1987) suggested that the offspring sex
ratio commonly declined with age in female parasites and that such a reduction couid re-
sult from sperm depletion or reduced sperm viability. In addition, King suggested that the
age of the female’s mate may also affect the offspring sex ratio. In our studies, males were
continuously available for mating during the life of the female; when males died during
the course of an experiment they were promptly replaced with young males. Thus, if fe-
male A. albipodus mate only once or very few times and at the beginning of their repro-
ductive life, sperm depletion or loss of its viability are likely explanations for the
reduction in offspring sex ratio with female age. Recent evidence involving
Trichogramma minutum Riley (Leatemia et al., 1995) suggests that sperm depletion is the
more likely of the latter two explanations. However, female A. albipodus occasionally
mate more than once and later in their life (J. Bernal, pers. observ.); thus, the age of the
male mate may also contribute to the reduction in offspring sex ratio with female parent
age observed in this parasite.

The extremely detrimental effect of low temperature (10°C) on development in A. albi-
podus observed in this study (also see Bernal & Gonzilez, in press) calls for further inves-
tigation of the effects of low temperature in this parasite. A potentially productive line of
research is the investigation of overwintering adaptations, such as diapause, in A. albi-
podus. Our results indicate that without such an adaptation(s), A. albipodus would not be
able to overwinter in its native range, nor in temperate zones such as those in North Amer-
ica where the parasite is currently being colonized for biological control of D. noxia.

As far as we are aware, our studies of A. albipodus together with limited data provided
by Ramaseshiah & Dharmadhikari (1969) are the only sources of information available on
this species; Ramaseshiah & Dharmadhikari misidentified A. albipodus and referred to it
as A. flavipes. Recently, M. Hayat and K. Fatima described A. albipodus as a new species
and synonymized it with Palearctic (including areas of the former USSR and China} A. sp.
nr. varipes (Hayat & Fatima, 1992; Gonzilez et al., 1994). Judging from the relatively
widespread distribution of A. albipodus (see Gonzilez et al., 1994), it is likely that biologi-
cally distinct populations (Caltagirone, 1985; Gonzélez, 1988; Ruberson et al., 1989) exist
and that these may be useful under different environmental conditions. The introduction to
North America of such populations may prove to be a productive endeavor within biologi-
cal control efforts against D. noxia.

The use of reproductive parameters as indicators of the potential performance of intro-
duced natural enemies, or alternatively for explaining the performances of established
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ones has produced mixed results (Force & Messenger, 1968; Messenger, 1970; Kambham-
pati & Mackauer, 1989; Holler & Haardt, 1993). In the case of A. albipodus, in addition to
the impact that reproduction, through parasitism, may have on D. noxia populations, mor-
tality caused by host-feeding must be considered when assessing its potential impact on
host population levels. In many cases, female parasites are known to cause considerable
additional mortality by host-feeding (DeBach, 1943; Flanders, 1953; Bartlett, 1964).
Aphelinus albipodus, like other species of Aphelinus (e.g. Jervis & Kidd, 1986; Bai &
Mackauer, 1990), host-feeds and oviposits in different hosts (J. Bernal, pers. observ.) and
thus may cause considerable additional mortality through host-feeding. The present stud-
ies together with investigations on other performance criteria of A. albipodus as a natural
enemy of D. noxia should provide a greater basis for comparative analyses of the potential
performances of this and other parasites being imported to and colonized in the USA.
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