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Temperature-dependent development and parasitism rates
of four species of pteromalidae (Hymenoptera) parasitoids
of house fly (Musca domestica) pupae

J. A. MANN, R. C. AXTELL and R. E. STINNER*
Department of Entomology, North Carolina State University, Raleigh, North Carolina, U.S.A.

Abstract. Parasitoid development, parasitoid-induced host mortality
and parasitoid progeny emergence were determined at five constant
temperatures for Muscidifurax raptor Girault and Sanders, Muscidifurax
zaraptor Kogan and Legner, Spalangia cameroni Perkins and Spalangia
endius Walker using pupae of the house fly, Musca domestica L., as
hosts. At temperatures of 20,25,30 and 3SOCthe median development
times (days from oviposition to adult emergence), respectively, were
M.raptor (28.4,20.7, 14.3, 14.5), M.zaraptor (30.6, 22.8, 14.1, 14.2),
S.cameroni (55.6, 35.2, 21.8, 25.0) and S.endius (52.4, 31.5, 16.3, 14.6).
All species failed to emerge at 15°C. Using densities of five parasitoids
and 100 hosts and a 24 h exposure period, Muscidifurax species
oviposited at a greater rate over a wider range of temperatures than
Spalangia species. At 15, 20, 25, 30 and 35°C the mean number of
pupae killed per parasitoid were, respectively, M.raptor (1.4, 7.4, 10.5,
13.7,14.1), M.zaraptor (0.0,3.3,8.9,14.4,15.0), S.cameroni (0.0, 7.8,
11.0, 11.9, 7.4), S.endius (0.6, 4.0, 7.5, 12.0, 11.7), and means of the
number of parasitoid progeny per parasitoid were, respectively,
M.raptor (0.2, 5.2, 7.9, 11.8, 11.6), M.zaraptor (1.3, 4.4, 8.2, 13.0,
13.7), S.cameroni (0.0, 2.4, 4.7, 5.1, 1.0), S.endius (0.0, 0.9, 3.4, 7.5,
4.9). Development and ovipositional activity in S.cameroni was strongly
inhibited at 3SOC.The model by Sharpe & DeMichele (1977) was used
to describe temperature-dependent development and the number of
parasitoid progeny produced per parasitoid at temperatures of 15- 30°C
in all species.

Key words. Muscidifurax raptor, Muscidifurax zaraptor, Spalangia
cameroni, Spalangia endius, Musca domestica, house fly, Pteromalidae.

Introduction confined animal production systems (Patterson
& Rutz, 1986; Rueda & Axtell, 1985). Activity
of these parasitoids has been evaluated through
numerous survey and parasitoid release studies,
but a lack of sufficient detailed data on many.
aspects of their biology and behaviour hinder
their use as biological control agents.

In insects, as in all poikilotherms, response to

Pteromalid parasitoids have been studied exten-
sively for their potential as biological control

agents of house fly (Musca domestica L.) in
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temperature is a fundamental feature deter-
mining rates of development and behavioural
activity. In the Pteromalidae, the temperature-
dependence of development rate has been dem-
onstrated through laboratory experimentation
in Muscidifurax raptor Girault & Sanders and
Spalangia endius Walker by Ables et al. (1976).
The data suggested that seasonal differences in
abundance of these species (Ables & Shepard,
1976; Legner & Brydon, 1966; Rutz & Axtell,
1980) were primarily due to different responses
to temperature. Effects of temperature on
levels of host destruction have been reported
for M.raptor, S.endius, M.uniraptor Kogan &
Legner, M.zaraptor Kogan & Legner, S.longi-
petiolata Boucek, S.nigra Latreille and S.
cameroni Perkins (Ables & Shepard, 1976;
Legner, 1977; Moon et al., 1982). Accurate
models of temperature-dependent development
are required for predicting parasitoid populations
and seasonal abundance in fly management pro-
grammes.

The objectives of this study were to use stan-
dardized experimental conditions to compare
developmental time and parasitism by M.raptor,
M.zaraptor, S.cameroni and S.endius at five
constant temperatures, ranging from 15 to 35°C,
using house fly pupae as hosts.

In order to use the data in simulation models

being developed for integrated fly management
programmes, the effects of temperature on de-
velopment and parasitism were quantified using
the four-parameter version of the Sharpe &
DeMichele (1977) model. This model is based
on the thermodynamics of biological reactions
and the inactivation of controlling enzymes at
temperature extremes. It describes an approxi-
mate linear response at intermediate tempera-
tures, a decreased response at high temperatures
due to enzyme denaturation (high temperature
inhibition) and a decreased response at low
temperatures due to enzyme inactivation (low
temperature inhibition). A computer pro-
gramme written by Wagner et al. (1984) was
used, along with modifications, to estimate the
parameters of this model for temperature-
dependent parasitoid development and number
of progeny produced per parasitoid.

Materials and Methods

House flies were maintained in screen cages
(27°C, 70% Lh., photoperiod 14L:lOD) on a

diet of milk and granulated sucrose. Fly larvae
were reared in a 2-litre screen-topped plastic
container filled with medium consisting of a
mixture of standard fly medium (CMSA me-
dium; Ralston Purina Co., St Louis, Mo.,
U.S.A.), water and yeast (200:120:1). After
pupation, the pupae in the upper, drier portions
of the medium were removed and the remnants
of the medium blown off (Bailey, 1970). In
order to obtain pupae of a known age, a metal
sieve (2.0 mm openings) was used to separate
larvae from pupae at known intervals of time.
In all experiments, pupae used were 24-28 h
old, 5.6-5.8 mm long x 2.3-2.5 mm diameter,
and weighed 16-18 mg.

The stock cultures of parasitoids were main-
tained in sleeved plexiglass cages (18x18x
18 cm) with 20 cm2 windows covered by wire
mesh (0.2 mm openings) in the three walls for
ventilation. Parasitoids were given fresh,
<3-day-old, house fly pupae weekly for ovi-
position and feeding. Pupae from the cages
were removed, held in screen-topped clear
plastic cups at 27::t3°C, 70% Lh., 14L:lOD, and
returned to the cages when the parasitoids
emerged. While experiments were in progress,
fly pupae were replaced every 2 days in order to
augment parasitoid populations.

Developmental rates at constant temperatures.
Fly pupae were spread 1- 2 cm deep in circular
dishes (diameter 13 cm) and exposed to the
parasitoids in the rearing cages of M. raptor,
M.zaraptor, S.cameroni and S.endius. After
24 h the fly pupae were removed and sieved
(mesh openings 1.7 mm) to separate the pupae
from the parasitoids. For each parasitoid
species, aliquots of 100 pupae were placed in
each of ten covered plastic cups (height 11 cm,
volume 360 ml). Two cups per species, along
with a control cup containing unexposed pupae,
were placed in incubators at 15,20,25, 30 and
3SOC (::t1.5) with a photoperiod of 14L:I0D.
This procedure was repeated on three different
days giving six replications per treatment
(n=600). In these experiments, parasitism
(based on percentage emergence of parasitoids
assuming only one parasitoid emerges per pupa)
ranged from 45% to 65% and pupal mortality
ranged from 80% to 100%.

The cups in the incubators were observed
daily, and after fly emergence was complete the
flies were removed and counted. Subsequently,
the emerging parasitoids, which took longer to
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p?.ak development rate (or number of progeny
per parasitoid) for estimation of the parameters.
Goodness of fit for each model was tested using
a linear regression of the predicted versus the
observed values to calculate the R2, and test
for a slope of 1 and intercept of zero. To
compare information on the development rates
of S.endius and M.raptor from different cul-
tures, parameter estimations were also made
for those two species using our data together
with comparable observations from Ables et at.
(1976).

As insect emergence at a constant tempera-
ture is not itself constant, variation was mod-
elled using the approach by Stinner et at. (1975).
The concepts of physiological time and the

distribution of development over this physio-
logical time scale is discussed in detail in Wagner
et at. (1984). It was assumed that the first
individuals completed development at 0.8 of
the median development, 50% of the individuals
at a median development of 1.0 and 100% at a
median development of 1.3. The equation de-
scribing the cumulative proportion of the popu-
lation completing development (y) at median
physiological time (p) is:

y = (1 - Zfl013,2

(where z = (1.3 - p)/(1.3-0.8)).
The distribution of development is expressed,

thus, as a function of the median development

Table 1. Mean (:tSD), median (observed and predicted) number of days for development of four species of
Pteromalidae from oviposition to adult emergence at five constant temperatures.

No. days of adult emergence
Total no.

parasitoids Observed Predicted

Species °C emerged Mean* median median R2t

M. raptor 15 0 - 42.5 0.99
20 396 29.2:t0.8a 28.4 28.9
25 333 21.3:t0.lb 20.7 20.1
30 316 14.9:t0.2c 14.3 14.7
35 77 14.7:t0.2c 14.5 14.5

M.zaraptor 15 0 - 48.9 0.97
20 301 31.3:t0.5a 30.6 31.9
25 358 23.4:t0.lb 22.8 21.4
30 420 14.8:t0.2c 14.1 14.8
35 247 15.0:t0.3c 14.2 14.2

S.cameroni 15 0 - 99.3 0.99
20 192 56.3:t 1.9a 55.6 56.9
25 269 36.3:t0.5b 35.2 34.0
30 81 22.5 :to.4c 21.8 22.4
35 4 29.5:t4.5bc 25.0 25.1

S.endius 15 0 - 105.6 0.99
20 145 53.6:t0.9a 52.4 54.9
25 388 31.9:t0.8b 31.5 29.9
30 317 17.2:t0.4c 16.3 16.5
35 205 15.4:t0.3c 14.6 14.6

* Means followed by the same letters in a column within a species were not significantly different (P<0.05,
Tukey's procedure).

t R2 of predicted versus observed median number of days of adult emergence. In all cases the slope was not
significantly different from 1 and intercept was not significantly different from O. All R2,s were significant at
P<O.01.



develop, were removed from each cup by aspir-
ator and counted daily. After parasitoid emerg-
ence was complete (evidenced by 1 week of no
further emergence) the experiment was termin-
ated. Mean and median development times were
calculated for each species and percentage fly
mortality was corrected for mortality (2 -7% )
in the control (Abbott, 1925). Mean develop-
ment times were analysed using a two-way
analysis of variance for a completely randomized
design (PROC GLM; SAS Institute, 1982).
Blocking by days was not incorporated into the
analysis because one temperature treatment was
repeated after incubator failure.

Rates of parasitism at constant temperatures.
Standard chambers and procedures were used
to expose fly pupae to the four species of para-
sitoids at five constant temperatures. The
chambers were plastic cups (360 ml) filled to a
depth of 7 cm with dry fly rearing medium
(CMSA medium). A plastic mesh bag (5.5 cm
diameter, 1.5 mm openings) containing 100 fly
pupae was placed on top of the medium in each
cup and covered with 1.5 cm of dry poultry
manure (moisture 10%), which had been sieved
(mesh openings 1.5 cm) and frozen for 48 h
prior to use. For each experiment, two cups
of exposed pupae and two cups of unexposed
(control) pupae were held at each constant
temperature of 15, 20, 25, 30 and 35°C ::t1.5
(photoperiod 14L:lOD). The cups of pupae were
acclimated for 2 h at each temperature prior to
adding parasitoids. Female parasitoids (sex de-
termined according to Rueda & Axtell, 1985)
were removed (by aspirator) at random from
the rearing cages and acclimated for 2 h at each
temperature. Five acclimated female parasitoids
were then transferred to each cup at the same
temperature and held for 24 h. Control cups
were held free of parasitoids. After 24. h the
mesh bag was removed from each cup, the fly
pupae retrieved and separated from any stray
parasitoids using a metal sieve (1.7 mm open-
ings), and transferred to a covered plastic cup
which was held at 27::t2°C for development
of the flies and parasitoids. After emergence
was complete, the flies and parasitoids were
counted. This procedure was repeated on 3-5
different days (M.raptor n=10; M.zaraptor n=
6; S.cameroni n=8; S.endius n=9).

Pupal mortality in the presence of parasitoids
was corrected for control mortality (Abbott,
1925). Percentage progeny emergence was the
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number of pupae yielding parasitoid progeny as
a percentage of the original number of pupae,
and percentage residual pupal mortality (due to
host-feeding, superparasitism, and unsuccessful
oviposition) was defined as the difference be-
tween the percentage pupal mortality and the
percentage progeny emergence. TJIe number of
pupae killed per parasitoid and the number of
parasitoid progeny per parasitoid were also cal-
culated. Means of each of these variables were

analysed using a two-way analysis of variance
incorporating blocking by cup (PROC GLM;
SAS Institute, 1982).

Model development. The equation by Sharpe
& DeMichele (1977), with high temperature
inhibition alone, was used to describe the effect
of temperature on median development rate (1/
days to complete development from oviposition
to adult emergence) and rates of parasitism of
house fly pupae for each species of parasitoid.

The Sharpe & DeMichele (1977) model with
high temperature inhibition has the form:

RH025 * -.L * ex
[

HA (~ - -1
)]298.15 P 1.987 298.15 K

r(K) =

1 + exp * [
HH (-L - -1

)]1.987 TH K

where r(K) = median rate of development
(days-l) at temperature K COKelvin),RH025,
HA, TH and HH are constants associated with
a hypothetical single rate-controlling enzyme
are as described by Schoolfield et al. (1981).
Median (fiftieth percentile) rates were used
rather than mean rates because median rates
are required in the calculation of the develop-
mental distribution (see below). Parameter
estimates for this equation were obtained for
each data set using a SAS program (Wagner et
al., 1984). This program selects the number of
parameters to be used, identifies initial esti-
mates, and then uses these values as inputs to a
nonlinear regression analysis computing the
least-square estimates by the Marquardt method
(SAS, 1982). The equation was then used to
estimate median development times and mean
number of progeny per parasitoid for tempera-
tures ranging from 10 to 40°C. Due to conver-
gence problems using the SAS algorithm by
Wagner et al. (1984), it was necessary for three
species to add an assumed data point at the
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p~.ak development rate (or number of progeny
per parasitoid) for estimation of the parameters.
Goodness of fit for each model was tested using
a linear regression of the predicted versus the
observed values to calculate the R2, and test
for a slope of 1 and intercept of zero. To
compare information on the development rates
of S.endius and M.raptor from different cul-
tures, parameter estimations were also made
for those two species using our data together
with comparable observations from Ables et aZ.
(1976).

As insect emergence at a constant tempera-
ture is not itself constant, variation was mod-
elled using the approach by Stinner et aZ.(1975).
The concepts of physiological time and the

distribution of development over this physio-
logical time scale is discussed in detail in Wagner
et aZ. (1984). It was assumed that the first
individuals completed development at 0.8 of
the median development, 50% of the individuals
at a median development of 1.0 and 100% at a
median development of 1.3. The equation de-
scribing the cumulative proportion of the popu-
lation completing development (y) at median
physiological time (p) is:

y = (1 - Zf.1013"

(where z = (1.3 - p )/(1.3-0.8».
The distribution of development is expressed,

thus, as a function of the median development

Table 1. Mean (::!:SD), median (observed and predicted) number of days for development of four species of
Pteromalidae from oviposition to adult emergence at five constant temperatures.

No. days of adult emergence
Total no.

parasitoids Observed Predicted
Species DC emerged Mean* median median RZ"

M.raptor 15 0 - 42.5 0.99
20 396 29.2::!:0.8a 28.4 28.9
25 333 21.3::!:0.lb 20.7 20.1
30 316 14.9::!:0.2c 14.3 14.7
35 77 14.7::!:0.2c 14.5 14.5

M.zaraptor 15 0 - 48.9 0.97
20 301 31.3::!:0.5a 30.6 31.9
25 358 23.4::!:0.lb 22.8 21.4
30 420 14.8::!:0.2c 14.1 14.8
35 247 15.0::!:0.3c 14.2 14.2

S.cameroni 15 0 - 99.3 0.99
20 192 56.3::!: 1.9a 55.6 56.9
25 269 36.3::!:0.5b 35.2 34.0
30 81 22. 5::!: O.4c 21.8 22.4
35 4 29.5::!:4.5bc 25.0 25.1

S.endius 15 0 - 105.6 0.99
20 145 53.6::!:0.9a 52.4 54.9
25 388 31.9::!:0.8b 31.5 29.9
30 317 17. 2::!: O.4c 16.3 16.5
35 205 15.4::!:0.3c 14.6 14.6

* Means followed by the same letters in a column within a species were not significantly different (P<0.05,
Tukey's procedure).

t R2 of predicted versus observed median number of days of adult emergence. In all cases the slope was not
significantly different from 1 and intercept was not significantly different from O. All R2,s were significant at
P<O.01.



time. The relationship of development to
physiological age based on this median time is
constant regardless of temperature. The scale
of physiological age is arbitrarily set with 50%
of the insect population emerging at a physio-
logical age of 1.0. The predicted distribution
of development at each temperature and for
each species was determined by multiplying the
estimated rate of development at that tempera-
ture by the time for emergence (days). This was
plotted against the cumulative proportion of
individuals developed.

Results

Developmental rate at constant temperatures

For all four species there was a significant
decrease in the number of days required for
development from oviposition to adult emer-
gence between temperatures of 20 and 300e
(Table 1), but no further significant decrease at
35°e. Mean development times over these tem-
peratures were less for both Muscidifurax
species (M.raptor 29-15 days; M.zaraptor
31-15 days) than for Spalangia species
(S.cameroni 56-22 days; S.endius 54-15 days).
At 35°e, mean development time increased in
S.cameroni and exhibited a high variability
(29.5::t4.5 days), suggesting that the upper tem-
perature limit for development of S.cameroni
was in this region. There was no parasitoid
emergence at lye.

The temperature-related median develop-
ment rate of all species was best described by
the four-parameter equation incorporating high
temperature inhibition (Table 2). In all cases

Table 2. Estimated parameter values (equation of
Sharp & DeMichele, 1977) for models of temperature-
dependent median rate of development (per day) of
four species of Pteromalidae.

* With data included from Ables et al. (1976).
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linear regressions of predicted versus observed
development rate gave an R2 greater than 0.98
and a slope and intercept not significantly differ-
ent from 1 and 0, respectively. This indicated
that the models fit the data well. In addition,
when data on median development rate from
Ables et al. (1976) were also included (Table 2),
four-parameter models were developed and
linear regressions of predicted versus observed
time gave R2 of 0.98 with M.raptor and 0.96
with S.endius with the slopes and intercepts not
significantly different from 1 and 0, respectively.
The predicted (according to the method by
Stinner et al., 1975) and observed cumulative
proportion of individuals completing develop-
ment as a function of estimated physiological
age is presented in Fig. 1 for all four species.
Divergence from the predicted curve reflect
inaccuracies in the estimations of developmental
rate. Hence in M.raptor and S.cameroni the
estimated rates of development were slightly
high at 200e and slightly low at 2Ye.

M.raptor, M.zaraptor and S.endius reached
maximum developmental rates of c. 0.075 while
in S.cameroni the maximum developmental rate
was c. 0.05 (Fig. 1). Optimum temperature for
maximum developmental rate was c. 32°e in
M.raptor, M.zaraptor and S.cameroni and c.
35°e in S.endius. S.cameroni exhibited the most

distinct high temperature inhibition (Fig. 1);
however, parameters developed to describe this
are heavily dependent on a data point with a
large error (3Ye, 29.5::t4.5) and therefore lack
precision.

Rates of parasitism at constant temperatures

For all species, percentage parasitoid induced
pupal mortality and number of pupae killed per
parasitoid significantly increased at tempera-
tures of 15-30oe, but there was no significant
difference between 300e and 35°e (Table 3).
The percentage of host pupae yielding parasitoid
progeny and the number of parasitoid progeny
per parasitoid also showed significant increases
between temperatures of 15- 300e with no sig-
nificant difference between 300e and 35°e in all

species, except for a significant decrease in
S.cameroni. This again suggests particular sus-
ceptibility of this species to high temperature.
The maximum percentage fly kill was approxi-
mately 10% higher in Muscidifurax species
(M.raptor 68.2%; M.zaraptor 71.8%) than

Species RH025 HA TA HH

M.raptor 0.04993 12083.1 309.9 84897.9

M.zaraptor 0.04682 13343.1 309.6 107362.4
S.cameroni 0.02967 17582.6 308.1 86095.2
S.endius 0.03370 20755.9 309.1 106150.0

M. raptor* 0.05605 17950.2 307.1 40511.1
S.endius* 0.04423 25452.0 305.5 40324.0
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Fig. 1. The cumulative proportion of the parasitoid population completing development at median physiological
age (see text), in four species of Pteromalidae. The line represents the predicted distribution, calculated by the
method of Stinner et al.(1975). The points represents the observed data at four temperatures (e, 20°C; D, 25°C;
6, 30°C; x, 35°C).

Spalangia species (S.endius 59.5%; S.cameroni
59.8%). This generic difference was even more
marked in the percentage parasitoid progeny',
with Muscidifurax species having a maximum
emergence of 60-70% (M.raptor 59.2%;
M.zaraptor 68.5%) while S.endius and S.
cameroni only reached a maximum of 37.3%
and 25.5%, respectively. Both maximum

number of pupae killed per parasitoid and para-
sitoid progeny per parasitoid were higher in
Muscidifurax species (respectively, M.raptor
14.1,11.6; M.zaraptor 15.0,13.7) than Spalangia
species (respectively, S.cameroni 11.9, 5.1;
S.endius 12.0, 7.5) with a significant decrease in
parasitoid progeny at 35°C in S.cameroni.

Percentage residual mortality (pupal mortality
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Table 3. Mean (:tSD) pupal mortality and parasitoid progeny emergence from 100 house fly pupae exposed for
24 h to five female parasitoids of each of four species of Pteromalidae.

due to parasitoid host-feeding, superparasitism
or unsuccessful oviposition) increased sig-
nificantly between temperatures of 15-25°e
in M.zaraptor and S.endius and 15-20oe in
S.cameroni; however, for M.raptor there were
no significant differences among temperatures.
There was a significant difference in parasitoid-
induced pupal kill and parasitoid progeny emer-
gence among cups in M.raptor and M.zaraptor,
supporting use of the randomized complete
block design to eliminate error due to individual
parasitoid variation.

In all four species the four-parameter model
was used to quantify the relationship between
temperature and parasitoid progeny per para-
sitoid (Table 4). In all cases linear regressions
of predicted versus observed number of para-
sitoid progeny indicated that the models fit the
data well (R2 >0.95, slope and intercept not

significantly different to 1 and 0, respectively).
The models indicated a stronger high tempera-
ture inhibition in Spalangia species than in
Muscidifurax species, but there was insufficient
data to describe low temperature inhibition.

Table 4. Estimated parameter values (equation of
Sharp & DeMichele, 1977) for models of the
temperature-dependent rates of parasitism (number
of progeny emerging per parasitoid) by four species
of Pteromalidae.

Mean % of host pupae exposed* No. per parasitoid*

Species °C Pupal mortality Parasitoid progeny Residual mortality Pupae Parasitoid

(A) (B) (A-B) killed progeny

M.raptor 15 6.8:t 10.2c 0.9:t0.7d 5.9:t1O.7a lA:t2.0c 0.2:t0.l d
20 37.0:t6.7b 26.0:t4.6c 11.0:t3.9a 7A:t 1.3b 5.2:t0.9c
25 52.6:t7.0ab 39.5:t5.0bc 13.1:t3.7a 1O.5:t 1.4ab 7.9:t1.0bc
30 68.2:t7.6a 59.2:t7.0a 9.0:t1.9a 13.7:t1.5" 11.8:t1.4a
35 70.3:t4.6a 57.9:t4.3ab 12A:t0.8a 14.1:t0.9a 11.6:t0.9ab

M.zaraptor 15 0.0:t4.9d 6.5:t2.1c 0.0:t3.2c 0.0:t 1.0d 1.3:tOAc
20 16.3:t7.3c 22.2:t4.9be 0.0:t0.5b 3.3:t 1.5c 4A:t Lobe
25 44.5:t6.5b 40.8:t5.1b 3.7:t3.6ab 8.9:t1.3b 8.2:t1.0b
30 71.8:t1O.3a 65.0:t8.9a 6.8:t3Aa 14A:t2.1ab 13.0:t 1.8a
35 75.0:t12.0a 68.5:tl1.2a 6.5:t1.0a 15.0:t2Aa 13.7:t2.2a

S.cameroni 15 0.0:t 13Ab O.O:tO.Oc 0.0:t 13Ab 0.0:t2.7b O.O:tO.Oc
20 39.0:t3.9a 11.8:t1.6b 27.3:t3.6a 7.8:t0.8a 2A:t0.3b
25 55.2:t2.8a 23.5:t2.6a 31.7:t2.3a 11.0:t0.6a 4.7:t0.5"
30 59.5:t3.3a 25.5:t2.8a 40.0:t2.8a 11.9:t0.7a 5.1:t0.6a
35 37.2:t5.9a 4.8:t1.2bc 32.5:t5.1a 7A:t 1.2a 1.0:t0.2bc

S.endius 15 2.7:t5.1c O.O:tO.Od 2.8:t5.1c 0.6:t1.0c O.O:tO.Od
20 20.1:t6.5bc 4A:t 1.1cd 15.6:t5.8be 4.0:t 1.3bc 0.9:t0.2ed
25 37.7:t5Ab 17.2:t2.6bc 20.5:t3.7ab 7.5:t1.1ab 3A:t0.5bc
30 59.8:t6.9a 37.3:t6.3a 22.5 :t4Aab 12.0:t1.4a 7.5:t 1.3a
35 58.5:t5.3a 24.7 :t4.0ab 33.8:t3Aa 11.7:t1.0a 4.9:t0.8ab

* Means followed by the same letters in a column within a species were not significantly different (P<0.05,
Tukey's procedure).

Species RH025 HA TA HH

M.raptor 8.321 15991.9 308.9 60231.2

M.zaraptor 10.879 31373.0 303.0 45480.8
S.cameroni 4.896 24117.6 303.3 110712.6
S.endius 3.651 47853.1 303A 88859.6
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Discussion

At the low temperatures of 20 and 25°C,
Muscidifurax species had faster median devel-
opment times (M.raptor 28.4, 20.7 days;
M.zaraptor 30.6, 22.8) than Spalangia species
(S.endius 52.4, 31.5; S.cameroni 55.6, 35.5)
while at 35°C median development time was
similar for all species (M.raptor 14.5, M.zaraptor
14.2, S.endius 14.6) except S.cameroni (25.0).
This drop in developmental rate at 35°Csuggested
the upper lethal temperature limit was close to
this point for S.cameroni. Developmental data
were comparable with those of Ables et al.
(1976) for S.endius and M.raptor, by Morgan
& Patterson (1975) for S.endius (18-20 days at
27 - 28°C) and by Legner & Gerling (1967) for
M.raptor (17-22 days at 26°C) and S.cameroni
(24-27 days at 26°C). All species failed to
emerge at 15°C, supportin!,: the suggestion by
Ables et al. (1976) that development is not
completed when parasitized pupae are exposed
to low temperatures over a prolonged period of
time.

According to field observations, Muscidifurax
species are more abundant during the cool
months, while Spalangia species are more abun-
dant during warm months (Ables & Shepard,
1976; Legner & Brydon, 1966; Rutz & Axtell,
1980). The faster development of Muscidifurax
species than Spalangia species at low tempera-
tures would explain this differential seasonal
abundance. High temperature inhibition seen
in S.cameroni may also explain the prevalence
of this species in late summer through autumn
in North Carolina, U.S.A. (Rutz & Axtell,
1980) when temperatures are lower than in
midsummer.

The models developed for parasitoid emer-
gence accurately described the data. A more
detailed examination of the response at low and
high temperature extremes might improve pre-
cision for these temperatures, particularly in
M.zaraptor and S.cameroni. However, in con-
fined animal production systems, where these
models will be most useful in predicting popu-
lation levels and determining release strategies,
extreme temperatures are rare.

Results from the second set of experiments
showed that host attack rate differed with tem-
perature. Muscidifurax oviposited at a greater
rate and over a wider range of temperatures
than Spalangia species. Muscidifurax species

were able to oviposit successfully at all tempera-
tures, with no significant decrease at 35°C, but
only a low rate at 15°C. In contrast, Spalangia
species were not active at 15°C, and at 3SOC
host attack rate decreased. This supports Moon
et al. (1982), who demonstrated with S.cameroni
that progeny per female peaked at 31.7°C and
decreased to reach an upper limiting tempera-
ture of 36.4°C. This high temperature inhibition
was not demonstrated by Ables & Shepard
(1976) or Legner (1967) who found that ovi-
position is a function of both time and tempera-
ture, with Spalangia species compensating
during a 36 h period for the initial drop seen
over 24 h, to cause higher levels of host mortality
than Muscidifurax species. This may be ex-
plained in part by acclimation, which was not
allowed for in their experiments. Models charac-
terizing the relationship between temperature
and successful oviposition would more ac-
curately describe the interaction, if the influence
of exposure time were incorporated.

In these experiments, cultures of M.raptor
and S.cameroni were recently established in
comparison to cultures of S.endius and
M.zaraptor which were imported from California
(1983) and Florida (1978), respectively. Pro-
longed laboratory culturing may considerably
alter both behavioural and physiological char-
acteristics (Legner, 1979; Legner & Warkintin,
1985). The variation between data on develop-
ment rates reported here and those by Ables et
al. (1976) is understandable. However, since it
was possible to estimate a single set of model
parameters for both sets of data, development
times appear to be comparable despite the pro-
longed culturing and different rearing conditions.
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