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ABSTRACT Life history data for Aphidius gifuensis (Ashmead) and Myzus persicae (Sulzer) were
collected in the laboratory. To consider both sexes and variable developmental rates among individ-
uals, the raw data were analyzed using the age-stage, two-sex life table. The intrinsic rate of increase
(r) for A. gifuensis is 0.264 d�1. The mean parasitism rate is 92.3 aphids per female. The intrinsic rate
of increase for M. persicae is 0.252 d�1. For applying the female age-speciÞc life table to a female
population, we prove that the relationship between the mean female fecundity (F) and the net
reproductive rate (R0) isR0 � saF, where sa is the preadult survival rate. When the female age-speciÞc
life table is applied to two-sex populations, the relationship between F and R0 is R0 � sawF, where sa
is the preadult survival rate of females, andw is the female proportion in offspring. This is valid when
w is a constant for the age-speciÞc fecundity (mx) of all ages. Because sexing preadult individuals is
difÞcult, and obtaining a constant sex ratio in offspring is uncertain, determining preadult mortality
of the individual sexes may be problematical. As a result, calculations of the age-speciÞc survival rate
(lx) and fecundity and population parameters may be adversely affected. Moreover, if lx and mx are
constructed based on adult age, they may also cause errors in population parameters. Because the
application of female age-speciÞc life table to stage-structured bisexual population results in inac-
curacies, we recommend that the age-stage, two-sex life table should be used in insect demographic
studies.
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Aphidius gifuensis (Ashmead) is one of the common
parasitoids of the green peach aphid, Myzus persicae
(Sulzer), in Taiwan (Tao 1972), China (Tang and
Chen 1984), and Japan (Takada 1976, 2002, Nakata
1995). It has been studied as a biological control agent
against M. persicae (e.g., Ohta et al. 2001, Wei et al.
2003). As a worldwide pest, M. persicae has been fre-
quently studied (e.g., Cole 1997, Guldemond et al.
1998, Sauge et al. 1998). For quantitative analysis on
mass rearing and practical application of insect natural
enemies in biological control, it is crucial to know the
development, the stage differentiation, the reproduc-
tion, and the predation rate of the target populations.
Because a cohort life table gives the most compre-
hensive description of the growth, development, and
reproduction of a population (Lotka 1907, Lewis 1942,
Leslie 1945), its importance in the study of population
dynamics has been realized for decades (van den
Bosch et al. 1973). A comparative study of the cohort

life tables of both predator and prey in the laboratory
reveals their biological potential under controlled
conditions and forms the basis for modeling of preda-
torÐprey or parasitoidÐhost dynamics. Although the
development of age-structured population models has
a long history (see Charlesworth 1994), the impor-
tance of incorporating the age structure in predation
theory was recognized much later by Hassell (1978).
However, because traditional age-speciÞc life tables
(e.g., Lotka 1907, Lewis 1942, Leslie 1945, Birch 1948)
deal only with female individuals and ignore variation
in the developmental rate among individuals, they are
unable to take the predation rate of males and the
variable predation rate of different stages into con-
sideration. Still, the intrapopulation variations in de-
velopmental rate among individuals are important for
a population to survive the natural selection of an
environment with very unpredictable onset of harsh
conditions (Istock 1981, Price 1997) and should be
incorporated into the life table analysis. To take into
account the variable developmental times among in-
dividuals, the stage differentiation, and both sexes, Chi
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and Liu (1985) and Chi (1988) developed the age-
stage, two-sex life table theory and data analysis. Be-
cause variation in developmental rate among individ-
uals and between sexes in a natural population is
common, an age-stage structured model helps take the
variation in the predation rate and the survival rate of
individuals of the same age but different stage into
consideration. Based on the age-stage, two-sex life
table, Chi and Getz (1988) built a mass rearing and
harvesting model. Chi (1990) simulated the timing of
control based on the age-stage, two-sex life table. Chi
and Yang (2003) reported the age-stage life table and
predation rate of the predator Propylaea japonica
Thunberg (Coleoptera: Coccinellidae) fed on Myzus
persicae. In this paper, we use the age-stage, two-sex
life table theory to analyze the life history data of the
parasitoid A. gifuensis and its host M. persicae, as well
as the parasitism rate of A. gifuensis. We deÞne the
curtailed intrinsic rate of increase to explore the effect
of population survival on the intrinsic rate. We then
show the inaccuracies inherent in life tables based
solely on adult age. Furthermore, we give a theoretical
proof on the relationship between the female mean
fecundity and the net reproductive rate for the female
age-speciÞc life table.

Materials and Methods

Life Table Study. Myzus persicae (Sulzer) (Ho-
moptera: Aphididae) were obtained by cutting aphid-
infested portions from the leaves of 30 randomly se-
lected kale plants (Brassica oleracea L. variety
alboglabra Musil) growing in a vegetable plot on the
campus of National Chung Hsing University,
Taichung, Taiwan. To expand the aphid gene pool, no
more than two aphids were selected from each leaf
portion. Aphids were maintained separately in indi-
vidual petri dishes. Parasitoids of A. gifuensis (Ash-
mead) (Hymenoptera: Braconidae) were collected by
placing 20 potted kale plants with an abundance ofM.
persicae in the same vegetable Þeld.
Life Table of M. persicae. Single seedlings of kale

planted in plastic pots (9 cm in diameter, 7 cm in
height) with commercial potting soil were used as
rearing containers. A cylinder (8.8 cm in diameter,
10.5 cm in height) made of overhead projector Þlm
was placed on each individual pot. On the top of the
cylinder, a reversed plastic cup (9 cm in diameter, 5.5
cm in height) was used as the cover. A 4-cm diameter
hole was cut at the center of the cup bottom and
covered with Þne mesh cloth for ventilation. For the
life table study, one female adult of M. persicae was
placed on each of 52 kale seedlings and kept in a
growth chamber (25 � 1�C, 65 � 5% RH, and a pho-
toperiod of 12:12 [L:D] h) for 12 h (using two 20-W
ßuorescent plant light bulbs and two 20-W regular
ßuorescent light bulbs). Subsequently, one newborn
nymph was kept on each seedling, and the female
adult and remaining nymphs were removed. A total
number of 52 M. persicae were used for the life table
study. The development, survival, and fecundity of
individual aphids were recorded every 12 h until the

death of each individual. Life table data forM. persicae
were collected during November and December 1993.
Life Table of A. gifuensis. The parasitoid was kept

in a growth chamber under the same conditions asM.
persicae. For the life table study, 10 rearing containers
each with �100M. persicae on kale and a small vial of
10% honey water were used. Three male and three
female young adults (3Ð5 d old) of A. gifuensis were
released into each container and removed after a 24-h
period. The aphids on kale were observed daily for the
formation of mummies. Mummies were collected into
individual glass vials (1.4 cm in diameter and 5 cm in
height) and observed daily for adult emergence.
Adults were paired after emergence. Thirty pairs ofA.
gifuensis were used in the life table study. Each pair
was kept in a kale seedling container with 35 aphids of
mixed nymphal stage. Each day, the parasitoids were
moved to a new container with another 35 aphids,
while the aphids from the previous day were observed
daily for mummies. Mummies from different days
were recorded and kept separately until the emer-
gence of the adult parasitoids. The date and sex of all
emerged offspring were recorded. Life table data for
A. gifuensis were collected during February and
March 1994.
LifeTableAnalysis.The raw life history data of both
M.persicae andA. gifuensiswere analyzed based on the
theory of age-stage, two-sex life table (Chi and Liu
1985, Chi 1988). The means and SEs of the life table
parameters were estimated by using the Jackknife
method (Sokal and Rohlf 1995). To facilitate raw data
analysis, life table analysis, and the Jackknife method,
a user-friendly computer program, TWOSEX-MS-
Chart (Chi 2004), designed in Visual BASIC (Version
6.0 Service pack 6) for the Windows operating system,
has been made available at http://140.120.197.173/
Ecology/prod02.htm (Chung Hsing University) and
http://nhsbig.inhs.uiuc.edu/wes/chi.html (Illinois
Natural History Survey). The age-stage speciÞc sur-
vival rate (sxj; where x � age and j � stage), the
age-stage speciÞc fecundity (fxj), the age-speciÞc sur-
vival rate (lx), the age-speciÞc fecundity (mx), and the
population parameters (r, the intrinsic rate of in-
crease; �, the Þnite rate of increase, � � er; R0, the net
reproductive rate; T, the mean generation time) were
calculated accordingly. In this paper, the intrinsic rate
of increase is estimated by using iterative bisection
method from �x�0

� e�r(x�1)lxmx� 1 with age indexed
from 0 (Goodman 1982). The bisection method can be
found inmost textbooksofnumerical analysis (Burden
and Faires 2005). The mean generation time is deÞned
as the time length that a population needs to increase
to R0-fold of its size as the stable age distribution and
the stable increase rate are reached. In other words,
this means erT� R0 or �T� R0. The mean generation
time is calculated as T � (lnR0)/r. The gross repro-
ductive rate (GRR) is calculated as GRR� �mx. The
StudentÕs t-test was used to determine differences in
population parameters between A. gifuensis and M.
persicae (Zar 1999).
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Two text Þles (Aphidius_lifetable.txt and Myzus_
lifetable.txt) containing the raw life history data of A.
gifuensis and M. persicae are also available at http://
140.120.197.173/Ecology/prod02.htm.
Life Expectancy Analysis. Because variation in the

developmental rate is a common phenomenon, over-
lapping of stages in the life history is observed in many
insect and mite populations, and hence, individuals of
the same age may be in different developmental
stages. Consequently, individuals of the same age but
different stage may have different life expectancies.
Based on the age-stage, two-sex life table, we can
calculate the life expectancy for individual of age x and
stage y as

exy � �
i�x

n �
j�y

m

s	ij [1]

where n is the number of age groups and m is the
number of stages. The s	ij is the probability that an

individual of age x and stage ywill survive to age i and
stage j and is calculated by assuming s	xy � 1 and
following the procedures described in Chi (1988). The
calculation of life expectancy is included in the raw
data analysis by TWOSEX-MSChart program.

Results

Life Tables. Because the preadult development of
A. gifuensis (from egg to pupa) occurs in the body of
the host aphid, we divided the life history of A. gifu-
ensis into the preadult stage, the adult female, and the
adult male. The developmental periods of A. gifuensis
are given in Table 1. The survival rate sxj gives the
probability that a newborn egg will survive to age x
while in stage j (Fig. 1). The lx is the probability that
a newborn egg will survive to age x; thus, the curve lx
(Fig. 1) is a simpliÞed version of sxj. Because of vari-
ation in the developmental rate among individuals,
there is obvious stage overlapping in Fig. 1. The age-
stage speciÞc fecundity (fxj; Fig. 2) gives the number
of offspring produced by individual A. gifuensis at age
x and stage j. Here only those offspring that success-
fully emerged from mummies were counted for ef-
fective fecundity. Because only females reproduce,
there is only a single curve of fx2 in Fig. 2. The age-
speciÞc fecundity (mx) and the age-speciÞc maternity
(lxmx) of A. gifuensis are also shown in Fig. 2. In Fig.
2, the cumulative reproductive rate to age x is calcu-
lated as

Rx � �
i�0

x

limi [2]

Table 1. Means � SEM of developmental periods (days), adult
longevity (days), effective fecundity (F; parasitoids successfully
emerged from mummy, offspring/female), total parasitism rate (no.
of M.persicae parasitized per female parasitoid), and parasitoid
preadult mortality (parasitoids failed to emerge from mummy) of A.
gifuensis

Statistics n Mean � SEM

Preadult developmental periods 60 11.02 � 0.14
Adult male longevity 30 9.73 � 0.46
Adult female longevity 30 9.17 � 0.72
Effective fecundity 30 92.0 � 6.5

Female offspring 30 42.8 � 4.6
Male offspring 30 49.2 � 5.3

Total parasitism rate 30 92.3 � 6.5
Parasitoid preadult mortality 30 0.3 � 0.1

Fig. 1. The age-stage survival rates for each stage of A. gifuensis and the survival rate of total cohort (lx).

12 ENVIRONMENTAL ENTOMOLOGY Vol. 35, no. 1



The maximum of the cumulative reproductive rate
(Rx) is the net reproductive rate R0, i.e., 46 offspring.
Although reproduction ends at the age of 28 d, 95% of
the net reproductive rate is completed at the age of
19 d.

The means of developmental periods, the adult lon-
gevity and fecundity ofM. persicae are listed in Table
2. As mentioned above for A. gifuensis, the change of
stage structureduring the lifehistoryofM.persicaecan
be observed in the curves of the age-stage survival rate
(sxj; Fig. 3). Although the fecundity ofM. persicae has
a peak at the end of its life history (fx5 andmx; Fig. 4)
because of the low survival rate (lx) at the end of its
life history (Fig. 3), the contribution of those offspring
to the net reproductive rate (R0 � 29.5 offspring;
Table 3) is minor. The 95% net reproductive rate is
reached on age 24 d (Rx in Fig. 4). There are no
signiÞcant differences in the intrinsic rate of increase,
the Þnite rate of increase, and the gross reproductive
rate between A. gifuensis and M. persicae (Table 3).
However, signiÞcant differences in the net reproduc-
tive rate and the mean generation time between A.
gifuensis and M. persicae were obtained according to
StudentÕs t-test.

Net Parasitism Rate. For a parasitoid, if it lays only
one egg per host and all eggs can develop to the adult
stage, the parasitism rate of this parasitoid will be equal
to its fecundity. If some offspring of a parasitoid do kill
their hosts but fail to emerge from the mummies, the
parasitism rate will differ from the fecundity rate. We
deÞne the age-stage speciÞc parasitism rate cxj as the
number of aphids parasitized and eventually killed by
a parasitoid of age x and stage j. The parasitism rate of
A. gifuensis on M. persicae is also plotted in Fig. 2.
Because only females can oviposit in aphids, there is
only a single curve of cx2 in Fig. 2. The mean parasitism
rate is 92.3 aphids per female (Table 1). In our study,
a preadult mortality of 
1% is recorded by following
the emergence of offspring from mummies. Because
most parasitoids successfully emerged from mummies,
the curve of parasitism rate (cx2) is almost identical to
the curve of fecundity (fx2). By integrating the sur-
vivorship with the parasitism rate, we deÞne the sum-
mation of the parasitism rate through the life span as
the net parasitism rate (Co). It can be calculated as

C0 � �
x�0

n �
j�1

m

cxjsxj [3]

where n is the number of age groups and m is the
number of stage groups of the parasitoid. The net
parasitism rate for A. gifuensis is 46.15 aphids per fe-
male. The net parasitism rate can be an indicator of the
efÞciency of a parasitoid based on life table.
LifeExpectancy.The curves of the life expectancies

of A. gifuensis andM. persicae are given in Figs. 5 and
6, respectively. By taking the variable developmental
rate between sexes and among individuals into con-
sideration, this method can be used not only to detect
the differences in life expectancy between male and

Fig. 2. The age-stage speciÞc fecundity (fx2) and parasitism rate (cx2) of the female adult stage, the age-speciÞc fecundity
(mx), the age-speciÞc maternity (lxmx), and the cumulative reproductive rate (Rx) of A. gifuensis.

Table 2. Means � SEM of developmental periods (days), adult
longevity (days), and fecundity (F; offspring/female) of M. persicae

Statistics n Mean � SEM

Developmental time
N1 50 2.00 � 0.04
N2 50 1.70 � 0.07
N3 49 1.67 � 0.07
N4 48 1.85 � 0.06
N1ÐN4 48 7.25 � 0.10

Adult longevity 48 15.85 � 1.00
Fecundity 48 31.9 � 2.3
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female but also among stages. Under controlled lab-
oratory conditions, our results show that the life ex-
pectancy monotonously decreases with aging.
Curtailed Intrinsic Rate of Increase. To describe

the effect of longevity and fecundity on the intrinsic
rates of A. gifuensis and M. persicae, we deÞne the
curtailed intrinsic rate r� as the solution of

�
x�0

�

e�r��x�1�lxmx � 1 [4]

where r� is the intrinsic rate of the population by
assuming that it survives only to age � and discarding
all lx andmx beyond age �. The curve of r� for both A.
gifuensis andM. persicae are plotted in Fig. 7. Because
M. persicae began reproduction at an earlier age than
A. gifuensis, the curve of r� for M. persicae preceded
that for A. gifuensis. It shows that the M. persicae
population has a better chance of survival than A.
gifuensis does. In Fig. 7, the curves of cumulative
contribution to the intrinsic rate of increase of A.

Fig. 3. The age-stage survival rates for each stage of M. persicae and the survival rate of total cohort (lx).

Fig. 4. The age-stage speciÞc fecundity (fx5) of the female adult stage, the age-speciÞc fecundity (mx), the age-speciÞc
maternity (lxmx), and the cumulative reproductive rate (Rx) of M. persicae.
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gifuensis andM.persicae are plotted. The calculation of
r� is included in the TWOSEX-MSChart program.

The cumulative contribution (ry) of age y is calcu-
lated as

ry � r � �
x�0

y

e�r�x�1�lxmx [5]

where r is 0.264 d�1 for A. gifuensis and 0.252 d�1 for
M. persicae.Because allmx are zeros before age 6 d for
M. persicae and before age 9 d for A. gifuensis, the
curves of r� and ry start at age 6 d for M. persicae and
at age 9 d forA. gifuensis (Fig. 7). It is obvious that the
cumulative contribution ry is not an intrinsic rate but
is instead a descriptive value of the cumulative input
of individuals surviving to age y to the intrinsic rate r.
The curtailed intrinsic rate of increase r�, however,
gives theactual intrinsic rate forapopulation surviving
only to age �. In Fig. 7, the ry ofM. persicae of age 6 and

7 d does positively contribute to the intrinsic rate of
increase, but the curve r� shows that, if the population
survives only to age 6 or 7 d, the intrinsic rate will be
negative and the population will decrease. Therefore,
the curtailed intrinsic rate is useful for describing the
effect of reduction in survivorship on the intrinsic rate
of increase.
Relationship Between F and R0. As proven by Chi

(1988) for two-sex life table, the relationship between
the net reproductive rate R0 and the mean female
fecundity F is given as

R0 � F�NfN� [6]

whereN is the total number of individuals used for life
table study and Nf is the number of female adults. For
A. gifuensis, the data for N, Nf, F, and R0 are 60, 30, 92,
and 46.0, respectively. ForM. persicae, they are 52, 48,
31.9, and 29.5, respectively. Obviously, data of both A.
gifuensis and M. persicae show consistence with the
relationship of equation 6, although the round-off ef-
fects during the calculation ofR0 resulted in negligible
differences between R0 and F(Nf/N).
Relationship Between F and R0: When the Age-
specific Female Life Table Theory Is Applied to Fe-
male Parthenogenetic Populations. The mean fecun-
dity of females (F) is a simple statistic and is generally
calculated by summing fecundity data of all females
and divided by the total number of females. For a
traditional female age-speciÞc life table, the net re-
productive rate of a female population is deÞned as

R0 � �
x�0

�

lxmx [7]

Table 3. Means � SEM of population parameters of A. gifuensis
and M. persicae

Population
parameter

A. gifuensis M. persicae t df P

r 0.264 � 0.010 0.252 � 0.007 0.912 110 0.3637 (
0.05)
� 1.302 � 0.014 1.287 � 0.009 0.908 110 0.3658 (
0.05)
GRR 59.0 � 8.7 49.8 � 2.9 0.941 110 0.3489 (
0.05)
R0 46.0 � 6.8 29.5 � 2.4 2.164 110 0.0326 (
0.05)
T 14.5 � 0.2 13.4 � 0.3 3.256 110 0.0015 (
0.05)

There are signiÞcant differences in R0 and T between A. gifuensis
and M. persicae according to StudentÕs t-test.
r, intrinsic rate of increase (day�1); �, Þnite rate of increase

(day�1);GRR, gross reproductive rate (offspring per individual); R0,
net reproductive rate (offspring per individual); T, the mean length
of a generation (days).

Fig. 5. Age-stage life expectancy of A. gifuensis.
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If the total number of females at the beginning
(birth) of the cohort is n0 and bix is the fecundity of
individual i at age x (where the age is counted from
birth), the total fecundity of individual i is Bi and

Bi � �
x�0

�

bix [8]

The total fecundity summed over all individuals is
Ftotal and

Ftotal � �
i�1

n0

Bi � �
i�1

n0 �
x�0

�

bix � �
x�0

� �
i�1

n1

bix [9]

Fig. 6. Age-stage life expectancy of M. persicae.

Fig. 7. Curtailed intrinsic rate of increase (r�) and cumulative contribution to intrinsic rate of increase (ry) forA. gifuensis
and M. persicae of different ages.
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where nx is the number of female surviving to age x.
If all females successfully develop to the adult stage,
i.e., there is no preadult mortality, the mean female
fecundity (F) is calculated as

F �
Ftotal

n0

�

�
i�1

n0

Bi

n0

�

�
i�1

n0 �
x�0

�

bix

n0

[10]

Both Bi and bix are integers. The mean fecundity of
female (F) is a simple statistic, and the only rounding-
off takes place when the mean is calculated at the last
step. If the same data are analyzed by using female
age-speciÞc life table, the age-speciÞc fecundity (mx)
and survival rate (lx) can be calculated as

mx �

�
i�1

nx

bix

nx
[11]

and

lx �
nx

n0

[12]

During the calculation of eachmx and lx, rounding-
off is an inevitable step to get required signiÞcant
digits. The relationship between the net reproductive
rate R0 and the mean female fecundity F is

Ro � �
x�0

�

lxmx � �
x�0

� �nx
n0

�

�
i�1

nx

bix

nx
� �

�
x�0

� �
i�1

nx

bix

n0

� F

[13]

Hence, for the female age-speciÞc life table, the net
reproductive rate (R0) equals the mean female fecun-
dity (F), if and only if there is no preadult mortality in
the female population and all offspring are female.
However, if there is preadult mortality and only na
females reached the adult stage (na 
 n0), the mean
female fecundity (F) is

F �

�
i�1

na

Bi

na
�

�
i�1

na �
x�0

�

bix

na
�

�
x�0

� �
i�1

nx

bix

na
[14]

In this case, the relationship between R0 and F is
given as

R0 � �
x�0

�

lxmx �

�
x�0

� �
i�1

nx

bix

n0

�
na

n0

�

�
x�0

� �
i�1

nx

bix

na

� �nan0
� F � saF [15]

The sa is the probability that a newborn offspring
will survive to the adult stage in the female population.

In other words, it is the survival rate of the total
preadult stages of the female population. It is clear that
equation 13 is a special case of equation 15 with na �
n0. Because both the net reproductive rate (R0) and
the total fecundity (F) are calculated from the daily
fecundity of all females, it is reasonable to expect that
there is some relationship between them. The above
proof (equations 7Ð15) shows that a concrete bond
betweenR0 and F does exist in the age-speciÞc female
life table as in two-sex life table (equation 6). Theo-
retically, the relationship between F and R0 is exactly
given as equation 6, 13, or 15. However, because all
data of lx andmx are calculated inevitably by rounding-
off to limited digits, a negligible difference may occur
between F andR0. Although equations 6 and 15 appear
similar, they are actually different. In equation 6, N is
the total number of individuals used for the life table
study, and Nf is the number of female adults emerged
fromN.However, inequation15,n0 is the totalnumber
of females at the beginning of the cohort life table
study, and na is the number of females which reached
the adult stage.
RelationshipBetweenF andR0:WhenAge-Specific
Female Life Table Theory Is Applied to Two-Sex Pop-
ulations. If the total number of individuals at the be-
ginning (birth) of the life table study is n0, and there
are f0 females and u0 males in n0 (i.e., n0 � f0 � u0),
we can calculate the mean female fecundity as

F �

�
i�1

fa

Bi

fa
�

�
i�1

fa �
x�0

�

bix

fa
�

�
x�0

� �
i�1

fx

bix

fa
[16]

where fa is the number of females surviving to the
adult stage and fx is the number of females surviving
to age x. Obviously, the preadult mortality for females
is 1 � (fa/f0). The age-speciÞc fecundity (mx) and
survival rate (lx) are

mx �

�
i�1

fx

bix � w

fx
[17]

and

lx �
fx

f0
[18]

wherew is the proportion of female offspring (0 �w�
1). Here we assume w is a constant for all ages. With
similar derivation of equations 11Ð15, the relationship
between F and R0 is

R0 � �
x�0

�

lxmx �

w � �
x�0

� �
i�1

fx

bix

f0
� w �

fa

f0
�

�
x�0

� �
i�1

fx

bix

fa

� w� faf0� F � wsaF [19]
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where sa is the preadult survival rate of females in a
two-sex population. Equation 19 will be true, if and
only if w is a constant for mx of different ages. In the
life table study for two-sex populations, we know the
number of females surviving to the adult stage (i.e., fa)
and the daily fecundity of each female (i.e., bix). How-
ever, to apply equations 17Ð19 to a two-sex population
with conÞdence, we need to know f0 and w. Because
life table studies are tremendously tedious and time-
consuming, the sex ratios of offspring produced by
females of different ages are seldom monitored, and
usually a w of 0.5 is assumed. Moreover, because of the
difÞculty in distinguishing between the sexes during
the preadult stage, an identical preadult mortality is
usually assigned to both sexes. Under these assump-
tions, the relationship between F and R0 for a two-sex
population should be identical to equation 19 when
the age-speciÞc female life table theory is applied to
two-sex populations. However, if we are not sure of
these assumptions, we are likewise not sure of the
analytical results as well as the population parameters.

For a clearer explanation, we can use the following
numerical example. We begin a hypothetical life table
study with 100 eggs. Thirty individuals die before the
adult stage, whereas 36 males and 34 females emerge
as adults. For a two-sex life table analysis, we know
that N � 100 and Nf � 34 (equation 6). For an age-
speciÞc female life table, we are sure that 36 males
should be excluded from analysis and fa � 34 (equa-
tion 16). However, we are not sure about f0, because
we do not know how many females are among those
30 individuals that died in the preadult stage. If all 30
individuals are pooled with the 34 females for a female
age-speciÞc life table analysis, the survival rate (lx),
the net reproductive rate (R0), and the intrinsic rate
(r) are underestimated. However, if we exclude those
30 individuals and use only the 34 females for a life

table analysis, the survival rate (lx), the net reproduc-
tive rate (R0), and the intrinsic rate (r) are overesti-
mated. This problem will always be there when the
female age-speciÞc life table theory is applied to a
two-sex population.
Sex of Offspring. Because only female offspring of

parasitoids can oviposit in aphids, it is helpful to detect
the sex of their offspring. The offspring of different
sexes of A. gifuensis is plotted in Fig. 8. Because only
a small portion of offspring died in the preadult stage,
a different scale on the right y-axis is used to make
them visible.

Discussion

LifeTables.The net reproductive rate and the mean
generation time of A. gifuensis were found to be sig-
niÞcantly higher than that ofM. persicae in our study.
However, because the fecundity curves ofM. persicae
began 3 d earlier than A. gifuensis, there is no differ-
ence in the intrinsic rate of increase between the
parasitoid and its host. The observed population pa-
rameters of both the host and its parasitoid are ap-
parently the result of long-term coevolution. In this
study, there is no difference in the GRR between the
parasitoid and its host. Because the mx is calculated
based on the fecundity of all surviving females at the
beginning of reproduction, whereas the mx at older
ages is calculated based on the fecundity of a few
surviving females (sometimes even a single female),
themx of the older ages contribute signiÞcantly less to
the population. Because theGRR ignores the different
weight of mx of different ages, its ecological signiÞ-
cance and the result of statistical comparison should
be interpreted with caution.
NetParasitismRate.For a predator, the age-speciÞc

predation rate can be deÞned as the number of prey

Fig. 8. The mean offspring number of different sexes produced by A. gifuensis at different age (unknown, offspring died
in preadult stage).
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killed by an individual predator of a speciÞc age,
whereas the age-speciÞc fecundity is the offspring
produced by an individual female predator of that age.
Therefore, the predation rate of a predator usually
differs from its fecundity (Chi and Yang 2003), in
other words, R0 

 C0. Chi and Yang (2003) usedQp
(the ratio of the net predation rate to the net repro-
ductive rate, Qp � C0/R0) to describe the transfor-
mation rate from prey population to predator off-
spring and obtained aQp of 17.7 for Propylaea japonica
Thunberg (Coleoptera: Coccinellidae) fed onM. per-
sicae.When a similar ratio is calculated forA. gifuensis
reared onM. persicae, we obtain Qp � 1.0. Ohta et al.
(2001) showed that, at 25�C, the mummiÞcation rate
of attacked aphids was 97.7% and the emergence rate
from mummies was 96.4%. In that case, theQpwill also
be close to 1.0. However, if a female parasitoid lays
more than one egg in its host, we can expectQp
 1.0.
The Qp gives a demographic estimation for the rela-
tionship between the reproductive rate and parasitism
rate of a parasitoid.
Curtailed Intrinsic Rate of Increase. Cohen and

Mackauer (1987) plotted the curve of cumulative con-
tribution to the intrinsic rate of increase for Ephedrus
californicus Baker (Hymenoptera: Aphidiidae) and
concluded that females in older age classes contrib-
uted very little to the cohorts growth rate. In this
study, we showed that the cumulative contribution ry
is not an intrinsic rate but is a descriptive value of the
cumulative input of individuals surviving to age y to
the intrinsic rate r. However, the curtailed intrinsic
rate of increase r� gives a proper estimation of the
effect of the survival rate on the intrinsic rate of
increase. For risk assessment in conservation of en-
dangered species, r� can be used to describe the effect
of decrease in longevity on the survival probability of
a population.
Relationship Between F and R0. In this paper, our

proof shows that R0 is related to the total fecundity
(equations 15 and 19). Using the age-speciÞc female
life table, Souissi and Le Rü (1997) studied the life
tables ofApoanagyrus lopeziDe Santis (Hymenoptera:
Encyrtidae) and concluded that theR0 was not related
to the total fecundity. One of the major reasons that
caused the erroneous explanation in the report of
Souissi and Le Rü (1997) was the preadult mortality.
Because of the difÞculty in distinguishing between the
sexes during the preadult stages and preadult mortal-
ity usually contains both males and females, this mor-
tality cannot be properly included when only the
females of a two-sex population is considered in the
construction of a female life table. Because the pre-
adult mortality cannot be properly included, an in-
correct value may be obtained for fa/f0, and, conse-
quently, an improper result regarding the relationship
between R0 and F will occur as well. It is also obvious
that if the population parameters are estimated by
using simpliÞed equations (e.g., Cole 1997, Gulde-
mond et al. 1998), the relationship between R0 and F
will be inconsistent with the proof discussed previ-
ously (equations 13, 15, and 19). Moreover, if the life
table is constructed based on the adult age (e.g., Smith

1993, Liu and Stansly 1998, Headrick et al. 1999, Tang
et al. 1999, Chabi-Olaye et al. 2001, Tsai and Wang
2001, Hentz and Nuessly 2004), the errors in survival
rate (lx) and the fecundity (mx) will ultimately result
in errors in R0, and the relationship between R0 and F
will be inconsistent with the proof of this study (equa-
tions 13, 15, and 19). Because the net reproductive rate
(R0) takes the survival rate into consideration, the
equation R0 � Fwill always apply. If there is preadult
mortality, then certainly R0 
 F. The relationship
betweenR0 and F (equations 15 and 19 can be used to
check the inconsistencies in R0 in other published
studies, providedR0,F,w, and saare reported).Finally,
if the preadult mortality is either incorrectly calcu-
lated or ignored, not only the survival rate (lx) and the
net reproductive rate (R0) will be erroneously esti-
mated, but also the intrinsic rate. Becausen0 andna are
the basis for the calculation of survival rate and the net
reproductive rate, we suggest that the data ofn0,na (or
sa), F, and R0 should be explicitly speciÞed when
reporting the female life table for a female population.
Similarly, the data of n0, fa, f0 (or sa), w, F, and R0

should be speciÞed when reporting the female life
table for a two-sex population.
Sex of Offspring. López and Botto (1997) reported

that the offspring sex ratio of Eretmocerus sp. (Hyme-
noptera: Aphelinidae) changed with female age. In
our study, we also noticed the offspring sex ratio varies
with female age. Although the cause of the variation
in offspring sex ratio is unknown, the differences itself
should be taken into consideration in parasitoidÐhost
relationship studies and be integrated into the life
table theory in the future.
Problems in Life Tables Based on Adult Age.Many

researchers organize fecundity data based on “adult
age” by assuming all adults emerged on the same day.
However, ignoring the differences in preadult devel-
opment results in errors in the survival and fecundity
curves based on “adult age.” Joyce et al. (1999) re-
ported the preimaginal developmental time forAmitus
bennetti Viggiani and Evans (Hymenoptera: Platygas-
teridae) ranged from 18 to 31 d. However, they cal-
culated the daily fertility based on adult age and found
the highest fecundity on the Þrst day of adult age.
Because the Þrst reproduction days of individual fe-
males actually vary according to the range of the adult
emergence (18Ð31 d), the fecundity curve based on
adult age resulted in an overestimation of the fecun-
dity rate and Þnally errors in the population param-
eters. If the life history raw data are organized ac-
cording to the model of Caswell (1989), it will yield
results similar to those obtained using “adult age,”
because the model of Caswell classiÞes individuals by
age within stages. Liu and Stansly (1998) showed a
variable developmental rate and stage overlappings in
Bemisia argentifolii Bellows and Perring (Homoptera:
Aleyrodidae) (Fig. 2 in Liu and Stansly 1998). How-
ever, they ignored the variable developmental rate
among individuals and organized the oviposition and
survivorship based on adult age (Fig. 3 in Liu and
Stansly 1998). Van Steenis (1993) reported the intrin-
sic rate of increase ofAphidius colemaniViereck based
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on the adult age. His data of lxwere given with an age
interval of 1 d as 13.71, 14.71, etc., which is apparently
based on the mean of the female developmental pe-
riod(12.7�0.21[SE]d)(Table3 invanSteenis 1993).
It resulted in an odd age interval of 0.71 d for the Þrst
age group (0 � 0.71 d). The above examples show that
if the age-speciÞc life table is constructed based on the
mean of developmental period, it is inappropriately
assumed that all females emerged on the same day, and
variation in the developmental time is ignored. It then
results in the problem that the Þrst age group has an
odd age interval, which in turn, causes more difÞcul-
ties when those lx and mx are used in simulation. A
similar predicament can be seen in Abou-Setta et al.
(1986). Chi (1988) and Chi and Yang (2003) discussed
in detail the differences between the traditional fe-
male life table and the age-stage, two-sex life table and
showed the inaccuracies of fecundity curve con-
structed using adult age or artiÞcially constructed
nonoverlapping stages.

In summary, age-stage life table studies at various
conditions in both laboratory and Þeld provide irre-
placeably comprehensive data for modeling popula-
tion dynamics and predatorÐprey dynamics. Because
the parasitism rate of a parasitoid varies with its age,
it is impossible to describe the parasitoidÐhost rela-
tionship by using models based only on the total pop-
ulation sizes of parasitoid and host. Although study of
parasitism rate based on life tables is very tedious and
difÞcult, it is the only reliable way to get a compre-
hensive and thorough understanding of the parasi-
toidÐhost relationship. Moreover, because of the vari-
able susceptibility to pesticides and biological control
agents of different pest stages, a stage-structured pop-
ulation model gives better prediction on the timing of
control (Chi 1990).

We showed a number of possible errors that may
occur when applying the female age-speciÞc life table
to a two-sex population. Ecologists may want to con-
sider quantifying these errors. Because the error de-
pends on the overlap between stages, sex ratio, and
preadult mortality, a general quantiÞcation on the
error is impractical. However, the inappropriate as-
sumptions in applying the female age-speciÞc life ta-
ble theory to a two-sex population should be seriously
taken into consideration. Using the age-stage, two-sex
life table, both sexes are included, and stage differen-
tiation existing in insect life history can properly be
described. We recommend that the age-stage, two-sex
life table should be used in insect demographic stud-
ies.

In this paper, we discussed the cohort life table data
collected in the laboratory where the age and stage of
every individual are known. However, when stage-
structured data of a population are collected from Þeld
studies through sampling, it is difÞcult to determine
the age of individuals. Manly (1990) discussed this
problem. Whether the methods of Manly can be ap-
plied to the age-stage, two-sex life table needs further
study.

With the increasing awareness of the shortage of
resources, life table studies of interacting populations

will certainly play an important role in ecosystem
management and pest control for a sustainable agri-
culture. In theoretical ecology, life table studies in-
corporating age-stage speciÞc predation and/or par-
asitism rate will surely play an important role in the
elucidation of predatorÐprey and parasitoidÐhost re-
lationships.
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aphids. Kontyû. 44: 234Ð253.

Takada, H. 2002. Parasitoids (Hymenoptera: Braconidae,
Aphidiinae; Aphelinidae) of four principal pest aphids
(Homoptera: Aphididae) on greenhouse vegetable crops
in Japan. Appl. Entomol. Zool. 37: 237Ð249.

Tang, Y., and Z. Chen. 1984. Preliminary study on the biol-
ogy and the ecology of Aphidius gifuensis (Ashmead). J.
Fujian Agric. College. 13: 119Ð125.

Tang, Y. Q., S. L. Lapointe, L. G. Brown, and W. B. Hunter.
1999. Effects of host plant and temperature on the biol-
ogy of Toxoptera citricida (Homoptera: Aphididae). En-
viron. Entomol. 28: 895Ð900.

Tao, C. C. 1972. Integrated control of cruciferous vegetable
aphids in Taiwan. Taiwan Agric. Qtly. 8: 140Ð154.

Tsai, J. H., and J. J. Wang. 2001. Effects of host plants on
biology and life table parameters ofAphis spiraecola (Ho-
moptera: Aphididae). Environ. Entomol. 30: 44Ð50.

vandenBosch,R., P. S.Messenger, andA.P.Gutierrez. 1973.
An introduction to biological control. Plenum, New York.

VanSteenis,M. J. 1993. Intrinsic rate of increase ofAphidius
colemani Vier. (Hym., Braconidae), a parasitoid of Aphis
gossypii Glov. (Hom., Aphididae), at different tempera-
tures. J. Appl. Entomol. 116: 192Ð198.

Wei, J., T. Li, R. Kuang, Y. Wang, T. Yin, X. Wu, L. Zou, W.
Zhao, J. Cao, and J.Deng. 2003. Mass rearing ofAphidius
gifuensis (Hymenoptera: Aphidiidae) for biological con-
trol of M. persicae (Homoptera: Aphididae). Biocontrol
Sci. Technol. 13: 87Ð97.

Zar, J. H. 1999. Biostatistical analysis, 4th ed. Prentice Hall,
Upper Saddle River, NJ.

Received for publication 8 September 2004; accepted 14
September 2005.

February 2006 CHI AND SU: LIFE TABLES OF A. gifuensis AND M. persicae 21


