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ABSTRACT Raw data analysis of an age-stage, two-sex life table, incorporating variable
development rates among individuals, is described, using data obtained from rearing the
potato tuberworm, Phthorimaea operculella (Zeller) (Lepidoptera: Gelechiidae). The intrin-
sic rate of increase is calculated with respect to both sexes. The stable age-stage distribution,
stable age distribution, and the stable stage distribution are also calculated. Different results
are obtained when the same data are analyzed using the traditional age-specific life table
(Leslie matrix or Birch's method). These differences occur because the traditional age-specific
life table deals only with female populations and does not take variable development rates
among individuals into account. The relationship between the net reproduction rate and
mean female fecundity in the age-stage, two-sex life table is described by a simple formula.
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LIFE TABLE STUDIES are fundamental to not only
demography but also to general biology. In such
studies, development times and survival rates of
each stage, longevity of adults, and the daily fe-
cundity of females are recorded for every individ-
ual. Using elementary statistics, means and stan-
dard deviations can be calculated. In traditional
life-table analysis, these means are used to calculate
age-specific survival rates and age-specific fecun-
dity using either the Leslie matrix (Leslie 1945) or
Birch’s method (Birch 1948). These procedures have
been widely used by researchers in many different
fields (Laing 1969, Shih et al. 1976, Cave & Gu-
tierrez 1983, Vargas et al. 1984, Carey & Vargas
1985). However, variation in development rate is
well known, even when a population is kept under
constant laboratory conditions. The range of vari-
ation depends on many factors (for example, tem-
perature and food). To assume that all individuals
have the same development rate is biologically un-
realistic and may be misleading. Therefore, igno-
rance of such variation when using either the Leslie
matrix or Birch’s method should be carefully con-
sidered. One method of incorporating this variation
is the use of distributed delay theory in modeling
(for example, Gutierrez et al. 1984, Plant & Wilson
1986). On the other hand, Chi & Liu (1985) de-
veloped an age-stage life table theory for both sexes,
incorporating variable developmental rates among
individuals. In comparison with the distributed de-
lay models, Chi & Liu’s model is different in that
both sexes were included, and variation in devel-
opment rates was integrated sequentially for all
stages and expressed in the form of a stage distri-
bution. The stage structure of a population can also
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be calculated in Chi & Liu’s model. Furthermore,
most life-table analyses have been concerned only
with the “female” population. Most lepidopteran,
coleopteran, and orthopteran pests are not parthe-
nogenetic, however, and both males and females
are economically important. Moreover, the devel-
opment rate may differ between the sexes. Suscep-
tibility to either chemical or biological control agents
may be quite variable among stages and sexes. These
and many other differences among stages and sexes
explicitly point out the inadequacy of the female
age-specific life table. In addition, whether to cal-
culate the intrinsic rate of increase of a “female”
population or of the population as a whole is a
central question in ecology. In the theoretical mod-
el of Chi & Liu (1985), the population parameters
are calculated with respect to both sexes and in-
corporating variable developmental rates among
individuals. However, the major obstacle in taking
the variable developmental rates and the male pop-
ulation into account is the difficult and tedious work
of applying the age-stage, two-sex life table theory
to the raw data analysis. The purpose of this paper
is to describe a method for applying Chi & Liu's
(1983) theory to the raw data collected from a life
table study, using data obtained from potato tu-
berworm, and then to compare the results obtained
by using Leslie matrix theory (Leslie 1943). The
relationship between the primary sex ratio of a
cohort and the net reproduction rate is derived. A
simulation example is also given to illustrate the
general features of results obtained in simulation
work based on the age-stage two-sex life table.

Materials and Methods

Life History Study of Potato Tuberworm. A
culture of the potato tuberworm, Phthorimaea
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Table 1. Descriptive raw data of life history for individual potato tuberworms and the daily fecundity of each female
Individuals®
Day 1 2 3 4 3 6 7 S 9 10 11 12 13 14 15 16 17 18 19 20
M F F F M F M F F M M F F M F F M F N N
1 E E E E E E E E E E E E E E E E E E E E
2 E E E E E E E E E E E E E E E E E E E E
3 E E E E E E E E E E E E E E E E E E E E
4 E E E E E E E E E E E E E E E E E E E E
3 E E E E E E E E E E E E E E E E E E E E
6 E E E E E E E E E E E E E E E E E E E E
T L L L L L L L L L L; L L L L L L L L L L
8 L L L L L, L. L L L L, | L L L L L L L L L
9 L L L L L L L L L L L L L L L L L L L L
10 I Iz L L Iz L L L L L L L i L L L L L L L
11 L L L L I £ E L L L L L L L L L L L L E;
12 L L E L I L E L L L L L L 1L L L E: L L L
13 L L L L L L L L L, L L L L, L L L L L, L L
14 I I L L L L L L L L. L L L L L L L, L L L
15 E L L L L L L 1 L L L L L L L: L I L L
16 L L L L L L L L L L Ls L L L L L L L L. L
17 L P L, L I, L L L L L, L L I, L, L. L L T L —_
18 P P P L L L. L P L L L L L L L L L L L —
19 P P B P P P I P P P P P L L L L I L L ——
20 P P P P P P E: P P P P P P P P P L L P -
2] P P P P P P P P P P P P P P P P P P P —
22 P P P P P P P P P P P B P P P P P P P —
23 P P P P P P P P Vs P F P P P P P P P P —
24 P P P P E B P P P P P i P P P P P P P -
25 P P P P P P P P P P B B E P P P P P 154 —
26 P P P B P P P P P P P P P P P P B P B —
27 P B P P I P I 0 P B B P P P P P P P P -
28 P 0 0 P P P P 0 i P P P P P P P P B — —
29 P 124 22 0 E P P 0 E P P P P P P 24 P P — —
30 A 12 74 97 A 0 A 26 67 A P P 2 P P P P P — o
31 A 0 13 28 A 61 A 36 37 A A 735 90 A )5 100 A E — —
32 A 1 0 1 A 11 A 9 10 A A 48 5 A 44 17 A 9 — —
33 A 2 1 4 A 7 A 6 5 A A 12 12 A 53 4145 A 111 — -=
34 A 0 0 0 A 15 A 2 1 A A 4 [} A 11 8 A 27 — —
33 A 0 0 0 — 15 A 0 0 A A 1 0 A 15 0 A 4 — —
36 — 0 0 —_ — 2 A 0 4] — A 0 0 A 2 0 A 0 — —
37 — 0 0 - — 3 A 0 0 — A 0 0 A 0 0o — 0 — -
38 — - - -— — 4 — - 0 - — 0 0 A 0 0 — —_— e —
39 — —_ - — — 0 - — — — — — 0 — 0 0 — —_ = —
40 — — = — — 0 — — — — — — —_ — 0 _ — —_ — —
41 — —_ - —_ —_ 0 —_ — —_ —_ —_ —_ — — 0 _ - _ - —
T J
48 Em oms mE omm om0 EE =m0 g oE= B 2R B 2= o o o En oem =

¢ E, egg; L, larva; P, pupa; F, female; M, male; N, sex unknown.

operculella (Zeller) (Lepidoptera: Gelechiidae), was
obtained from the insectary colony of the Division
of Biological Control, University of California,
Berkeley. One hundred eggs laid on paper towels
during a 1-d period were collected. Each egg was
put on a potato tuber (grade B russet potato) and
kept in a glass jar (9 cm diameter, 15 em height)
containing 20 g of sand. After 10 d, tubers that did
not have the normal black feces were dissected to
assess larval mortality. When the larvae emerged
from the tubers to pupate in the sand, each indi-
vidual was placed in a separate plastic jar (4 cm
diameter, 4 cm height). As the adults emerged,
they were paired and kept in the same sized plastic
jar covered with a piece of paper towel for egg
laying. The daily survival of each adult and fe-
cundity of females was then recorded. Rearings
were conducted at 24°C.

The Raw Data and Basic Analysis. To simplify
this discussion, only the descriptive raw data for
20 randomly selected potato tuberworms out of the
original 100 individuals are listed in Table 1. The
sex ratio of these 20 individuals was similar to the
primary sex ratio of the original cohort. In Table
1 the daily history of all individuals from birth to
death, including daily fecundity of females, is re-
corded. The developmental stages are listed as egg,
larva, pupa, and adult. The sexes of individual adults
were distinguished as male (M), female (F), or un-
known (N, those that died before the adult stage).
A dash is used to indicate a dead individual, and
the numerals indicate the number of eggs depos-
ited. The data in Table 1 are then reorganized for
Table 2, the statistical summary table. In Table 2,
the developmental time for each stage is summa-
rized for each individual. The means of each stage,
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Table 2. Quantitative raw data of life history for individual potato tuberworms

Developmental stage

Daily fecundity

No Sex (d)
Egg Larva Pupa Adult 1 2 3 4 3 6 7 8 9 10 I1 12 13 14
1 M 6 11 12 6
2 F 6 10 11 10 0 124 12 0 4 2 0 0 0 0
3 F 6 11 10 10 0 22 74 13 0 1 0 0 0 0
4 F 6 12 10 7 0 97 28 1 4 0 0
b] M 6 12 11 5
6 F 6 12 11 14 0 61 11 7 15 13 2 3 4 o 0 0 0 0
7 M6 13 10 8
8 F 6 11 9 11 0 0 0 26 36 9 6 2 0 0 0
9 F 6 12 11 9 67 37 10 5 1 0 0 0 0
10 M6 12 11 6
11 M 6 12 12 7
12 F 6 12 12 5 75 48 12 4 1 0 0 0
13 F 6 13 10 10 2 90 5 12 0 0 0 0 0 0
14 M 6 13 11 b
15 F 6 13 12 10 44 53 11 15 2 0 0 0 0 0
16 F 6 13 11 9 100 17 45 8 0 0 0 0 0
17 M 6 14 10 6
18 F 6 14 11 6 9 111 27 4 0 0
19 N 6 13 8d*  —
20 N 6 10d* — o
Means E 6 121 107 9.3 27 60 21 8.6 5.7 25 08 06 05 0 0 O O O
M 6 124 11.0 6.6

2d, death of individual during the stage

as well as of the daily fecundity, are calculated.
The range of maturation (total preadult period) is
26-31 d with a mean of 29.06 d. Assuming that all
females emerged on the same day, the data in
Table 2 are usually displayed in a figure with I/,

and m, curves (Fig. 1), or a table of [, and m,
starting from the first egg-laving age. Because the
traditional age-specific life table does not take stage
differentiation into account, no proper way for stage
grouping can be found. The simplest way is to use
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Fig. 1. The curves of age-specific survival and fecundity (m,) rates of the potato tuberworm (female population
only), constructed by using the means of developmental times (assuming that all females emerged at the same
time). The stage grouping is questionable.
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Fig. 2. The curves of age-stage specific survival rate and fecundity (m,) of the potato tuberworm, constructed

using a two-sex life-table analysis. Variable development rate is included without assuming all adults emerged on

the same day. Both males and {emales are included.

the rounded means of each stage to divide the life
span into stages. This method has been used by
researchers (for example, Evans & Smith 1952, Ca-
rey 1982) and then cited in textbooks (for example,
Fig. 5.4 of Pianka 1983, 109). However, the sum
of the means of each preadult stage does not nec-
essarily equal the mean of total preadult devel-
opmental period for all individuals. This inconsis-
tency will result in problems with setting stage
intervals on the time axis of the survival curve.
This is one dilemma in using the traditional life
table and also one of the reasons proper stage
grouping is impossible in traditional age structure
population theory. Many life tables based on the
mean of preadult development time can be found
in the literature (Laing 1969, Carey 1982, 1984a, b,
Shih et al. 1976, Vargas et al. 1984). The most
frequently cited references are Lewis (1942), Leslie
(1945, 1948), Birch (1948), and Andrewartha &
Birch (1934). Using the traditional age-specific life
table, the intrinsic rate of increase, the net repro-
duction rate, and the mean generation time were
calculated. These results are listed in Table 4 for
comparison with the results of two-sex life table
analysis.

However, if we follow the daily change in Table
1 and draw the numbers of each stage into curves,
a clear overview can be obtained (Fig. 2). In Fig.
2, we can see the development of eggs to the sub-
sequent stages, the emergence of males and fe-
males, and the reproductive curve of this popula-

tion. This figure illustrates the original features of
development rate, survivorship, and fecundity of
this population. If Fig. 1 and 2 are compared with
the raw data in Table 1, obvious discrepancies can
be noticed in fecundity and survival curves. In Fig.
1, where the mean of preadult developmental time
was used, the females emerged and began to lay
eggs on the 30th day; however, according to Table
1, the first female emerged on the 27th day and
the first egg-laying began on the 29th day. Also,
the shape of the fecundity curve in Fig. 1 is quite
different than that in Fig. 2, where the age is count-
ed from the egg and without assuming that all the
females emerged on the same day. On the contrary,
when calculating the daily mean fecundity in Ta-
ble 2 and Fig. 1, we have added together the eggs
laid by different individuals on different days. This
is a questionable procedure. Furthermore, there
are two other important differences in these figures.
First, the survival curve in Fig. 1 refers only to the
fermnale population, whereas the survival curve in
Fig. 2 refers to the total population. Second, be-
cause of the difficulty in distinguishing between
the sexes during the preadult stages, the preadult
mortality certainly contains both males and fe-
males. This mortality cannot be properly included
if only the female population is considered. Based
on the curves of the age-stage specific survival rate
and fecundity (Fig. 2), the theoretical basis of two-
sex life tables, incorporating variable development
rates among individuals, was developed (Chi & Liu
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Table 3. Change of number in each stage during the
life history

Stage Daily Eags/e
Day total E£Zs/
’ Egg Larva Pupa Female Male eggs (fia)
B B0 e e omm s _ —
2 20 0 — - - _ _
5w — - = — = =
4 20 - - -  — o _
£ B e s oms s _ _
B B0 e osw es e _ _
7 - 20 - - _ =
s — 20 - - - . o
U A o
0 == B e ows s _ _
8 S, S — _ _
12— 20 - = - — e
35 = 20 - = - g _
£ = By e e s _ _
5 — 20 - = = _ —
5 — 20 - - — — _
7 — 18 L, B = i
18 — 15 4 - —_ S s
19 — 8 11 — —_ - i
20 — 2 17 — — — —
21 — — 19 — = — =
23 — — 19 — — — —
23 == i 19 — — — —_
B  sm sen 18 = e = —
%3 — — 1 - - = e
BE e, 1O =2 o e _
2 e e B P e 0 0
28 —_ —_ 15 3 — 0 0
29 — — 14 4 — 146 36.50
30 — - T 7 4 278 39.71
31 — — 2 9 i) 440 +45.59
32 — — — 11 7 138 14.36
33 — — - 11 7 258 23.43
34 — — — 11 T 68 6.18
35 — — — 11 6 35 3.18
36 — - - 10 4 4 0.40
37 — — — 10 3 3 0.30
38 — — —_ 6 1 4 0.67
39 — —_ — 4 — 0 0
40 — — — 2 — 0 0
g, | ome o o g o 0
2 o= = = [ 0 0
3 — = - L — 0o 0

1983). The detailed procedures for analyzing raw
data are described below.

Two-Sex Life Table Analysis. According to Chi
& Liu (1985), the population structure can be de-
scribed by using an age-stage-matrix N with n rows
and m columns (n is the number of age groups and
m is the number of stage groups). In this model,
the survival rate is considered as a composition of
the growth (getting older in the same stage) and
development rates (getting older and developing
to the next stage). This concept is consistent with
reality but makes the raw data analysis more dif-
ficult. The first step in the two-sex life table analysis
is to reduce Table 1 to a stage frequency table
(Table 3). In Table 3 the daily number of individ-
uals in each stage is recorded from the birth to the
death of this cohort. Then, using Tables 1 and 3,
we can estimate the probability of an individual
in age i and stage j growing to age i + 1 but
remaining in stage j after one age interval (the age-

Vol. 17, no. 1

Table 4. Population parameters of potato tuberworms
calculated using a two-sex life-table analysis and the Les-
lie matrix approach

Parameter Two-sex life table Leslie matrix
Intrinsic rate (r) 0.136 0.127
Net reproduction rate (Rp) 69.7 53.6
Mean generation time (T) 31.2 313

stage-specific growth rate, g, ), and the probability
of developing to stage j + 1 at age i + 1 (the age-
stage-specific developmental rate, d,). For exam-
ple, there are 15 larvae and 4 pupae on the 18th
day; according to Tables 1 and 3, 8 larvae from
these 15 larvae have grown older in the larval stage,
therefore g, = 8/15 or 0.53. On the other hand,
7 larvae developed to the pupal stage, therefore
d,y. = 7/15 or 0.47. Obviously, g, equals 1. The
pupal stage represents a special case. The pupae
can either develop into males or femnales. The prob-
ability of a pupa (in this example, n,;) developing
into a female (n,.,,) is d,;; the probability of a pupa
(n,) developing into a male (n, ;) is d,,. For ex-
ample, in Table 3 there are 14 pupae and 4 females
on the 29th day. After 1 day, there are 7 pupae, 7
females, and 4 males. According to Tables 1 and
3, 3 of these 14 pupae developed into females and
4 into males. Therefore, d,,, = 3/14 and dy, =
4/14, while g.,, = 7/14 and g,,, = 1. These ele-
ments of the matrices G and D are given in the
Appendix. The age-stage-specific fecundity of fe-
males (f,) is calculated as the number of eggs per
female and is listed in Table 3. All the remaining
elements in the fecundity matrix (matrix F) are
zero.

Based on matrices G, D, and F, the age-stage-
specific survival rate matrix S (Appendix), as well
as the population parameters. can be calculated by
following the methods of Chi & Liu (1985).

Results and Discussion

Population Parameters. The intrinsic rate of in-
crease, r, the net reproduction rate, R,, and the mean
generation time, T, are listed in Table 4. The stable
age-stage distribution calculated as described in
Chi & Liu (1983) is displayed in Fig. 3. The pop-
ulation parameters calculated using traditional age-
specific life tables (Leslie matrix or Birch’s method)
showed obvious differences when compared with
the results obtained from the age-stage, two-sex life
table analysis. These differences arise because the
Leslie matrix does not take the male population
and variable development rates among individuals
into account. As mentioned previously, the concept
of a “female’ life table is quite abstract for a bi-
sexual population. There are many reasons to ques-
tion the meaning of the intrinsic rate of increase
of the “female” portion of a bisexual population,
especially when males and females have different
development rates and longevity.

Female Fecundity and Net Reproduction Rate.
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Table 3. Change of number in each stage during the
life history

Daily

Egg Larva Pupa Female Male eggs 4
1 20 - — — — — —
2 20 - — — — _— —
3 20 — — — — —_— s
4 20 - == = = . i
5 20 — — — — — =
6 20 — -— . —— — ==
7 — 20 —_ = — = =
8 — 20 — - o — —
9 — 20 — — = — —
10 — 20 s — — = e
11 - 20 = — —_ e ==
12 . 20 — = -_ =5 =
13 - 20 — = - —_ —
14 — 20 B == - —_ s
15 — 20 — — — - ==
16 — 20 — - — — —
7 == 18 1 — ~— — —
18 - 15 4 — — — —
19 — 8 11 — — — —
20 — 2 17 - — — -—
21 — = 19 — = — —
22 — == 19 —_— — — —
23 — - 19 -—_ = = -
24 — - 19 - it == ==
25 — —_— 19 —_ - — =
26 = = 19 = — — —
27 — — 15 1 — 0 0
28 — — 15 3 — 0 0
29 - - 14 4 —_— 146 36.30
30 — — 7 7 4 278 3871
31 — — 2 9 7 440 45.89
32 — — — 11 7 138 1436
33 - - — 11 7 238 23.45
34 — — - 11 T 65 6.18
33 — e == 11 6 33 3.18
36 = — — 10 4 4 0.40
37 — e — 10 3 3 0.30
38 — — — 6 1 4 0.67
39 - — - 4 — 0 0
40 = - — 2 — 0 0
41 — — — 2 s 0 0
42 — — — 1 e 0 0
3] — — — 1 - 0 0

1983). The detailed procedures for analyzing raw
data are described below.

Two-Sex Life Table Analysis. According to Chi
& Liu (1983), the population structure can be de-
scribed by using an age-stage-matrix N with n rows
and m columns (n is the number of age groups and
m is the number of stage groups). In this model,
the survival rate is considered as a composition of
the growth (getting older in the same stage) and
development rates (getting older and developing
to the next stage). This concept is consistent with
reality but makes the raw data analysis more dif-
ficult. The first step in the two-sex life table analysis
is to reduce Table 1 to a stage frequency table
(Table 3). In Table 3 the daily number of individ-
uals in each stage is recorded from the birth to the
death of this cohort. Then, using Tables 1 and 3,
we can estimate the probability of an individual
in age i and stage j growing to age i + 1 but
remaining in stage j after one age interval (the age-
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Table 4. Population parameters of potato tuberworms
calculated using a two-sex life-table analysis and the Les-
lie matrix approach

Parameter Two-sex life table Leslie matrix
Intrinsic rate (r) 0.136 0.127
Net reproduction rate (Rq) 69.7 33.6
NVean generation time (T) 31.2 31.3

stage-specific growth rate, g,), and the probability
of developing to stage j + 1 at age i + 1 (the age-
stage-specific developmental rate, d,)). For exam-
ple, there are 15 larvae and 4 pupae on the 18th
day; according to Tables 1 and 3, 8 larvae from
these 15 larvae have grown older in the larval stage,
therefore g5, = 8/15 or 0.53. On the other hand,
7 larvae developed to the pupal stage, therefore
d,,, = 7/15 or 0.47. Obviously, g, equals 1. The
pupal stage represents a special case. The pupae
can either develop into males or females. The prob-
ability of a pupa (in this example, n,;) developing
into a female (n,.,,) is d,;; the probability of a pupa
(n,) developing into a male (n,.,;) is d,,. For ex-
ample, in Table 3 there are 14 pupae and 4 fernales
on the 29th day. After 1 day, there are 7 pupae, 7
females, and 4 males. According to Tables 1 and
3, 3 of these 14 pupae developed into females and
4 into males. Therefore, d.;; = 3/14 and d,, =
4/14, while g, = 7/14 and g.,, = 1. These ele-
ments of the matrices G and D are given in the
Appendix. The age-stage-specific fecundity of fe-
males (f,,) is calculated as the number of eggs per
female and is listed in Table 3. All the remaining
elements in the fecundity matrix (matrix F) are
zZero.

Based on matrices G, D, and F, the age-stage-
specific survival rate matrix S (Appendix), as well
as the population parameters, can be calculated by
following the methods of Chi & Liu (1985).

Results and Discussion

Population Parameters. The intrinsic rate of in-
crease, r, the net reproduction rate, R, and the mean
generation time, T, are listed in Table 4. The stable
age-stage distribution calculated as described in
Chi & Liu (19853) is displayed in Fig. 3. The pop-
ulation parameters calculated using traditional age-
specific life tables (Leslie matrix or Birch’s method)
showed obvious differences when compared with
the results obtained from the age-stage, two-sex life
table analysis. These differences arise because the
Leslie matrix does not take the male population
and variable development rates among individuals
into account. As mentioned previously, the concept
of a “female” life table is quite abstract for a bi-
sexual population. There are many reasons to ques-
tion the meaning of the intrinsic rate of increase
of the “female” portion of a bisexual population,
especially when males and females have different
development rates and longevity.

Female Fecundity and Net Reproduction Rate.
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Appendix
Matrix G: Age-stage specific growth rate Matrix D: Age-stage specific development rate

Age Egg Larva Pupa Female Male Age Egg Larva Pupa Female Male
1 1.00 — — — — 1 0.00 — — —_ —
2 1.00 — — — - 2 0.00 — — — —
3 1.00 — — — — 3 0.00 e — — —
4 1.00 — — — — 4 0.00 — — — —_
5 1.00 — — — — 5 0.00 — — — —
6 0.00 — — — — 6 1.00 — — — —
ki — 1.00 — — — 7 — 0.00 — — —_
8 — 1.00 — — - s — 0.00 — — -
9 — 1.00 s — — 9 — 0.00 — — —
10 — 1.00 — — — 10 — 0.00 — — —
11 - 1.00 — — — 11 — 0.00 — — ==
12 — 1.00 — — — 12 — 0.00 — — —
13 — 1.00 — -— — 13 — 0.00 — — —
14 — 1.00 - — — 14 —- Q.00 — — —
15 — 1.00 — — — 15 - 0.00 — — —
16 - 0.90 — —_ — 16 — 0.05 — — —_
17 — 0.83 1.00 — — 7 — 017 0.00 0.00 —
] — 0.53 1.00 —— — 18 — 0.47 0.00 0.00 —
19 - 025 1.00 = — 19 — 075 0.00 0.00 —
20 — 0.00 1.00 - — 20 — 1.00 0.00 .00 —
21 — — 1.00 - — 21 — — 0.00 0.00 —
22 — — 1.00 - — 22 — — 0.00 .00 -
23 o — 1.00 — — 23 — - 0.00 0.00 ——
24 — — 1.00 — — 24 —_ —_ 0.00 0.00 —
25 — — 1.00 _ - 25 2o - 0.00 0.00 -
26 — — 0.95 e — 26 - — 0.03 0.00 —
a7 — — 0.83 1.00 — 27 - — 0.11 0.00 —
28 — — 0.93 1.00 — 28 — — 0.07 0.00 —
29 — — 0.50 1.00 — 28 - - 0.21 0.29 —
30 —_ — 0.29 1.00 1.00 30 - — 0.29 043 —
31 — — 0.00 100 1.00 31 — - 1.00 0.00 -
32 — — — 1.00 1.00 32 — — — — —
33 — — = 1.00 1.00 33 — — — — —
34 — — — 1.00 0.56 34 - — — — —
33 - — — 0.91 Q.67 35 C = — — —
36 — —_ — 1.00 0.73 36 —_ - — — —
37 — —_ — 0.60 0.33 37 — — — — -
38 — — — 0.67 0.00 38 — — — — —
39 - —- — 0.50 - 39 — — — - —-
40 — — — 1.00 — 40 — — - — —
41 — — — 0.50 — 41 — - — — —
42 — — — 1.00 = 42 — — — — —
43 — — — 0.00 — 43 — —- — — -

Female fecundity is usually defined as the mean
number of eggs per female, while the net repro-
duction rate is defined as R, = =I,m, (the number
of female offspring per female). Obviously, both
of them are calculated from the same data (Table
1). Is there any relationship between these two
values? Table 5 lists some data from the literature.
All these data were calculated using the Leslie ma-
trix or Birch’s method. The sex ratios are included
when available. No relationship between the mean
fecundity and the net reproductive rate is appar-
ent. As only females are considered, one can cal-
culate m, by counting the eggs laid daily, rearing
them to the adult stage, then counting the number
of females. One can omit the last two steps by using
the sex ratio of the parent population, or by assum-
ing a 1:1 sex ratio. Although sex determination by
the first method is very tedious and sometimes im-
possible, assuming a 1:1 sex ratio or using the sex
ratio of the parent generation is a questionable
procedure because of generation-to-generation
variation.

However, in the two-sex life-table analysis, the
relationship between these two values can be de-
rived as follows. By starting with N eggs, the sur-
vival number to each age-stage class is N-g,, and
the total number of eggs laid by the adults emerged
from these original N eggs is

2 2 Nsf, (1)

If N, females emerged from these N eggs, then
the mean fecundity (F) per female is

2 (2 i NS.}f-;)/Nf (2)

=1 gmi
In the two-sex life table, the net reproduction
rate is defined as R, = =Zs,f,. Therefore, the re-
lationship between F and R, is from equations (1)
and (2)
F = (N/N)R,

This formula can be rewritten as R, = F(N,/N),



(]
1o

Matrix S: Survival rate to each age-stage interval
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Age Egg Larva Pupa Female Male
1 1.00 — — — -—
2 1.00 — —_ — —-
3 1.00 —_ £ —_ —
4 1.00 — e —_ —
5 1.00 — = e —
6 1.00 — — — —
7 — 1.00 E= — —
8 - 1.00 —_ — —
9 — 1.00 —_ — —

10 —_ 1.00 — — —
11 — 1.00 — — —
12 — 1.00 — — —
13 —_ 1.00 —_ —_ —
14 —_ 1.00 -_ — —
15 — 1.00 _— — —
16 - 1.00 - —_ —_
17 — 0.90 0.03 — —_
15 — 0.75 0.20 — —
19 — 0.40 0.53 — —
20 — 0.10 0.55 — -
21 — — 0.95 - —
22 — — 0.95 = =
23 — _— 0.95 - -
24 — — 0.95 — —

25 —_ — 0.95 -_ —_

26 — — 0.95 — s

27 —- — 0.90 0.05 —

28 —_ —_ 0.75 0.15 —

29 — — 0.70 0.20 —

30 — — 0.35 0.35 0.20

31 - — 0.10 0.45 0.35

32 — — — 0.55 0.35

33 - — — 0.35 0.35

34 — —_ — 0.55 0.35

35 — —_ = 0.55 0.30

36 — — s 0.50 0.20

37 — - -— 0.50 0.15
38 — -— == 0.30 0.05
39 — — — 0.20 —
10 — —_ — 0.10 —

41 — e e 0.10 —

42 —_ == = 0.03 —

43 — — — 0.03 —

where N,/N is the proportion of these N eggs which
develop into females. The F obtained by using the
above formula gives the same value as that ob-
tained by using routine statistics. The absence of a
clear relationship between the values for R, and F
(Table 5) obtained by using the Leslie matrix or
Birch’s method is a consequence of the assumption
that all individuals have the same developmental
rate, which results in the fecundity curve of each
individual being moved to the same day.

Simulation of Population Growth. Without tak-
ing the male population and variable development
rates into account, simulating population growth
generally generates a single curve—the total fe-
male population without stage grouping. This is
inconvenient for simulation work in both theoret-
ical and applied research. Ignoring developmental
variation may also result in inaccurate simulations.
According to Chi & Liu (1985), the total population
size N, is given by

N, = 2 E n,

i=1 je=1
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Fig. 3. The stable age-stage distribution of the potato

tuberworm. Males and females comprise <1% of the
stable population.

and the total number of individuals in stage j is

N,= 2 n,
=1

Therefore, in the simulation based on the age-
stage, two-sex life table, the curves for each stage
and for the total population can be obtained. In
Fig. 4, unlimited population growth of the potato
tuberworm is simulated starting with 100 eggs. The
result gives a complete age-stage description for
each time period.

Conclusions

Variation in development rate is a common phe-
nomenon in biology, and ignoring this variation
results in changes in the survival and fecundity
curves. These changes, in turn, affect the precision
of the life tables that are constructed. Two-sex life-
table analysis offers the following advantages: since
it takes variability in development rate among in-
dividuals into account, it is more realistic than those
based only on the means of development times; it
deals with the total population (male, female, and
those that die before the adult stages); and in sim-
ulation studies it accounts for the complete age-
stage distribution of the population. The last point
is important because we sample only specific stages
in field studies, ditferent stages have different sus-
ceptibilities to insecticides, and there are very dif-
ferent behavioral patterns between stages.

Even in parthenogenetic populations, develop-
ment rate varies. For precise data analysis, life-
table studies of these populations should also be
analyzed using the two-sex life table but ignoring
the male column. For parthenogenetic populations,
one can easily prove whether using the means to
construct life tables will result in serious errors. By
ignoring the stage differentiation and counting the
age from the day the eggs were laid, then calcu-
lating the age-specific survival rate and fecundity,
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Table 5. Data of mean fecundities (F), net reproduction rates (Rg), and sex ratio of some insects and mites species

cited from the literature

Species F Ro Sex ratio Reference
Spodoptera litura 1,587 405.91 1:1 Chen & Hsiao (1984)
Spodoptera litura 1,218 262.62 1.78:1 Chen & Hsiao (1984)
Lygus hesperus 497 6.09 Unavailable Cave & Gutierrez (1983)
Tetranychus urticae 37.9 30.93 2.9:1 Laing (1969)
Tetranychus urticae 103.3 74.84 16:8 Carey & Bradley (19582)
Tetranychus pacificus 789 44.65 15:9 Carey & Bradley (19582)
Tetranychus urticae 143.9 97.4 Unavailable Shih et al. (1976)

Dacus cucurhitae 550.6 255.4 1:1 Vargas et al. (1984)

Dacus dorsalis 1,428.2 4185 1:1 Vargas et al. (1984)
Ceratitis capitata 994.6 317.5 121 Vargas et al. (1984)
Hypoaspis aculeifer 87 36.1 4:1 Chi (1981)

Pediobius foveolatus 58.0 50.9 Unavailable Kauffman & Flanders (1985)
Epilachna varivestis 621.4 76.4 Unavailable Kauffman et al. (1985)

the population parameters obtained will be exactly
the same as when using the two-sex life table. Fur-
thermore, for any two-sex population, including
the males as non-egg-layving females while ignoring
the stage, the population parameters obtained are
the same as when using the age-stage, two-sex life
table. These results support the age-stage, two-sex
life table theory. However, using the Leslie matrix
or Birch's method, it is not possible to draw the
stage curve. The difference between the results
obtained using the age-stage, two-sex life table and
a traditional age-specific life table depends on the
variation in development rates and the primary sex
ratio. Since the mean duration of preadult stages
is always greater than the first adult emergence,
the m, curve in traditional age-specific life tables
starts later than the true one. This results in a de-
crease in the intrinsic rate of increase. However,
using the mean development times also moves the
fecundity curves of each individual closer to the
mean of the preadult stage. This generally results
in a higher peak on the m, curve and an increase
in the intrinsic rate of increase. These effects are
well known in demography (e.g., see Price 1984,
chapter 10). Thus these two phenomena have a
compensatory effect, decreasing the difference be-
tween the population parameters obtained using
traditional life table and using the age-stage, two-

Tog(N+1)
Tog(N+1)

Fig. 4. Simulation of the population growth of the
potato tuberworm based on a two-sex life table.

sex life table, especially when the primary sex ratio
is close to 1:1. But many significant differences can
be noted, some mentioned above. It is not possible
to group stages properly using an age-specific life
table. The true population can be described prop-
erly only when the male population is included—
one should not assume that the size of the male
population can be obtained by multiplying the
number of females by a simple index (for example,
sex ratio), as in many species the males have dif-
ferent developmental rates and longevity. Stage
differentiation is not only a fascinating phenome-
non in the biology of arthropods but also in quan-
titative population ecology. Differences in behav-
ior, habitat, susceptibility to control agents, and
many other factors illustrate the importance of in-
formation concerning the stage structure of a pop-
ulation. Stage structure will undoubtedly be an im-
portant part of proper timing of treatments in .P. M,

For a two-sex, age-stage analysis of raw data,
the author has developed a user-friendly computer
program called LIFETABL, written in BASIC and
implemented on an IBM-PC microcomputer. The
output includes color graphics utilities, Interested
readers should contact the author for further in-
formation.
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