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Abstract 

In the study of life tables, scientists usually 

begin with a single cohort and record survival, 

development, and fecundity until the death of all 

individuals.  Because it is extremely time- 

consuming, the replication of life table studies is 

generally impractical.  To estimate the vari- 

ability of life table statistics, jackknife and 

bootstrap techniques are usually used.  However, 

the biological meaning of these statistical 

procedures is not yet fully understood.  In this 

paper, we assessed the use of the jackknife and 

the bootstrap in estimating the variability of the 

net reproductive rate and gross reproductive rate.  

Life table data for the melon fly, Bactrocera 

cucurbitae (Diptera: Tephritidae) reared on 

cucumber, sponge gourd, and carrot medium 

were used as examples.  Our results show that 

the jackknife is inadequate for the estimation of 

the variability of both the net reproductive rate 

and gross reproductive rate and may overestimate 

the variability. 
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Introduction 

Life table studies are essential in population 

ecology in both theoretical research and practical 

applications.  In most cases, researchers begin 

with a limited number of newborns and observe 

the development, survival, and fecundity at 

regular time intervals, e.g., days, from birth to 
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death (4).  To complete such a study usually 

requires a few months or a year (e.g., Tsai and 

Chi (26)).  Because it is extremely time- and 

labor-consuming, replication is an impractical or 

even impossible method for detecting the 

variability of the life table.  Therefore, only a 

single value can be obtained for each life table 

parameter (i.e., the intrinsic rate of increase, the 

net reproductive value, and the mean generation 

time) from the raw life table data, i.e., the daily 

survival rate, developmental rate, and fecundity 

for each individual of the cohort.  Despite the 

thorough development of life table theories (1, 6, 17, 

18, 20, 21, 22), no closed-form equations are available 

for the calculation of the variance of population 

parameters.  Therefore, differences between 

population parameters of different cohorts cannot 

be statistically tested.  Keyfitz (12) proposed the 

use of the jackknife method (27) for estimating the 

variance of the intrinsic rate of increase.  Since 

then, this method has been discussed and used for 

many animal populations (3, 5, 8, 11, 16, 23, 24).  

Efron (9) reported that the bootstrap technique is 

more reliable than the jackknife technique for 

estimating variances.  The variances obtained 

with the jackknife technique are usually much 

larger than those obtained with the bootstrap 

technique.  Both techniques are based on the 

resampling procedure of deleting or repeatedly 

choosing all data for specific individuals.  The 

statistical bases of these two techniques have 

been discussed in detail by Efron (9) and Efron 

and Tibshirani (10).  To date, the biological 

meaning of the estimated means, variances, and 

standard errors has been discussed less 

frequently. 

Kuczynski’s net reproduction rate (13) was 

one of the most important demographic 

parameters.  Kuczynski’s contribution has been 

frequently reviewed since its original publi- 

cation (25), although he identified the source of 

this concept as a work of Richard Boeckh 

published in 1890 (19).  The concept of net 

reproduction rate linked population growth not 

only with economic pressure (13) but also 

population projection (14, 15).  In view of its 

importance, the statistics of the net reproductive 

rate deserve special attention not only in ecology 

but also in pest management. 

The sources of biological variability can be 

environmental, genetic, or both environmental 

and genetic (i.e., a combined effect).  In life 

table studies, the limited number of individuals 

implies the limited genetic variability (small gene 

pool) of the experimental cohort.  It may not be 

possible to incorporate the actual variability of a 

population, and the use of random sampling 

contributes somewhat to the uncertainty of the 

calculation of population parameters.  In this 

paper, we explore the application of the jackknife 

and bootstrap techniques to the estimation of the 

net reproductive rate and the gross reproductive 

rate.  Life table data on the melon fly 

(Bactrocera cucurbitae) are used as an example.  
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Materials and Methods 

Life tables of the melon fly 

Melon flies were collected in a field used to 

grow vegetables. The flies were subsequently 

reared on cucumber (Cucumis sativus L.) in the 

laboratory.  Before the beginning of the life 

table studies, the colony was maintained for two 

generations on cucumber, carrot medium 

(mashed Daucus carota L. mixed with sucrose 

and yeast hydrolysate), and sponge gourd (Luffa 

cylindrica Roem).  The detailed methods used 

for insect rearing and life table analysis are 

reported in Huang and Chi (11). 

Demographic analysis 

The raw life history data were analyzed 

according to the age-stage, two-sex life table 

theory (6), and the method described by Chi (4).  

The net reproductive rate (R0) is calculated as 
∞

,                     (1) 

where lx is the age-specific survival rate and mx is 

the age-specific fecundity at age x.  The gross 

reproductive rate (GRR) is calculated as 

	.																							 2  

Jackknife technique 

For the jackknife and bootstrap techniques, 

we adopted the procedures of Meyer et al. (24) and 

Efron and Tibshirani (10) in this and the next 

section.  To apply the jackknife technique, we 

first calculate the net reproductive rate for all n 

individuals of the cohort (R0,all) with Equation 1 

as 

, 	,																							 3  

where lx and mx are calculated including all 

individuals in the cohort.  We then omit 

individual i and use the other n - 1 individuals to 

calculate the jackknife value of R0,i  as 

, 	,																									 4  

where lx and mx are calculated by omitting the 

data for individual i.  Next, we calculate 

R0,i-pseudo as 

, ∙ , 1 ∙ , 	.			 5  

The mean R0,J, variance , and standard error 

se(R0,J) according to the jackknife technique are 

calculated as 

,
∑ , 																		 6  

∑ , ,

1
									 7  

se , 	.																								 8  

The same method is used for the corresponding 

estimates of the gross reproductive rate, i.e., 

GRRi-pseudo, GRRJ, and the variance and standard 

error of GRRJ. 

Bootstrap technique 

In the bootstrap procedure, we randomly 

take a sample of n individuals from the cohort 

with replacement and calculate the R0,i-boot for this 

bootstrap sample as 
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where the subscript i-boot represents the ith 

bootstrap and lx and mx are calculated from the n 

individuals selected randomly with replacement.  

Generally, the data on the same individual are 

repeatedly selected.  We repeat this procedure m 

times (m > 200, according to Meyer et al. (24)) and 

compute the mean of these m bootstraps as 

,
∑ , .																				 10  

In this paper, we repeat the bootstrap 10,000 

times (m = 10,000).  The variance  and 

standard error se ,  of these m bootstraps 

can be calculated as 

∑ , ,

1
													 11  

se , 	.																							 12  

The same method is used for the corresponding 

estimates of the gross reproductive rate, i.e., 

GRRi-boot, GRRB, and the variance and standard 

error of GRRB. 

Results and Discussion 

The estimated means and standard errors of 

the net reproductive rates and gross reproductive 

rates of B. cucurbitae on three rearing media 

were listed in Table 1.  The means and standard 

errors estimated with both techniques are very 

close.  The values of these estimates are close 

because both methods are resampling procedures 

and estimates are obtained from the raw life 

history data of the same cohorts.  If all R0,i-pseudo, 

GRRi-pseudo, R0,i-boot, and GRRi-boot are plotted as a 

frequency distribution and fitted to a normal 

distribution, the high coefficients of 

determination of normality obtained with the 

bootstrap technique (Fig. 1 to 3) showed the 

normal distribution of the estimates and indicated 

that the bootstrap technique is a better choice 

than the jackknife technique. 

If the bootstrap technique is used, every 

bootstrap sample can be generated differently by 

sampling with replacement.  This property 

implies that variability in R0,B and GRRB is 

Table 1. Means, standard errors, variance of net reproductive rate (R0), and gross reproductive rate (GRR) 

estimated with the jackknife and bootstrap techniques 

Rearing medium 
 R0  GRR 

Jackknife Bootstrap  Jackknife Bootstrap 

Cucumber 
Mean ± SE 
Variance 

137.8 ± 30.9 
59116 

138.8 ± 30.5 
932 

 
227.0 ± 54.7 

185152 
226.4 ± 52.7 

2782 

Sponge gourd 
Mean ± SE 
Variance 

172.3 ± 26.0 
67484 

173.0 ± 26.2 
686 

 
309.5 ± 39.6 

157169 
308.8 ± 38.9 

1517 

Carrot medium 
Mean ± SE 
Variance 

46.8 ± 8.8 
7662 

47.0 ± 8.5 
72.69 

 
114.9 ± 20.0 

40060 
114.8 ± 19.2 

367.7 
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always possible.  Even with the same number of 

replicates m, different R0,B and GRRB will be 

obtained.  The variability is significant with 

smaller m.  With increasing m, the variability 

will diminish, but it can always be observed in 

the variance and standard error as well as in the 

frequency distribution of R0,B and GRRB.  In 

contrast, there is always exactly one jackknife 

result, and all the frequency distributions from 

the jackknife technique in Fig. 1 to 3 will be the 

same. 

Life table methodology is based on solid 

mathematical theory.  Lotka (21) gave a mathe- 

matical proof of the relationship between the net 

reproductive rate and the intrinsic rate of 

increase.  Lewis (20) derived the relationship 

between the net reproductive rate and the finite 

rate.  Although the jackknife technique has been 

used in demographic statistics for several 

decades, Chi and Yang (7) noticed the problem 

and explicitly stated, “It results in some degree of 

discrepancy between the estimated means and 

their definition”.  This observation reminds us 

that the application of resampling methods, such 

as the jackknife and bootstrap, should be 

performed with particular caution. 

If the jackknife technique is used and the 

omitted individual is a male or one that died in 

the preadult stage, the R0,J will be zero.  This 

effect can be observed in all the figures showing 

the jackknife results (Fig. 1 to 3).  A net 

reproductive rate of zero means that the 

population does not produce any offspring.  

According to life table theory, we cannot 
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Fig. 1. Frequency distribution of the R0-pseudo, R0,B, GRRpseudo, and GRRB of B. cucurbitae reared on

cucumber. 
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calculate the intrinsic rate if the net reproductive 
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Fig. 2. Frequency distribution of the R0-pseudo, R0,B, GRRpseudo, and GRRB of B. cucurbitae reared on sponge

gourd. 
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Fig. 3. Frequency distribution of the R0-pseudo, R0,B, GRRpseudo, and GRRB of B. cucurbitae reared on carrot

medium. 
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calculate the intrinsic rate if the net reproductive 

rate is zero.  However, omitting one male 

individual or one that died before the adult stage 

still allows us to calculate the intrinsic rate of 

increase.  This outcome contradicts life table 

theory.  We therefore conclude that the 

jackknife technique should not be used for the 

estimation of the standard error of the net 

reproductive rate. 

In life table statistics, we usually calculate 

the mean generation time (T) as 

ln
.																										 13  

The mean generation time is defined as the length 

of time that a stable population needs to increase 

to R0-fold of its original size.  It is a parameter 

usually reported in life table research (11).  If the 

jackknife technique should not be used for the 

estimation of standard errors of the net 

reproductive rate, we cannot use Eq. 13 to estimate 

the mean generation time.  Consequently, the 

jackknife should not be used for the estimation of 

population parameters in demography. 

Conclusions 

Most insect populations are two-sex 

populations and are stage structured.  However, 

the traditional female age-specific life tables (1, 2, 

17, 18, 20) ignore the male population and the 

variation of developmental rates among 

individuals.  Their application to insect 

populations usually results in errors in population 

parameters and erroneous relationships among 

the net reproductive rate, the intrinsic rate, the 

mean fecundity, and other derived quantities.  In 

this study, we used the age-stage, two-sex life 

table theory developed by Chi and Liu (6) and 

Chi (4).  Because both sexes and stage 

differentiation are incorporated, our analysis 

includes the variability due to changes in sex 

ratio and developmental rate.  These important 

factors are, however, ignored if the traditional 

female age-specific life table is used.  As Yu et 

al. (28) observed, GRR ignores the age-specific 

survival rate; it is not a biologically meaningful 

statistic.  Accordingly, the gross reproductive 

rate should be used with caution.  Our analyses 

demonstrate that the jackknife technique should 

not be used in the estimation of the mean and 

standard errors of the net reproductive rate and 

other population parameters. 
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