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The cumulative damage index method: a new
method for evaluating the effectiveness
of control measures for Plutella xylostella
(Lepidoptera: Plutellidae)
Fang Mu,a Lijuan Sun,a* Sifang Wang,a Fangmeng Duan,a Songdong Gu,a

Shujian Sun,b Yanzhou Zhangc and Changpeng Shena*

Abstract:

BACKGROUND: All previously and currently used methods for effectiveness evaluation of control measures for the diamondback
moth (DBM) do not simultaneously take the actual damage and population size into consideration. Here, we propose a new
method, the cumulative damage index method, in which the number of larvae and their amount of food consumption are
simultaneously included in the calculation of the theoretical cumulative damage index (T) and actual cumulative damage index
(A). Evaluation was based on the reduced degree of damage calculated according to indexes T and A.

RESULTS: Based on the new method, the corrected effectiveness of the combined use of biological measures, chemical
insecticides, Bacillus thuringiensis (Bt) and P. xylostella granulosis virus (PxGV) on DBM was 35.85, 2.37, 12.50 and 11.77%
respectively. Under the action of natural factors, the Population Developmental Index (I) of DBM was 5.1 ± 1.4; under the
integrated actions of natural factors and these four types of measure, index I of DBM was 0.34 ± 0.1, 6.1 ± 1.5, 2.1 ± 0.5 and
1.1 ± 0.3 respectively. The sole effectiveness of Trichogramma spp. when integrated with other natural factors, integrated
biological measures and chemical insecticides was 21.43 ± 1.69%, 45.27 ± 4.09% and 20.68 ± 2.60% respectively.

CONCLUSIONS: There was some difference between the effectiveness evaluated by the new method and index I, and the actual
damage caused by DBM could be reflected well by index A. The new method is more scientifically appropriate and practical for
effectiveness evaluation than existing methods.
© 2014 Society of Chemical Industry
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1 INTRODUCTION
The diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera:
Plutellidae), is a type of pest that seriously damages cruciferous
crops.1 Measures used to control DBM include chemicals,2 – 4 natu-
ral predators or parasites, physical measures, agricultural measures
and integrated management, in which different measures are
combined.5 – 7 Effectiveness evaluations of these control measures
are very important, especially for biological measures, because the
evaluation of biological control will provide some information for
the determination of the amount of a natural enemy to be pre-
pared for release.

Various methods can be used to evaluate the effectiveness of
pest control measures in the field.8 Mortality or corrected mortality
is the most commonly used index,9 which can only partially indi-
cate the transient effectiveness of control measures, and the con-
clusions drawn based on the two indexes are not always reliable.10

Ruppel and Robert11,12 suggested ‘cumulative insect-days’ as an
index for the evaluation of the protective effect of control mea-
sures on crops. This index takes both population and damage time
caused by the insect pest into consideration, and therefore it can
be used as an index for overall effectiveness evaluations of pest

control.13 Zhao et al.14 proposed that the ‘corrected cumulative
insect-days’ should be used as the index for effectiveness eval-
uations, while Hu et al.15 suggested using ‘the protecting rate to
foliage’ for effectiveness evaluations of slow-release insecticides.
None of the indexes mentioned above took into consideration the
actual damage caused by pests.

Pang et al.16,17 proposed the use of a life table based on effective
factors and a Morris–Watt mathematical model to evaluate the
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effectiveness of natural enemies and chemicals and the combined
use of crop resistance and natural enemies. The authors later pro-
posed the use of the population development trend control index
and the population development trend disturbance index, which
were both calculated according to the life table, to evaluate the
effectiveness of the combined use of control measures.17 On the
basis of the method proposed by Pang et al.,17 Wang et al.18 eval-
uated the effectiveness of chemicals on DBM, Zhang and Pang19

evaluated the effectiveness of Trichogramma spp. on DBM and
Shen20 evaluated the effectiveness of cultivar, chemicals, single
biological measures and the combined use of biological measures
on DBM. Subsequently, a method for constructing and analysing
the continuous generation life table for DBM was presented by
He and Pang.21 Zhou et al.22 improved the life table on the basis
of effective factors by proposing to determine the developmental
duration of DBM according to the average temperature recorded
during each survey (rather than over the whole duration) and mak-
ing the data analysis more accurate. Currently, the improved life
table is widely accepted for effectiveness evaluations of different
control measures for DBM or other defoliators,8 and the Population
Developmental Index (I) has been used as the main index. Index I
is essentially the ratio of the population size of the next genera-
tion to the current generation, and is commonly calculated on the
basis of the number of eggs. Based on the assumption that the
base number of DBM eggs in different fields investigated is equiva-
lent, the highest DBM egg count in a field after treatment indicates
the worst possible effect of the control measures implemented in
that field. In practice, there are few cases in which the base number
of the DBM population in different fields is equivalent. Therefore,
when the life table was used to evaluate the effectiveness of differ-
ent measures, in some cases23 index I appeared to be high, while
the actual damage caused by DBM was less serious or index I was
not so high, and the actual population level of DBM was very high
and serious damage was caused. Thus, it is necessary to develop
a new evaluation method to reflect the real situation that occurs,
including the damage caused by insect pests in the field.

The objective of pest control is to reduce economic losses
caused by pests. Therefore, reduced damage should be taken into
consideration. Generation overlapping is a typical characteristic
of the life history of DBM,24,25 and visible damage can be caused
by several different instars of larvae acting together. Damage to
a crop results from the cumulative food consumption of each
instar, and can be affected by the age distribution of DBM. It
would not be accurate to evaluate the effectiveness solely based
on population variation after treatment. The population size and
food consumption of different instars of DBM larvae should be
considered simultaneously. Population size data for each instar
can be obtained from the life table based on effective factors,
and the food consumption data can be obtained experimentally.
Here, we propose a new method for evaluating the effectiveness
of different control measures for DBM, which we have termed the
cumulative damage index method. To verify the scientific accuracy
and rationality of this new method, we have compared the results
yielded by it with index I to determine which method could best
reflect the actual damage caused by DBM in the field.

2 METHODS
2.1 The construction of a life table based on effective factors
Fields in which Chinese flowering cabbages were sown at the
same time and in which the population base number of DBM dif-
fered were selected for investigation. The DBM population was
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Table 2. The converted amount of each developmental stage of DBM in the life table that was investigated in one area of the Chinese flowering
cabbage field without control (effectiveness of natural factors Cc = 53.77%)

Survey
order
n

Converted
amount of

eggs En

(number m−2)

Converted amount of
first and second

instars L1&2(n)

(number m−2)

Converted
amount of

third instars L3(n)

(number m−2)

Converted
amount of

fourth instars L4(n)

(number m−2)
Actual damage

index An

Theoretical
damage
index Tn

1 9.2 1.8 0.0 0.0 – –
2 17.2 2.6 0.0 0.0 0.37 3.14
3 34.4 6.2 1.0 0.0 1.07 3.41
4 12.8 3.6 1.6 1.2 1.62 7.83
5 3.3 1.0 1.8 1.6 1.55 7.77
6 7.8 2.2 2.6 1.5 1.81 8.25
7 11.5 2.4 2.3 1.8 1.98 3.86
8 5.2 1.0 2.6 1.0 1.31 2.82
9 14.6 2.6 1.8 1.8 1.91 3.13
10 18.6 4.8 6.4 4.6 4.98 4.67
11 43.6 8.8 7.2 10.4 9.55 4.68
12 25.2 7.2 2.6 5.4 5.10 10.27
13 68.2 14.2 3.6 2.8 4.56 10.43
14 26.2 4.8 2.2 1.8 2.30 19.89
15 132.2 29.8 4.8 7.2 9.90 13.74
Σ 48.02 103.88

Table 3. The converted amount of each developmental stage of DBM in the life table that was investigated in one area of the Chinese flowering
cabbage field with integrated biological control (effectiveness of combined-use control measures integrated with natural factors Ct = 92.87%)

Survey
order
n

Converted
amount of

eggs En

(number m−2)

Converted
amount of first and

second instars L1&2(n)

(number m−2)

Converted amount
of third instars L3(n)

(number m−2)

Converted
amount of

fourth instars L4(n)

(number m−2)
Actual damage

index An

Theoretical damage
index Tn

1 19.2 5.9 0.0 0.0 – –
2 33.8 28.6 0.0 0.0 4.0 6.2
3 39.2 38.9 4.5 0.0 6.3 41.4
4 40.2 33.7 1.1 0.0 5.0 124.8
5 23.8 18.4 0.9 2.7 4.6 115.9
6 21.2 9.0 7.5 2.1 4.1 110.9
7 7.8 5.4 2.0 1.9 2.4 101.4
8 9.4 5.6 1.4 1.4 2.0 65.3
9 12.4 10.4 1.0 0.7 2.1 49.9
10 48.8 19.5 18.5 2.3 7.9 31.2
11 69.6 3.8 5.8 0.6 2.1 64.1
12 29.4 16.4 13.4 26.3 22.4 97.0
13 85.0 13.0 0.8 1.9 3.2 142.3
14 105.4 30.0 5.6 2.1 6.7 190.0
15 83.2 37.2 9.6 6.0 11.1 176.7
Σ 83.9 1317.8

investigated by random sampling (1/9 m2) in the east, west,
south, north and middle areas in a field every 3 days from the
two-euphylla stage until harvest (from September to December
1996). For each survey, 45–55 individuals were randomly collected
and observed daily to determine the mortality caused by para-
sitism in the laboratory, and the rate of natural control was cal-
culated according to the method reported by Pang and Liang.26

Pupae were collected and incubated in the laboratory to deter-
mine the fecundity of the DBM. Newly emerged adults were paired
(one female with one male) and fed 10% honey solution. The sex
ratio and fecundity of more than 20 pairs were determined.

The developmental duration of the ith stage (ti) of DBM in the
field was determined according to the temperature data provided
by a local weather bureau, and the developmental duration of
the experimental population was studied by Dan et al.27 Data for
individuals that did not survive to pupa or that did not develop
from the individuals in the first survey were removed. The amount
of each stage of DBM in each survey was summed to determine
the cumulative amount of the ith stage Nis. Then, the converted
amount (Nim) (number m−2) of each stage was calculated accord-
ing to formula (1),28 the initial number of each stage (Nib) was cal-
culated according to formula (2)26 and the survival rate (Si) of each

wileyonlinelibrary.com/journal/ps © 2014 Society of Chemical Industry Pest Manag Sci 2015; 71: 632–641
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Table 4. The converted amount of each developmental stage of DBM in the life table that was investigated in one area of the Chinese flowering
cabbage field with chemical control (effectiveness of chemical insecticides integrated with natural factors Ct = 58.16%)

Survey order
n

Converted
amount of

eggs En

(number m−2)

Converted amount
of first and second

instars L1&2(n)

(number m−2)

Converted
amount of

third instars L3(n)

(number m−2)

Converted amount
of fourth

instars L4(n)

(number m−2)
Actual damage

index An

Theoretical damage
index Tn

1 2.0 1.0 0.2 0.2 – –
2 1.6 1.5 0.0 0.0 0.21 0.44
3 6.1 2.0 0.0 0.0 0.28 0.54
4 8.2 0.8 0.0 0.0 0.11 1.23
5 4.7 0.6 0.0 0.0 0.08 1.68
6 2.6 0.5 0.0 0.0 0.07 2.25
7 3.3 0.4 0.0 0.0 0.06 2.20
8 3.0 0.8 0.2 0.2 0.28 1.48
9 2.0 0.5 0.3 0.2 0.26 1.07
10 3.2 1.6 0.8 0.8 0.91 1.07
11 6.8 1.8 2.5 1.6 1.80 1.10
12 9.6 0.5 0.8 2.2 1.69 1.41
13 12.2 1.2 0.2 1.5 1.20 2.20
Σ 6.97 16.65

Table 5. The converted amount of each developmental stage of DBM in the life table that was investigated in one area of the Chinese flowering
cabbage field with Bt applied (effectiveness of Bt integrated with natural factors Ct = 68.64%)

Survey order
n

Converted
amount of

eggs En

(number m−2)

Converted
amount of

first and second
instars L1&2(n)

(number m−2)

Converted
amount of

third instars L3(n)

(number m−2)

Converted
amount of

fourth instars L4(n)

(number m−2)
Actual damage

index An

Theoretical damage
index Tn

1 6.2 0.0 0.0 0.0 – –
2 15.2 5.4 0.0 0.0 0.76 0.78
3 13.8 13.4 0.6 0.0 2.00 2.23
4 17.2 2.8 1.3 1.0 1.31 4.45
5 6.0 3.0 1.5 1.6 1.78 6.64
6 1.6 2.0 1.0 1.5 1.47 5.24
7 1.8 1.2 0.6 1.1 1.02 4.36
8 2.0 0.9 0.8 1.2 1.08 1.63
9 4.2 1.8 0.6 0.8 0.90 0.75
10 7.4 1.2 1.4 1.4 1.37 1.09
11 23.3 2.6 2.8 1.8 2.11 1.74
12 27.2 1.0 1.2 2.8 2.23 4.51
13 22.3 0.8 2.0 1.1 1.23 7.15
14 10.8 0.6 0.8 1.0 0.90 10.22
15 6.0 0.7 0.0 0.8 0.63 9.13
Σ 18.80 59.94

stage was calculated according to formula (3):26

Nim =
(

Nis ∗ D
)
∕ti (1)

Nib =
(

ti−1 ∗ Nim + ti ∗ N(i−1)m
)
∕
(

ti + ti−1

)
(2)

Si = N(i+1)b∕Nib (3)

where Nis represents the cumulative amount of the ith stage, D
represents the intervals between two surveys, ti represents the

developmental duration of the ith stage of DBM in the field and
Nib represents the initial number of the ith stage.

We designated ‘400’ as the standard fecundity (Fs) of a DBM
female according to the literature,29 and the standard fecun-
dity probability (PF) was calculated according to formula (4). The
Population Developmental Index (I) was calculated according to
formula (5):29

PF = Fa∕Fs (4)

where Fa represents the actual average fecundity of DBM females,
and Fs the standard fecundity. The index of the intrinsic rate of

Pest Manag Sci 2015; 71: 632–641 © 2014 Society of Chemical Industry wileyonlinelibrary.com/journal/ps
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Table 6. The converted amount of each developmental stage of DBM in the life table that was investigated in one area of the Chinese flowering
cabbage field with Plutella xylostella granulosis virus (PxGV) applied (effectiveness of PxGV integrated with natural factors Ct = 69.64%)

Survey order
n

Converted
amount of

eggs En

(number m−2)

Converted
amount of

first and second
instars L1&2(n)

(number m−2)

Converted
amount of

third instars L3(n)

(number m−2)

Converted
amount of

fourth instars L4(n)

(number m−2)
Actual damage

index An

Theoretical damage
index Tn

1 8.6 0.0 0.0 0.0 – –
2 15.8 6.8 0.0 0.0 0.96 1.04
3 16.8 10.4 2.2 0.8 2.426 2.48
4 6.4 3.2 2.2 1.0 1.546 4.59
5 8.4 1.8 0.8 0.6 0.81 4.66
6 6.2 2.8 1.2 0.8 1.16 4.39
7 8.7 2.8 4.6 1.2 2.09 2.43
8 6.2 1.8 2.6 1.0 1.43 2.94
9 2.2 2.3 4.5 1.2 2.00 2.42
10 1.2 0.6 4.2 3.4 3.16 2.20
11 50.5 2.2 3.2 3.2 3.06 1.38
12 72.2 1.2 2.4 2.6 2.36 6.56
13 86.2 3.2 5.5 4.0 4.18 12.29
14 40.4 1.4 3.2 1.2 1.62 24.08
15 52.6 0.8 2.0 2.2 1.96 23.29
Σ 382.4 41.3 38.6 23.2 28.76 94.74

Table 7. The symbols representing data used for the effectiveness evaluation of Trichogramma spp. (among several functional factors) for DBM, and
the design formula used for calculations

Survey order
n

Converted
amount of

eggs En

(number m−2)
Survival rate of eggs

ETn
Reduced damage index Rn Theoretical damage index T ′

n

Damage control rate Pn

(%)

1 E1 ET1

(
1 − ET1

)
∗ E1 ∗ 1 E1 ∗ 1 R1∕T ′

1 ∗ 100

2 E2 ET2

(
1 − ET2

)
∗ E2 ∗ 1 E2 ∗ 1 R2∕T ′

2 ∗ 100

3 E3 ET3

(
1 − ET3

)
∗ E3 ∗ 1 E3 ∗ 1 R3∕T ′

3 ∗ 100

⋮ ⋮ ⋮ ⋮ ⋮ ⋮

n − 2 En−2 ETn−2

(
1 − ETn−2

)
∗ En−2 ∗ 1 En−2 ∗ 1 Rn−2∕T ′

n−2 ∗ 100

increase
I = S1 ∗ S2 … Si … Sk ∗ F ∗ PF ∗ P♀ (5)

where S1, S2 … Si … Sk represent the survival rate under the influ-
ence of a variety of lethal factors from egg to pupa, F represents
standard fecundity (400 female−1), PF represents the probability of
the standard fecundity being reached and P♀ indicates the propor-
tion of females.

The field life table of DBM was based on effective factors and
constructed using the data described above.

2.2 A new method, the cumulative damage index method
According to data from the field life table of DBM based on effec-
tive factors,20,22 the immature stage of DBM can be divided into
three stages: first–second instar, third instar and fourth instar;
the converted amounts (Nim) of eggs and first–second-instar,
third-instar and fourth-instar larvae in each survey were expressed
as En, L1&2(n), L3(n) and L4(n) respectively. The food consumption
and food consumption proportion of each developmental stage

of DBM were quoted from the literature, as reported by Zhao
et al.30 The study by Zhao et al. indicated that the food consump-
tion proportions of first–second instar (FC1 + 2), third instar (FC3)
and fourth instar (FC4) of the DBM larvae were 0.1405, 0.1962
and 0.6633, respectively, when they were fed leaves of the Chi-
nese flowering cabbage Brassica parachinensis LH Bariley. The
damage index was calculated as the product of Nim of certain
developmental stages and the food consumption proportion of
that stage.

2.2.1 An evaluation of the overall effectiveness of the combined use
of control measures
The damage indexes of first-instar larvae that successfully devel-
oped from eggs in the present survey and the damage indexes of
different developmental stages of larvae that successfully devel-
oped from the larvae in the present survey were combined to gen-
erate the theoretical damage index (Tn) of the next survey. The
actual damage index (An) was the ‘cumulative value’ of damage
indexes of different developmental stages of larvae in the present

wileyonlinelibrary.com/journal/ps © 2014 Society of Chemical Industry Pest Manag Sci 2015; 71: 632–641



637

A new method for evaluating the effectiveness of DBM control www.soci.org

survey. Index Tn represents the damage caused by DBM solely
under the control of natural factors, while An indicates the actual
damage caused by all larvae under the control of natural and arti-
ficial factors:

An = 0, Tn = 0 for n = 1

An = FC1 ∗ L1&2(n), Tn = FC1 ∗ E(n−1) ∗ Se for n = 2

An = FC1 ∗ L1&2(n) + FC3 ∗ L3(n), Tn = FC1 ∗ E(n−1) ∗ Se

+ FC3 ∗ E(n−2) ∗ Se ∗ S1&2 for n = 3

An = FC1 ∗ L1&2(n) + FC3 ∗ L3(n) + FC4 ∗ L4(n),

Tn = FC1 ∗ E(n−1) ∗ Se + FC3 ∗ E(n−2) ∗ Se ∗ S1&2

+ FC4 ∗ E(n−3) ∗ Se ∗ S1&2 ∗ S3 for n = 4

where n represents the order of the survey, E, L1&2(n), L3(n)

and L4(n) represent the converted amount (Nim) of eggs and
first–second-instar, third-instar and fourth-instar larvae respec-
tively, Se, S1&2 and S3 represent the survival rate of eggs and
1st–2nd-instar and third-instar larvae under the control of natural
factors respectively. The control effect (%)

Cn =
(

Tn − An

)
∕Tn ∗ 100 (6)

where Tn represents the theoretical damage index, and An the
actual damage index.

The symbols representing data in the field life table for DBM and
the design formula used in the index calculation are described in
detail in Table 1.

The cumulative theoretical damage index

T =
N∑

n=2

Tn (7)

The cumulative actual damage index

A =
N∑

n=2

An (8)

The cumulative control effect (%)

Ct =
[
(T − A) ∕T

]
∗ 100 (9)

where Tn represents the cumulative theoretical damage index, An

represents the cumulative actual damage index and N represents
the total number of investigations.

The DBM life table data were collected from different Chinese
flowering cabbage fields, calculated and listed in tables according
to the design formula shown in Table 1. The life table data for
DBM in a field without control, in a field with combined biological
control, in a field with chemical control, in a field with Bacillus
thuringiensis (Bt) implemented and in a field with Plutella xylostella
granulosis virus (PxGV) implemented, along with the indexes, are
listed in Tables 2 to 6 respectively. The cumulative control effects in
the control field (Cc) and in the treated fields (Ct) were calculated
according to formula (9). For the corrected effectiveness of the
different control measures, see Table 12.
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Table 9. The converted amount of DBM eggs in the life table found in one area of the Chinese flowering cabbage field without control, and the
indexes for effectiveness evaluations of Trichogramma spp. (Pc = 22.09%)

Survey order

n

Converted amount

of eggs En

(number m−2)

Survival rate

of eggs ETn

Reduced damage

index Rn

Theoretical damage

index Tn

Damage control

rate Pn (%)

1 8.2 1.0000 0.00 8.2 0.00

2 17.8 1.0000 0.00 17.8 0.00

3 19.8 0.9755 0.49 19.8 2.45

4 17.6 0.8232 3.11 17.6 17.68

5 3.6 0.9527 0.17 3.6 4.73

6 9.6 0.8286 1.65 9.6 17.14

7 13.2 1.0000 0.00 13.2 0.00

8 5.4 1.0000 0.00 5.4 0.00

9 14.6 0.7712 3.34 14.6 22.88

10 24.6 0.8116 4.63 24.6 18.84

11 39.2 0.6810 12.50 39.2 31.90

12 30.2 0.7264 8.26 30.2 27.36

13 68.8 0.6210 26.08 68.8 37.90

Σ 60.23 272.6

Table 10. The converted amount of DBM eggs in the life table found in one area of the Chinese flowering cabbage field with integrated biological
control, and the indexes for effectiveness evaluations of Trichogramma spp. (Pc = 46.18%)

Survey order
n

Converted amount of eggs En

(number m−2)
Survival rate
of eggs ETn

Reduced damage
index Rn

Theoretical damage
index Tn

Damage control
rate Pn (%)

1 25.4 0.9848 0.39 25.4 1.52
2 40.6 0.7010 12.14 40.6 29.90
3 49.6 0.5130 24.16 49.6 48.70
4 49.4 0.5832 20.59 49.4 41.68
5 30.4 0.4032 18.14 30.4 59.68
6 26.2 0.3020 18.29 26.2 69.80
7 10.4 0.5162 5.03 10.4 48.38
8 14.6 0.4425 8.14 14.6 55.75
9 17.4 0.6538 6.02 17.4 34.62
10 62.6 0.7064 18.38 62.6 29.36
11 68.6 0.3802 42.52 68.6 61.98
12 34.8 0.6346 12.72 34.8 36.54
13 104.2 0.4186 60.58 104.2 58.14
Σ 246.71 534.2

The corrected effectiveness (%) was calculated according to the
formula

Ec =
[(

Ct − Cc

)
∕Cc

]
∗ 100 (10)

where Ct represents the control effect in the treated fields, and Cc

the control effect in the control field.

2.2.2 An evaluation of the effectiveness of one of the factors
In each survey, individual DBM were randomly sampled from each
area of the field and observed in the laboratory to determine the
mortality (Mi) caused by parasitism. Therefore, the effectiveness
of any one of the parasitic factors could be evaluated using the
cumulative damage index method. Here, effectiveness evaluation
of the parasite of the eggs of DBM, Trichogramma spp., in a Chinese
flowering cabbage field was used as an example, and the symbols
representing data used for the effectiveness evaluation and the
design formula used in those calculations are listed in Table 7.

If an egg was parasitised, it could not develop to a first-instar
larva and would not cause any damage, so the remaining food
consumption equalled ‘1’, which made the effectiveness eval-
uation relatively straightforward. Most of the eggs in the final
two surveys could not complete larval development, and the
damage caused by them could be neglected. Furthermore, the
vegetables were about to be harvested, so the damage caused
by lower-instar larvae should be neglected too. Therefore, when
calculating the cumulative damage index, the possible damage
caused by eggs and lower-instar larvae in the last two surveys
should not be included in the calculation. If the factor to be
evaluated could only act on a certain developmental stage of
DBM, the index used for the effectiveness evaluation could be
calculated in the manner described above (Table 7). For those
factors that could act on different developmental stages of DBM,
such as Bt or fungus, the index could be calculated according to
Table 8.
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Table 11. The converted amount of DBM eggs in the life table found in one area of the Chinese flowering cabbage field with chemical control, and
the indexes for effectiveness evaluations of Trichogramma spp. (Pc = 21.79%)

Survey order

n

Converted amount of eggs En

(number m−2)

Survival rate

of eggs ETn

Reduced damage

index Rn

Theoretical damage

index Tn

Damage control

rate Pn (%)

1 1.46 0.7634 0.35 1.46 23.66

2 1.34 0.9282 0.10 1.34 7.18

3 4.60 0.9085 0.42 4.60 9.15

4 7.20 0.8250 1.26 7.20 17.50

5 3.50 0.6545 1.21 3.50 34.55

6 1.80 0.9132 0.16 1.80 8.68

7 2.20 0.8632 0.30 2.20 13.68

8 2.40 0.9240 0.18 2.40 7.60

9 1.80 0.9760 0.04 1.80 2.40

10 2.80 0.6415 1.00 2.80 35.85

11 6.20 0.8616 0.86 6.20 13.84

12 8.80 0.7654 2.06 8.80 23.46

13 11.2 0.6025 4.45 11.2 39.75

Σ 12.05 55.3

Table 12. A comparison between the effectiveness evaluated by two methods

Control measures

Average converted

amount of larvae

per square metre

Average actual

cumulative damage

index A Effectiveness (%)

Corrected

effectiveness

Ec (%)

Population

Developmental

Index I

Integrated biological control 53.7 ± 10.2 aAa 16.45 ± 1.83 cBC 93.29 ± 1.49 aA 35.85 0.3 ± 0.1 cB

PxGV 33.8 ± 5.1 abAB 30.40 ± 8.82 bAB 69.21 ± 4.74 bcBC 11.77 1.1 ± 0.3 bcB

Bt 17.0 ± 2.8 cdBC 18.87 ± 4.27 bcBC 69.94 ± 5.15 bB 12.50 2.1 ± 0.5 bB

Chemical control 6.1 ± 1.6 dC 12.56 ± 3.12 cC 59.81 ± 6.33 cC 2.37 6.1 ± 1.5 aA

Control 27.3 ± 8.5 bcB 46.17 ± 12.31 aA 57.44 ± 5.99 dC – 5.1 ± 1.4 aA

df 4 4 4 – 4

F 17.886 17.798 39.581 – 35.316

a The SPSS 11.5 program was used to analyse data. Different lower- and upper-case letters indicate significant differences between various average
converted amounts of larvae per square metre, average actual cumulative damage index, effectiveness of different measures and values of index I in
different fields at P < 0.05 and P < 0.01 respectively.

The reduced damage index (Rn) due to the death of larvae
during certain instars in survey n was calculated according to the
following design formula:

Rn = Nim(n) ∗ Mi(n) ∗ FCi (11)

where Nim(n) represents the converted amount of ith stage in
survey n, Mi(n) represents the mortality of the ith stage of DBM
caused by the factor to be evaluated in survey n and FCi represents
the food consumption proportion of the ith stage.

The population size of DBM was investigated in different fields.
According to the design formulas listed in Table 4, data obtained
from a field without control, a field with integrated biological
control and a field with chemical control were calculated, and the
results are listed in Tables 9 to 11. The cumulative damage control
rate (%) was calculated according to the formula

Pc =

(
N−2∑
n=1

Rn∕
N−2∑
n=1

T ′
n

)
∗ 100 (12)

where i represents the order of survey, Ri represents the reduced
damage index and T ′

i represents the theoretical damage
index.

3 RESULTS
3.1 Effectiveness evaluations using the cumulative damage
index method

3.1.1 Evaluation of the overall effectiveness of the combined use
of control measures
According to the design formulas in Table 1, the life table data
for DBM were obtained in different fields to assess integrated
biological control (the combined use of Trichogramma spp., Bt
and granular virus), chemical control, Bt and PxGV. Data were
calculated separately and are given in Tables 2 to 6.

From Table 12 we can see that the effectiveness of natural
factors in the field without control was 57.44 ± 5.99%; when
integrated with natural factors, the effectiveness of the combined
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use of biological measures, chemical insecticides, Bt and PxGV
was 93.29 ± 1.49%, 59.81 ± 6.33%, 69.94 ± 5.15% and 69.21 ±
4.74% respectively; the corrected effectiveness of the four con-
trol measures was 36.84, 2.96, 14.31 and 11.91% respectively
(Table 12).

3.1.2 Evaluation of the effectiveness of one of the control factors
The effectiveness of Trichogramma spp. in different fields is shown
in Table 13. We established that DBM eggs sampled for observa-
tion in the laboratory were mainly parasitised by Trichogramma
bilingensis if T. confusum was not artificially released. The effective-
ness of Trichogramma spp. in the field without control was 21.43 ±
1.69%; in the field with biological control it was 45.27± 4.09% after
the artificial release of T. confusum; in the field with biological con-
trol it was 20.68 ± 2.60%. The parasitism rate of Trichogramma spp.
in the field without control and in the field with chemical control
did not differ (F = 111.185, df = 2, P < 0.01) (Table 13). The effec-
tiveness of Trichogramma spp. on DBM was most apparent in the
late periods of crop development (Tables 9 to 11).

3.2 A comparison of the effectiveness evaluated by the
cumulative damage index method with index I
Index I was calculated on the basis of the life table of DBM, and
the corrected effectiveness was calculated according to our new
method, the cumulative damage index method, as shown in
Table 12. It appeared that, in evaluation based on index I, the
chemical insecticides scarcely affected DBM, because the popu-
lation of DBM multiplied 6.1 ± 1.5-fold, and index I of the DBM
population in the field with chemical control did not differ from
index I (5.1 ± 1.4-fold) in the field without control (F = 35.316, df =
4, P < 0.05). However, when evaluated according to index C, which
was calculated on the basis of the cumulative damage indexes
A and T , the chemical insecticides were obviously effective, with
a corrected effectiveness of 2.37%. After treatment, index I of
DBM was highest in the field with chemical control, while the
actual population level in that field was lowest (F = 17.886, df =
4, P < 0.01), as it was further away from the turnip field (see the
Appendix).20 Although index I and the cumulative damage index
can both reflect the superiority of Bt and integrated biological
measures over chemicals (F = 39.581, df= 4, P < 0.01), index I could
not reflect the actual damage of DBM in different fields any better
than index A included in the new method (Table 12). We also
found that the effectiveness of integrated biological control did
not differ from the effectiveness of Bt and PxGV when evaluated
on the basis of index I (F = 35.316, df = 4, P < 0.01), but differed
when evaluated on the basis of the cumulative damage index
method (F = 39.581, df = 4, P < 0.05). Thus, our new method – the
cumulative index method – could provide more information
in effectiveness evaluations of control measures, and there-
fore yield evaluations that had a more scientifically appropriate
basis.

4 DISCUSSION
The cumulative damage index not only represents the converted
amount of larvae that successfully survive to the next stage per
unit area but also reflects the actual damage per unit area dur-
ing individual and global surveys. By using the cumulative dam-
age index to evaluate the effectiveness of different measures on
DBM, we could adequately utilise life table data and make more

accurate evaluations. By this method, the amount of each instar
of DBM larvae and the amount of damage caused by them were
combined to evaluate the reduced damage that resulted from the
implementation of control measures, and the cumulative dam-
age index could provide additional information about actual dam-
age to DBM. This method not only can be used to evaluate the
overall effectiveness of the combined use of control measures
but also can indicate the effectiveness of single measures or one
of the measures during certain or all growing seasons of crops.
Additionally, the cumulative damage index could reflect the effec-
tiveness of different measures during different periods, and it is
helpful for understanding the sensitive period of DBM to control
measures.

Biological control is an indispensable means of integrated pest
management,7,31 but reasonable evaluations of biocontrol have
always been a challenge in the domain of pest control. For
example, Trichogramma confusum and Diadromus collaris are both
natural enemies of DBM, but when used as control measures,
their protective effects on crops are clearly different. T. confusum
can parasitise the eggs of DBM31 and result in the eggs failing to
develop to larvae, and thus it will not cause any damage. D. collaris
is parasitic to DBM pupae,1,32 – 35 and although it can eventually kill
an individual, the damage had already been caused. If the effec-
tiveness was evaluated using index I calculated according to the
life table, there seemed to be no difference between the killing of
eggs by Trichogramma spp. and pupae by D. collaris. Therefore, the
intrinsic index of increase could not reflect the protective effects of
different parasitic wasps to crops.

The converted amount of each developmental stage that was
used in the new method was calculated on the basis of the devel-
opmental duration, which was determined according to the study
of Dan et al.27 and the average temperature recorded during each
survey.22 The developmental duration of DBM in the study of Dan
et al. was determined using a constant temperature, which is differ-
ent from the conditions in the field. In the field, the developmental
duration of DBM is influenced not only by temperature but also by
other biological and abiotic factors. For example, virus infection36

and chemicals37 often change the developmental duration of cer-
tain larval stages, and therefore change the amount of damage.
The food consumption data quoted from the literature were mea-
sured using Chinese flowering cabbage seedlings as material, so
further studies will be needed to confirm whether these data
are suitable for effectiveness evaluations at a later period of crop
development.

The cumulative damage index method is a new method for
evaluating the effectiveness of different measures to control
leaf-consuming insect pests, but is not suitable for evaluating
juice-sucking insect pests.
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APPENDIX
Table A1
The distance of different experimental Chinese flowering cabbage
fields from the radish field

Breeds that were sown
in the fields Treatment

Distance from
radish field (m)

Raphanus sativus L. Control –
Brassica parachinensis LH Bariley Control 50
Brassica parachinensis LH Bariley PxGV 50
Brassica parachinensis LH Bariley Integrated control 10
Brassica parachinensis LH Bariley Bt 70
Brassica parachinensis LH Bariley Chemical control 500
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