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Energy budgets of the Chinese green lacewing
(Neuroptera: Chrysopidae) and its potential for biological
control of the cotton aphid (Homoptera: Aphididae)
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Abstract Energy budgets of larval stages of the Chinese green lacewing, Chrysopa sinica
(Tjeder) (Neuroptera: Chrysopidae) were determined under laboratory conditions at photo-
period of 14:10 L:D, 27 + 1°C and 75% + 2% RH. The energy used as ingestion,
assimilation, respiration, productivity and feces was constructed for each developmental
stage. In addition, under these experimental conditions, the potential of C. sinica as a
biological control agent was evaluated according to the ingestion by this predator and the
energy content of cotton aphid, Aphis gossypii (Glover) (Homoptera: Aphididae). The larval
stage of C. sinica was able to consume 1281.4 1-day-old aphids, 1018.7 2-day-old aphids,
626.9 3-day-old aphids, 393.5 4-day-old aphids, 312.1 5-day-old aphids or 203.5 9-day-old
aphids, respectively. No significant difference was detected between the estimated number
of aphids consumed by the lacewings using energetic methods and the actual number of
aphids consumed by the lacewings in this experiment. Our results showed that C. sinica is
an important natural enemy of the cotton aphid, and energetic methods are very useful to
quantify biological control efficacy of natural enemies.
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Introduction

Natural enemies play an important role in controlling
insect pests in agroecosystems. Many studies have dis-
cussed how to estimate the predaceous ability of predators
on prey (Itioka et al., 1997; Greenstone & Morgan, 1989).
Constructing a life table and estimating functional re-
sponse parameters are the main methods for evaluating the
effect of predators on insect pests in the laboratory.
However, laboratory life tables were usually constructed
under nonlimiting conditions which differ from those in
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the field (Perdikis & Lykouressis, 2002). Determination of
the functional response can be influenced by many factors
(Wu et al., 2004), and, therefore, the key question herein is
how we could realistically estimate the parameters in the
equation (Menezes et al., 2005; Badii et al., 2004).

The ecological efficiency with which a population con-
verts its food into productivity, which then becomes avail-
able to other trophic levels, is of prime importance when
considering the energy flow between trophic levels
(Wiegert, 1976). A predator acquires all the energy it needs
to complete its life cycle through food acquired by predation.
In energetics, the energy consumed as food by a predator
should be equal to the energy of the consumed prey. Hence,
estimating the energy dynamics of predator and prey has
the potential not only to assess the efficiency of utilization
of prey by predators but also to estimate the potential of a
predator as biological control agent (Ge & Ding, 1990).

www.blackwellpublishing.com/ins 497



498 F. Gao et al.

However, from the viewpoint of ecological energetics, few
studies have been reported (Sinha et al., 1986).

Cotton is a very important crop in China. The predator
Chrysopa sinica (Tjeder) (Neuroptera: Chrysopidae) is
considered an important natural enemy in cotton ecosys-
tems (Dong et al., 2003). It prefers to prey on cotton aphid,
Aphis gossypii (Glover) (Homoptera: Aphididae). Few
reports have focused on the energetics of this predator,
especially on individual and population energy budgets.
The objectives of this study were to: (i) determine how this
predator utilizes energy from A. gossypii; and (ii) use
energetic methods to quantify potential biological control
by C. sinica on A. gossypii.

Materials and methods
Plant and insect culture

Cotton Transgenic Bt cottons (cultivar 'GK-12') were
grown in 10-cm diameter plastic pots in a growth chamber
from May to September in 2005. The chamber was main-
tained at 27 £ 1°C, 75% + 2% RH and with a photoperiod
of 14:10 h L:D. The cotton was planted every week to
provide fresh cotton plants for rearing aphids. Experimen-
tal plants were grown individually in each pot and were
watered every 3 days.

Aphis gossypii Aphids were collected from cotton fields.
The colony was maintained in a growth chamber at 27 +
1°C, 75% + 2% RH and 14:10 h L:D on cotton plants.
Aphids were placed on cotton plants at the 7-leaf stage.

Chrysopa sinica The lacewing adults were purchased
from the Laboratory of Biological Control, Beijing Acad-
emy of Agricultural and Forest Sciences, Beijing, China.
Newly hatched larvae of the first generation were placed in
a cage in the growth chamber, and were fed with sufficient
cotton aphids until they matured. The number of eggs
produced by these first generation adults were maintained
in a growth chamber at 27 £ 1°C, 75% =+ 2% RH and 14:
10 h (L:D) and were used for experiments.

Development of C. sinica

A total of 100 newly hatched 1st instar larvae were
transferred individually into Petri dishes. Sufficient 3-day-
old aphids were supplied daily for lacewing larvae (1—8
days old) in each dish. A total of 100 replications (dishes),
divided into five groups (20 dishes each), were used in this
experiment. All dishes with aphids and lacewings were
placed in the chamber under a photoperiod of 14:10 h L:D
at 27 + 1°C. The lacewing larvae were examined twice
daily at 8:00 am and 8:00 pm. Hoagland-Snyder solution

was added to the dishes to keep the cotton leaves fresh. The
cotton leaves and Hoagland-Snyder solution were replaced
twice weekly. Development time and mortality for each
instar of the lacewing larvae were recorded. After eclosion,
one male and one female lacewing were placed together in
a glass arena (10 cm diameter by 20 cm depth) to allow
them to mate for 7 days. Then the number of eggs produced
by the pair of lacewings in each arena was recorded daily
until the female died.

Individual energetic parameters

Biomass and caloric values The lacewings and cotton
aphids were reared as described previously. Biomass of the
lacewings and cotton aphids (i.e., insect body, exuviae, and
feces) for each stage were collected from all experimental
arenas. The live individuals were killed in a refrigerator
(—20°C), and they were then dried at 60°C for 48 h to obtain
a constant dry weight. Fresh weight (mg) and dry weight
(mg) for each sample were obtained using a Cahn 20
automatic electribalance (Cahn, St. Louis, MO, US) to
calculate biomass (mg/individual). The caloric value
(J/mg) of each sample collection was determined with a
bomb calorimeter (PARR 1281, Parr Instrument Company,
Moline, IL, USA) from combustion of the sample. Energy
content (J/individual) of all samples of each stage was
recorded separately for each of the three replications.
Energy content of aphid bodies is listed in Appendix 1.

Growth productivity (P) We used the following for-
mula to calculate growth productivity (P) of lacewings
(Wiegert, 1976):

P=AB+E,
where A B = the difference between initial and final
biomass of each stage X the caloric value, and E = biomass
of exuviae x caloric value for each stage.

Respiration (R) Measurements of O, consumption rate
were made in a Gilson single valve differential respirom-
eter (IGRP-14, Gilson Medical Electronics, Inc., Paris,
France) with a water bath controlled at 27 + 0.2°C. Ten
percent KOH was used as a CO, absorbent in the center
well of the flasks (Wu et al., 1990). Numbers of lacewing
larvae tested were 5, 5,4, 4,3, 2,2, and 1 individuals for 1-,
2-,3-,4-,5-,6-,7-, and 8-day-old larvae, respectively; and
the number of pupae and adults tested were 5 and 1,
respectively. Readings were taken every 5 min for 15 min
for lacewings, and the mean value was used in calculations.
After the last reading, insects were removed from the
flasks, weighed, dried and reweighed. These samples were
then used for the caloric content calculation to determine
productivity. We converted oxygen consumption mea-
surements to calories by an oxycaloric coefficient of 20.36
J/mL (Brody, 1945).
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Energy budgets for lacewings were estimated using the

following equation (Wiegert & Petersen, 1983):

I=A+FU=R+ P+ FU,

where A, the amount of energy assimilated, was taken to
be equivalent to the sum of productivity (P) and the
energy loss through respiration (R); I = energy of food
ingested, R = energy loss through respiration; P = energy
stored as secondary productivity; and FU = energy ege-
sted as feces.

Ecological efficiencies Energy budget results were
evaluated from the following ecological efficiency
formulas: assimilation efficiency (AE) =A/I, gross eco-
logical efficiency (GEE) =P/I, net ecological efficiency
(NEE) =P/A (A, 1, and P as defined above).

Predation of C. sinica on A. gossypii

Under the rearing conditions mentioned previously, 30
newly hatched 1st instar larvae of C. sinica were trans-
ferred individually to Petri dishes and fed on 3-day-old
aphids, using about 10, 30, 50, 80, 100, 150, 200, and 250
aphids for 1—8-day-old larvae every day, respectively.
These Petri dishes were separated into three groups
(replicates), 10 dishes each. Numbers of aphids consumed
by the lacewings were recorded daily, and new 3-day-old
aphids were introduced into the dishes every 24 h.

The number of aphids consumed by a lacewing larva at
each stage is the quotient of dividing ingestion of lacewing
larvae at each stage by the energy content of cotton aphids
(Appendix 1).

Data analysis

All data collected in this study were analyzed using SPSS
for Windows, Version 12.0 (SPSS, Chicago, IL, USA)
statistical software. The prey numbers actually consumed
by C. sinica and estimated number of aphids consumed
based on caloric calculations were compared using Chi-
square test at P =0.05 level. Values were log transformed
for analyses to stabilize variance. Regression analyses
were performed to examine the correlation of respiration
rate and energy ingestion with age of C. sinica.

Results
Development of C. sinica

Individual lacewings molted twice during larval
development. The average development time of a lacewing

was 201.1 £ 28.1,247.9 + 38.8, and 925.6 = 209.6 h in
the larval, pupal, and adult stage, respectively (Table 1).
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Energetic parameters of C. sinica

In general, the caloric values of lacewing body and
exuviae were higher than those of the feces (Table 2). The
biomass of lacewing body, exuviae and feces increased
with the increase of age (Table 3).

Respiration rate decreased log-arithmetically (y, log uL
O,/dry mg/h) with increasing age (x, days) from 1 to 8 days
(y=-0.2279x +2.9619, r* = 0.825, F = 28.354, df =1,6, and
P =0.002, Fig. 1).

Energy budgets and ecological efficiencies

The basic components of lacewing energy budgets

Table 1 Development time (h) and fecundity (mean + SE) of C.
sinica at 27°C.

Stage Mean = SE  Stage Mean + SE
Ist instar 51.3 £ 12.6  Pupa 2479 + 38.8
2nd instar 54.8 £ 16.6  Adult 925.6 + 209.6
3rd instar 95.0 £ 22.1 Eggs/female 647.0 £ 16.1

Larval stage  201.1 = 28.1

Table 2 Caloric values (J/mg) (mean + SE) for C. sinica at
different developmental stages.

Stage Body Feces Exuviae
Egg 245+ 1.73 - -

Ist instar 29.6 £ 1.25 17.6 £+ 0.64 27.1 £ 0.94
2nd instar ~ 25.8 + 0.91 17.6 £+ 0.64 269 + 1.22
3rd instar 260 £ 1.14 20.9 + 1.26 -
Pupa 224 £ 1.12 — 29.2 + 1.37
Male 21.5 £0.77 209 + 1.26 -
Female 22.3 £0.65 20.9 + 1.26 -

Table 3 Biomass (dry weight mg) (Mean + SE) of C. sinica at
different development stages.

Age Stage
Egg Egg 0.02 £ 0.001 - -

1 days Istinstar 0.04 £ 0.010 - 0.10 £+ 0.001
2 days 1stinstar 0.07 £ 0.010 0.01 = 0.001 0.10 £ 0.001

Body Exuviae Feces

3 days 2ndinstar 0.24 £+ 0.080 - 0.19 £ 0.003
4 days 2ndinstar 0.61 + 0.080 - 0.19 £ 0.003
5days 2ndinstar 1.10 £ 0.730 - 0.19 £ 0.003

6 days 3rdinstar 1.34 = 0.210 0.02 = 0.001 0.32 + 0.007

7 days 3rdinstar 2.46 £ 0.490 - 0.32 £ 0.007
8 days 3rdinstar 4.15 = 0.910 - 0.32 £ 0.007
Pupa  Pupa 3.07 £ 0.090 0.80 £ 0.11 -

Female Adult 6.44 + 0.800 - 0.27 £ 0.008
Male  Adult 3.76 + 0.460 - 0.27 £ 0.008
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Fig. 1 Log respiration rate for C. sinica at different larval ages.

including ingestion (I), assimilation (A), feces (F), produc-
tivity (P), and respiration (R) were constructed (Figs. 2,3).
Ingestion (y, log J) increased log-arithmetically with age
(x, days) from 1 to 8 days (Fig. 3, y = 0.1066x +1.0719; r2
=0.777; F =20.884, df = 1,6; and P < 0.05). Total energy
used for respiration (Fig. 3) increased exponentially in 3-,
6-, and 8-day-old larvae, respectively. Productivity of an
individual lacewing larva increased with age, and much
higher productivity was found in 3rd instars (6-, 7- and 8-
day-old larvae).

The assimilation efficiencies (A/I) were similar among
the lacewing larvae of different ages, with a mean value
of 89.2% + 6.25% (Table 4). The mean gross ecological
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Fig. 2 Log ingestion for C. sinica at different larval ages.
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Fig. 3 Energy budgets for C. sinica at different larval ages.
R is loss energy for respiration; FU is loss energy for feces and
urine; and P is prodctivity.

efficiency (P/I) and net ecological efficiency (P/A) for the
whole larval stage were 25.3% =+ 3.78% and 28.2% =+
4.23%, respectively.

Evaluation of potential predaceous ability by C. sinica on
A. gossypii

Table 4 Ecological efficiencies (mean + SE) of C. sinica at
different larval ages.

Age A/l P/ P/A

1 day 88.7 £6.03 3.03+£063 342+0.73
2 days 86.6 £ 572 826+ 177 954+ 134
3 days 93.0 £ 643 9.19 £1.64 989 +£1.78
4 days 88.8 £3.73 319 +438 359576
5 days 88.7£705 450493 50.8+6.73
6 days 85.8 £836 13.0+1.67 151 +3.06
7 days 88.7 £ 751 487 £6.15 549 +£755
8 days 934 £9.58 430 £422 46.1 £4.16

Larvae mean 89.2 + 6.25 253 +3.78 28.2 + 4.23

A, the amount of energy assimilated; P, energy stored as secondary
productivity; I, energy of food ingested; A/I is assimilation
efficiency; P/I is gross ecological efficiency; and P/A is net
ecological efficiency.

Based on the energy content of cotton aphids (Appendix
1) and ingestion by lacewing larvae, the number of aphids
consumed by a lacewing larva at each stage was evaluated
(Table 5). A larva could consume 1281.4 1-day-old, 1018.7
2-day-old, 626.9 3-day-old, 393.5 4-day-old, 312.1 5-day-
old or 203.5 9-day-old aphids during its lifespan. No
significant difference was found between the number of 3-
day-old aphids ingested by lacewings estimated using
energetic methods and the actual number of 3-day-old
aphids consumed in the experiment ()*= 20.597, df =15, P
=0.195).

Discussion

Compared and estimated energy utilization and ecological
efficiency

The efficiency with which a population converts its food
into productivity, which then becomes available to higher
trophic levels, is of prime importance when considering the
energy flow between trophic levels. Assimilation reflects
the percent of ingested food that is absorbed as nourishment.
Assimilation efficiency exhibits a wide range (Wiegert &
Petersen, 1983). Some of this variability is caused by
difficulty in defining ingestion. Edgar (1971) reported that
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Table 5 Numbers of aphid consumed by C. sinica based on energetic values.

Actual aphid
Age of I Estimated consumption of aphids in different age groups consumpI:ion
C. sinica

1 day 2 days 3 days 4 days 5 days 9 days 3 days

lday 11.8+439 472 +163 369 +9.19 231 £4.22* 143 +544 115+£531 75+602 11.6+235
2days 133 £322 528 +£11.7 42.1 +£5.28 258 £2.35 162 +424 129 +£522 84 +334 167 +£6.39
3days 27.6 + 537 1104 + 314 86.3 +£ 274 54.1 £15.3* 33.7+756 268 £635 175 +4.89 39.7 £ 12.8
4 days 299 +6.19 1188 £ 26.1 94.7 + 36.2 58.1 £ 11.6* 365+ 112 289 +£4.66 189 +6.11 53.6 £ 12.1°
Sdays 29.5 £ 6.64 1174 +33.8 935 +27.8 574 +939 361 £9.87 28.6+6.65 18.6+ 568 56.0 =+ 24.1°
6days 479 +7.33 1902 +459 151.6 + 323 93.1 + 16.6* 585+ 164 463 + 11.0 30.2+9.89 909 + 19.5°
7 days 599 +8.38 2380 +39.2 189.6 + 47.1 1164 +33.3* 732 +21.6 580 =+9.89 37.8+ 103 138.7 +32.3

8 days 102.3 £+ 26.3
Total 322.2 + 76.7

406.6 £ 103.7 324.0 + 69.4

198.9 + 42.5*
1281.4 + 212.4 1018.7 £ 198.3 626.9 + 126.2*

1250 £36.1  99.0 £26.6 64.6 259 171.1 £ 24.7*
393.5 £ 106.3312.1 £77.9 203.5 £ 72.8 578.3 £+ 134.3*

I, energy of food ingested. Means within a row indicated by the same lowercase letters are not significantly different (Chi-square test:

df =15, P > 0.05).

the assimilation efficiency of the wolf spider Pardosa sp.
was 100%, which did not include excretion as part of
ingestion. For predators, such as spiders, the ingested
material comprises all readily digestible liquid content of
the prey, and non-assimilable material, such as exoskeleton,
which is not being consumed. Thus, by comparison with
more “conventional” kinds of predators that chew and
swallow the entire prey, spiders will always have consis-
tently higher assimilation efficiency. In our study, the
mean assimilation efficiency of larval lacewings was
89.21%. This high efficiency may be the result of the
lacewing larvae having digested the liquid content of the
aphids which have large quantities of sugar and amino
acids. In addition, lacewing larvae have a strong ability to
assimilate this type of food and to convert the energy for
maintenance, searching, developing and other behaviors.

The relationship between productivity and respiratory
energy losses in animal populations has attracted consider-
able interest in the past. Humphreys (1979) found the P/A
ratio in nonsocial insects was 41%, and the ratios varied
from 39% for herbivores to 56% for carnivores. Wiegert
and Petersen (1983) reported that the ratios for terrestrial
predators were 13.8%—66.3% with a mean 38%, and the
ratios for herbivores were 43.6%. Ge and Ding (1990) and
Wu et al. (1986) believe that the same insect species has
different ecological efficiencies in different life history
stages, and in general, assimilation and gross ecological
efficiency decreased with increased body weight. The
value for lacewing larvae (28.19%) fell within the range of
13.8%—66.3% reported by Wiegert and Petersen (1983).
Gross ecological efficiencies (25.25%) of lacewing larvae
coincided with the values of several terrestrial predator
insects (ranging from 24.7% to 45.6%) as reported by
Wiegert and Petersen (1983).
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Estimating predation effect and biological control potential
of C. sinica

Since a predator acquires all the energy it needs to
complete its life cycle through food ingested, the energy
consumed as food by a predator should be equal to the
energy of the consumed prey. Thus, using ingestion energy
of a predator to evaluate its value for biological control of
pests is a very useful method. Benestad (1970) reported
that Syrphus corollae larvae consumed 307—385 Myzus
persicae (Sulzer), but he did not state the method of
presentation of aphids or their size. In this study, the
estimated number and size of aphids consumed by the
lacewing larvae are reported in detail by energetics. We
compared the numbers of 3-day-old aphids consumed by
estimation and the actual numbers ingested by lacewings,
and found that these numbers did not differ significantly.
These results represent a much greater potential consump-
tion of aphid biomass than that observed in the previous
case, and suggest that this ecological energetic method was
very useful for evaluating the potential biological control
ability of lacewings feeding on aphids.

This study is a valuable advance in understanding of
energy dynamics of C. sinica. Energy dynamics is a syn-
thetic reflection of population density, mortality and ca-
loric values. If the energy budgets of pests and natural
enemies are constructed, then we may estimate the damage
ability by herbivores and control potential of natural en-
emies more accurately. So, one of the key further study
areas should focus on understanding energy allocation and
conversion of various insect pests as prey for a predator as
a potential biological control agent. To our knowledge, this
is the first effort to quantify C. sinica as a potential
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biological control agent for A. gossypii. We believe that
this methodology is very useful for quantifying the poten-
tial of natural enemies as biological control agents of crop
pests, and this method will provide valuable basic informa-
tion to facilitate the formulation of future integrated pest
control strategies.
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Appendix 1 Energy content (mean + SE ) of A. gossypii bodies
at different ages.

Day Biomass (mg) Caloric value (J/mg) Energy content (J)

1 0.012 £ 0.001 20.59 £+ 0.64 0.25 + 0.01
2 0.015 + 0.001 21.05 £+ 1.06 0.32 = 0.04
3 0.024 + 0.002 21.43 £ 0.87 0.51 = 0.07
4 0.038 + 0.006 21.48 = 1.02 0.82 = 0.15
5 0.048 + 0.008 21.52 £ 1.25 1.03 = 0.28
10 0.074 £ 0.011 21.53 £ 1.47 1.58 = 0.31
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