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Abstract   The pine caterpillar Dendrolimus punctatus (Walker) with a larval facultative
diapause is one of the most destructive insect pests of the pine tree Pinus massoniana in
China. The larvae feeding on pine trees with different damage levels were studied to
determine the induction of diapause under both laboratory and field conditions. Develop-
mental duration of larvae before the third instar was the longest when fed with 75%-90%
damaged needles, followed by 25%-40% damaged needles and intact pine needles, whereas
mortalities did not differ among different treatments under the conditions of 25oC and critical
photoperiod 13.5:10.5 L:D. At 25 oC, no diapause was induced under 15:9 L:D, whereas
100% diapause occurred under 12:12 L:D regardless of the levels of needle damage.
Incidences of larvae entering diapause when they were fed with intact, 25%-40% and 75%-

90% damaged pine needles were 51.7%, 70.8% and 81% under 13.5:10.5 L:D, respectively.
Similar results were obtained in the field experiment. Incidence of diapause was significantly
different among the pine needle damage levels of pine trees when the photoperiod was close
to the critical day length, indicating that the effect of host plants on diapause induction was
dependent on the range of photoperiod. The content of amino acid and sugar decreased and
tannin increased in pine needles after feeding by the pine caterpillars, suggesting that
changed levels of nutrients in damaged needles or a particular substance emitted by damaged
pine trees was perhaps involved in the diapause induction of the pine caterpillar.
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Introduction

In temperate zones, facultative diapause is a strategy that
allows insects to initiate an additional generation when
conditions are favorable, or to enter diapause when they are
not (Tauber et al., 1986). Photoperiod is a reliable cue for

seasonality, and temperature and food quality modify the
response of insects to photoperiod due to interaction be-
tween the photoperiod and two other cues for temperate
zone species (Tauber et al., 1986; Danks, 1987). The
induction of diapause of phytophagous insects is depen-
dent on host plant species and parts of host plants they
consume (Tauber et al., 1986; Danks, 1987; Steinberg et
al., 1992; Hunter & McNeil, 1997; Tanzubil et al., 2000;
Wang et al., 2006). However, whether the damage levels of
host plants affect the induction of diapause or not is still
unclear, although food resources have important influ-
ences on population dynamic in insects.

Pine caterpillar Dendrolimus punctatus (Walker)
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pine tree was infested with 200 (25%-40% damage level)
or 400 (75%-90% damage level) fourth instar larvae
according to the occurrence of the first generation. Each
pine tree, including the control, was covered by gauze net
after introducing pine caterpillar larvae. The larvae were
removed when the damage level reached the above levels.
The trees covered in gauze netting were used for laboratory
and field experiments. Laboratory and field experiments
were carried out at the same time (from July to October).

Induction of diapause under laboratory conditions

Three damage levels of pine trees and six trees for each
damage level were used for rearing the pine caterpillars: A,
intact pine needles (control); B, 25%-40% damaged pine
needles (infested by the larvae of the first generation); C,
75%-90% damaged pine needles (infested by the larvae of
the first generation).

After hatching, larvae of the pine caterpillar were fed
with intact pine needles from the trees with different
damage levels at 25 oC combined with different photoperi-
ods (15: 9 L: D [the diapause-averting photoperiod], 13.5:
10.5 L: D [the critical photoperiod] and 12: 12 L: D [the
diapause-inducing photoperiod]). Intact pine needles from
the trees with different damage levels were used because
most of the larvae (> 90%) fed on this kind of newly deve-
loped intact pine needle in the field. The experiments were
carried out in climate cabinets equipped with three fluores-
cent 30 W tubes controlled by an automatic timer. The light
intensity was approximately 2.0 W/m2, variation of tempera-
tures was ± 1 oC, and relative humidity was 70% ± 10%. Fifty
newly hatched larvae were reared in one transparent plastic
box (7.5 cm wide at base and 15.0 cm deep) and daily
supplied with fresh pine needles until diapause determination.
Each treatment was replicated three times.

Incidence of diapause under field conditions

Three treatments simulated the needle damages of pine
trees under natural conditions in the field to evaluate the
effect of needle damage on the incidence of diapause. Each
group of larvae hatched on the same day was divided into
three subgroups which were reared under different damage
levels: A, the intact pine trees (control); B, 25%-40%
damaged pine trees (infested by larvae of the first
generation); C, 75%-90% damaged pine trees (infested by
larvae of the first generation). According to the occurrence
period of the second generation larvae of the pine caterpillar,
newly hatched larvae were introduced on pine trees with
different damage levels on July 15, July 25, August 3, August
9, August 15 and August 25, respectively. Two hundred
newly hatched larvae were used for each tree in each test.

(Lepidoptera: Lasiocampidae) is one of the most destruc-
tive insect pests of the pine tree Pinus massoniana. The
larvae (undergoing about 6-7 instars) seriously damage
pine needles and periodically break out every 3-5 years in
China (Chen, 1990; Ge et al., 1997). This species can
complete 2-3 generations per year, and overwinters as
third to fourth instars of the second and third generations in
the region near 30 oN in China (Chen et al., 1988; Li et al.,
1994; Wang et al., 1995). Diapause is induced at larval
stage under shorter photophase than 13.5 h, the critical day
length around 25 oC. The first and second instars are most
sensitive to photoperiod (Li & Jia, 1991; Huang et al.,
2005). Previous studies indicated that damage of pine trees
can be caused by the first, second and third generation, and
serious damage of the pine tree is related to the difference
between the second and third generation of the pine cater-
pillar (Chen et al., 1988; Li et al., 1994; Wang et al., 1995;
Wen & Wen, 2000). We propose that pine needles, espe-
cially the damage levels of pine needles, are also involved
in the facultative larval diapause induction in this species,
and this may be related to changed levels of nutrients in
damaged needles or a particular substance emitted by
damaged pine trees.

The objective of this study was to evaluate the effect of
needle damage of pine trees on diapause induction in D.
punctatus under different photoperiods.

Materials and methods

Insect

Populations of D. punctatus were collected from the Yudu
County (28 o 58'N, 115o 25'E), Jiangxi Province, China in
2003. The pine caterpillars were continuously reared on pine
needles in climate chambers for several generations under
conditions of 25 oC and 16: 8 L: D (Huang et al., 2005).

Damage levels of pine trees

The damage levels of pine trees were defined as the
average length of damaged pine needles divided by the
average length of intact pine needles. Four hundred ran-
dom-sampled needles from upper and lower parts of the
crown from all four aspects were checked from each tree.

Sixty pine trees (approximately 2 m high) with well-
developing canopies (not damaged) near Jiangxi Agricul-
tural University (28o 46' N, 115o 50' E) were chosen for
laboratory and field experiments. Different numbers of
larvae were released on one pine tree at different times
according to the occurrence of D. punctatus in the field
deduced from a previous preliminary experiment. Each
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The larvae were set on branches in gauze cages, and were
checked daily until diapause determination. Each treat-
ment comprised of three trees (replicates).

Chemical analysis of pine foliage contents

Leaves (500 g/treatment) were collected from intact
pine, 25%-40% damaged pine and 75%-90% damaged
pine used in the laboratory experiment at the same time as
larvae-releasing. The needle was cut with a razorblade
about 10 cm from the top of every needle around the tree.
The pine needles were desiccated at 70 oC and stored in a
desiccator. Dried pine needles (200 mg) were extracted in
70% acetone. Acetone was removed by passing gaseous
nitrogen over the supernatant fluid at 55 oC, filtered through
a 0.45 μm nylon filter, and hemoglobin solution was used
as the reaction protein. The astringency of the tissue was
expressed as that relative to the standard quebracho tannin.
Amino acid concentration of pine needles was analyzed
with an ion-exchange amino acid analyzer (Beckman Model
7300, Beckman, Fullerton, CA, USA) using the ninhydrin
method (Sandstrom et al., 2000). Sugar content was ana-
lyzed with a spectrophotometric glucose test after inver-
tase and isomerase addition (Hoch et al., 2002). Tannin
content was analyzed by the method of phosphomolybdic
acid-sodium phosphomolybdate (Horner et al., 1987).
Each test was replicated three times.

Diapause determination

The larvae entered diapause at the third to fourth instar,
settled in the axil of pine needles and ceased feeding. The
diapausing larvae were recognized by their small size and
yellow body color (Li & Jia, 1991; Huang et al., 2005).

Statistical analysis

Using the SPSS (SPSS Inc., Chicago, IL, USA), the data
were tested with one-way analysis of variance (ANOVA)
and means were compared by Tukey’s test at P = 0.05. The
data were arcsine square-root-transformed prior to analysis.

Results

Developmental duration, mortality of larvae before the
third instar

Developmental duration of larvae before the third instar
differed significantly among the treatments fed with the
pine needles with different damage levels under the condi-
tions of 25 oC and 13.5: 10.5 L: D (Table 1). Developmental

duration of larvae before the third instar was the longest
when fed with 75%-90% damage needles (14.67 ± 0.7
days), followed by 25%-40% damage needles (13.3 ± 0.4
days) and intact pine needles (12.0 ± 0.5 days). However,
there was no significant difference among mortalities of
larvae before the third instar fed with pine needles with
different damage levels under same conditions (Table 1).

Table 1  Effect of different damage levels of pine needles on the
duration of development and mortality of larvae before the third
instar in Dendrolimus punctatus at 25 oC and 13.5: 10.5 L: D.

Damage level of Developmental
Mortality (%)

pine needles duration (day)

Intact 12.0 ± 0.5 c 6.0 ± 3.2 a
25%-40% 13.3 ± 0.4 b 8.2 ± 5.0 a
75%-90% 14.6 ± 0.7 a 8.0 ± 3.3 a

The pine needles were collected from six trees at each damaged
level. Values (mean ± SD) followed by different letters within a
column are significantly different by Tukey’s test at P < 0.05.
Each test was replicated three times.

Induction of diapause under laboratory conditions

No larvae entered diapause under 25 oC and 15: 9 L: D,
whereas almost all the larvae diapaused under 25 oC and 12:
12 L: D regardless of the damage levels of pine needles.
Diapause inductions differed significantly among differ-
ent damage levels of pine needles under intermediate light
conditions (13.5: 10.5 L: D) (F

2,8
 = 15.42; P = 0.003). The

incidence of diapause was the highest when fed with 75%-
90% damaged needles, followed by 25%-40% damaged
needles and intact pine needles (Fig. 1).

    

 

Fig. 1 Incidence of diapause of the larvae fed with pine needles
with different damage levels in Dendrolimus punctatus at 25 oC
and 13.5: 10.5 L: D. The pine needles were collected from six
trees at each damage level. Each test was comprised of three
replicates. Error bars indicate the SD. Bars with different letters
are significantly different by Tukey’s test (P < 0.05).
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Incidence of diapause under field conditions

For the pine caterpillars released on pine trees in the
field, the later the larvae hatched, the higher the incidence
of diapause (Fig. 2). No larvae entered diapause hatching
on July 15, whereas all larvae hatching on August 25
entered diapause. Diapause incidence was low in larvae
hatching on July 25 (F

2,8 
= 0.490; P = 0.635) and high in

larvae hatching on August 15 (F
2,8

 = 0.510; P = 0.624),
thus the difference among different treatments was not
significant. Incidences of diapause differed among the
larvae hatching on August 3 (F

2,8
 = 3.282; P = 0.109), the

incidence of diapause in the larvae feeding on the intact
pine trees was significantly lower than in those feeding on
the damaged pine trees. More than 50% larvae hatching on
August 9 entered diapause, and diapause incidence in-
creased significantly with the increased damage level (F

2,8

= 27.591; P = 0.001), whereas the difference was not
significant in the larvae feeding on the same damage-level
needles.

Amino acid, sugar and tannin content in the pine needles

Amino acid, sugar and tannin contents were significantly
different among the pine needles with different damage
levels (Table 2). The tannin contents increased signifi-
cantly with an increase of damage level (F

2,8
 = 33.655; P =

0.001), but reversed results were obtained for the total
concentrations of amino acid (F

2,8
 = 254.698; P < 0.001)

and sugar (F
2,8

 = 74.968; P < 0.001).

Discussion

The laboratory experiment showed that all larvae entered
diapause under short-day conditions, whereas no individu-
als entered diapause under long-day conditions regardless
of the damage levels of the pine needles. The results thus
indicated that mainly photoperiod determines the diapause
induction in D. punctatus (Huang et al., 2005). Diapause
inductions differed significantly among different damage
levels of pine needles only under the critical photoperiod in
D. punctatus (Fig. 1). This was in agreement with a
previous study, in which the effect of host-plant on dia-
pause induction was expressed under the critical diapause-
inducing condition because the host-plant was only a weak
diapause-regulating factor (Wang et al., 2006). The results
indicated that the primary factor responsible for diapause
induction is photoperiod and quality of the host-plant can work
around the critical day length (13.5: 10.5 L: D) in this species.

Both laboratory and field investigations indicated that
the damage levels of pine needles modified the diapause
induction in D. punctatus under photoperiods near the
critical photoperiod (the day length is ≈ 13 h 50 min to 13
h 20 min from July 25 to August 15 in Nanchang). Inci-
dence of diapause increased with the increasing damage
levels of the pine needles (Figs. 1,2). Previous results
showed that changes in the nutritional elements of the pine
needles caused by serious damage were detrimental for
larval survival and development (Ge et al., 1997) and the
quality of the foliage consumed by the larvae could be one
factor responsible for the variation in diapause induction in
this species (He, 1995). The present study indicated that the
duration of larval development before the third instar was
affected by the damage level of the pine needles (Table 1),
and the total concentrations of amino acid and sugar
decreased and the tannin content increased significantly
with an increase of damage level (Table 2). These results
suggested that changed levels of nutrients in damaged

Table 2  Contents of the amino acid, sugar and tannin in the
needles of Pinus massoniana with different damage levels (2004,
Nanchang).

Damage level Amino acid Sugar Tannins
of pine needles (mg/g) (mg/g) (mg/g)

Intact 84.90 ± 0.17 a 169.97 ± 0.26 a 31.35 ± 0.08 c
25%-40% 82.57 ± 0.50 b 159.30 ± 0.61 b 32.23 ± 0.03 b
75%-90% 75.31 ± 0.36 c 155.90 ± 0.79 c 33.75 ± 0.07 a

The pine needles were collected from six trees at each damaged
level. Values (mean ± SD) followed by different letters within a
column are significantly different by Tukey’s test at P < 0.05.
Each test was replicated three times.

   

 
 

 

Fig. 2 Incidence of diapause of the larvae of Dendrolimus
punctatus feeding on pine trees with different damage levels in
the field in Nanchang during 2004. Each test was comprised of
three replicates. Error bars indicate the SD. Bars with the same
letter are not significantly different by Tukey’s test (P > 0.05). 
the intact pine trees (control); 

12
12 25%-40% damaged pine trees

(infested by the first generation pine caterpillar);  75%-90%
damaged pine trees (infested by the first generation pine
caterpillar).
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needles or a particular substance emitted by damaged pine
trees was perhaps involved in the diapause induction of the
pine caterpillar. Furthermore, the effect of modified needles
from damaged pines on diapause induction may be related
to the developmental duration of first and second instars,
which leads to an increasing number of photoperiodic
cycles that they experience.

Indeed, it is more likely that diapause induction is more
strongly influenced by an interaction of food quality, photo-
period and temperature than by a single factor. Our results
are consistent with most earlier studies (Tauber et al., 1986;
Danks, 1987; Wang et al., 2006). These experimental results
enable speculation on the incidence of diapause of the
second generation of D. punctatus in the field. Serious
damage to the pine trees in the course of the first and second
generations may cause most larvae of the second generation
to enter diapause; consequently, the population of the third
generation will decrease. This was in agreement with
previous investigations in the field (He, 1995; Wang et al.,
1995; Wen & Wen, 2000). These response patterns might
play an important role in the life history of the pine
caterpillar. Larvae entered diapause in heavily damaged
host plants near the critical day-length. Therefore, the
production of the next generation might be avoided in this
region due to lowered quality and quantity of food.
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