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Life history traits were evaluated in the wing polyphenic aphid, Sitobion avenae

(Fabricius), by rearing the winged and wingless morphs under the laboratory

conditions. Winged morph with large thoraces exhibited a significantly greater

morphological investment in flight apparatus than wingless morph with small

thoraces. Compared to the winged morph, the wingless morph produced signifi-

cantly more nymphs and exhibited significantly faster nymph development rates.

In addition, the age at which reproduction first occurred for the winged morph

was significantly delayed, and higher mortality was recorded. The results suggest

that the fitness differences associated with wings may be related to nymph devel-

opment, adult fecundity, and mortality. Based on these results, the trends and ex-

ceptions of life history traits for the wing polyphenic insects are discussed.
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1. Introduction

All organisms can flexibly alter their phenotypes

depending on the environmental conditions they

inhabit, which is termed “phenotypic plasticity”

(West-Eberhard 2003). When multiple discrete

phenotypes are formed, it is called “polyphe-

nism” (Leimar 2009). Many insect species dis-

play polyphenism (Müller et al. 2001). Important

examples include phase polyphenism in locusts,

caste polyphenism in social insects, seasonal

polyphenism in butterflies, and wing polymor-

phism in a wide variety of insect groups (Zera

2004). Insects with wing polymorphism not only

exhibit distinct differences in morphological

characteristics, but also in life history traits and

behavioral features (Walters & Dixon 1983, Roff

1986, Denno et al. 1989). A general observation,

derived from many studies, is that wingless or

short-winged phenotype shows earlier onset of
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oviposition and enhanced reproductive output

compared with long-winged phenotype (Roff

1984, Zera 1984, Denno et al. 1989, Braendle et

al. 2006).

Aphids (Hemiptera: Aphididae) exhibit ex-

treme polyphenic development, such as wing

polyphenism (Müller et al. 2001). Due to the

complexity of life cycles of aphids, a number of

different winged forms exist. Environmentally

induced dimorphic wing polyphenism occurs pri-

marily among parthenogenetic females, while

wing polymorphism is a genetically determined

dimorphism found only in males (Braendle et al.

2006). Wing polyphenic aphids exhibit winged

and wingless phenotypes and the morphological

differences between winged and wingless pheno-

types usually correlate with differences in the life

history traits (Xu & Cheng 2005). In general, the

winged phenotype differs from the wingless phe-

notype by showing lower offspring production

(Dixon & Wratten 1971, Dixon 1972, MacKay &

Wellington 1975, Campbell & Mackauer 1977,

Wratten 1977), longer pre-reproductive adult pe-

riod (Campbell & Mackauer 1977, Kobayashi &

Ishikawa 1993), and longer nymphal develop-

ment (Noda 1960).

However, in these studies, only main differ-

ences have been documented, and there is limited

information related to systemic comparison of

life history traits among wing morphs in species-

specific aphids. Therefore, a comparison of life

history traits between the winged and wingless

morphs would add valuable information to the fit-

ness differences of wing polyphenic aphids, and

provide a foundation for future biochemical and

physiological studies based on these differences.

The grain aphid Sitobion avenae is a major

pest of cereals in China (Zhang et al. 1985) and

other regions of the world (Powell & Bale 2004).

It causes damage directly by sap feeding and indi-

rectly as a vector of barley yellow dwarf virus

(BYDV) which may result in significant yield

losses (Zhang & Zhong 1983). S. avenae is a non-

host-alternating species. It reproduces partheno-

genetically as fast-growing clone during the

spring and summer months, and overwinters on

grasses and cereals as holocyclic (eggs) and

anholocyclic (aphids) clones in the autumn (Wil-

liams & Wratten 1987). In the present study, we

describe an experiment, which 1) investigates

systematically life history traits for virginoparous

females of S. avenae raised in laboratory condi-

tions, 2) assesses the fitness differences between

the winged and wingless morphs, and 3) dis-

cusses the trends and exceptions of life history for

the wing polyphenic insects.

2. Material and methods

2.1. Insects used

Green stock cultures of S. avenae were used in the

experiments. This species was collected from

wild populations at Yangling, Shaanxi, China

(34°18 N, 108°5 E) in 2008 and was cultured con-

tinuously using a modified procedure described

by Lu & Gao (2007). Aphids were kept in 6-cm-

diameter Petri dishes, in which five wheat seed-

lings (Triticum aestivum) were put on wet absor-

bent paper and watered (20 ml) every day. When

wheat seedlings were 5–7 cm high, the aphids

were transferred onto the plants. Density condi-

tions were manipulated to induce both winged

and wingless virginoparous females.

Winged adults readily produced winged

aphids without crowding after having been cul-

tured continuously over fifteen generations under

a high-density condition (more than 30 adult

winged aphids in each dish). Only one wingless

adult was kept individually to induce wingless

aphids under a low-density condition. Wheat

seedlings and aphids were raised under the same

conditions (16 h light: 8 h dark photoperiod,

21°C, and 65% relative humidity), and wheat

seedlings were replenished every 7 days. To pre-

vent the aphids from escaping, each plant was

covered with an air-permeable transparent plastic

cylinder cage (6 cm in diameter, 20 cm in height).

2.2. Wing form comparisons

In order to compare the morphological invest-

ment in flight apparatus between the wing forms,

we chose head width (mm) as a measure of the ab-

solute size associated with flight and used thorax

length (mm) as an index of thorax size and invest-

ment in flight (Denno et al. 1989). Thirty females

of both wing forms were measured under a
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stereomicroscope fitted with an ocular microme-

ter.

Two to four days after emergence, aphid

adults were placed individually on wheat seed-

lings, and were removed after six hours. Newly

born nymphs (i.e., the first instar nymphs), were

maintained individually on one wheat seedling in

each Petri dish and checked for development at

6:00, 12:00, 18:00 and 24:00 every day. After

emergence, adult longevity, nymphal production,

and mortality were recorded daily at 6:00 and

18:00 until the aphids died. Nymphal develop-

ment was recorded by checking their instars and

the eventual evidence of molting (i.e., presence of

exuviae), and winged individuals were deter-

mined by the present of wings. Sample sizes of

the winged and wingless morphs were 50 and 58,

respectively.

The forth instar apteriform and alatiform

nymphs were collected and placed individually

on one wheat seedling in each dish. Adult emer-

gence and age at first reproduction were in-

spected every 30 min. The interval between adult

emergence and age at first reproduction was re-

corded as the pre-reproductive adult period.

Sample sizes of the winged and wingless morphs

were 108 and 71, respectively.

In order to compare the development and re-

production between winged and wingless

morphs, data were used to calculate the following

life table parameters: net reproductive rate (R
0
),

time interval between subsequent generations

(T), intrinsic rate of population increase (r
m
), and

finite rate of increase (�), with (x) the age inter-

vals, (m
x
) the age-specific fecundity, and (l

x
) the

age-specific survivorship (Xu & Cheng 2005).

R
0

= � m
x

l
x

(1)

T = � m
x

l
x

x / � m
x

l
x

(2)

r
m

= ln R
0
/ T (3)

� = e
rm

(4)

2.3. Data analysis

The relationship between thorax length and head

width was analyzed by analysis of covariance

(ANCOVA) (Denno et al. 1989). Thorax length,

head width, developmental durations of the

nymph, total fecundity, potential total fecundity,

longevity, reproductive period, and post-repro-

ductive period were analyzed using the Student’s

t test. Pre-reproductive adult period and mean

daily fecundity failed to meet the assumption of

the Student’s t test. Therefore, we used the

nonparametric Kolmogorov-Smirnov method to

test differences between the mean values. The

survival curves for specific ages were fitted using

the Weibull frequency distribution,

S (t) = exp [– (
t
/
b
)

c
] (5)

with S(t) corresponding to the age-specific mor-

tality, (t) corresponding to the age intervals, and

(b) and (c) corresponding to the scale and shape

parameter of the Weibull frequency distribution,

respectively (Pinder et al. 1978). Values of the

shape parameter c > 1, c = 1 or c < 1 correspond to

Deevey’s type I, II or III survivorship curves, re-

spectively (Pinder et al. 1978). The differences of

survivorship for the both morphs were then ana-

lyzed using the Kolmogorov-Smirnov test (Guo

et al. 2006). Mean values (± standard errors of the

mean) were calculated and used in all graphical il-

lustrations. All data were statistically analyzed

using SPSS 13.0.

3. Results

3.1. Body size

Both the head and thorax were larger in winged

morph (0.63 ± 0.007 mm and 1.09 ± 0.013 mm)

than wingless morph (0.62 ± 0.008 mm and 0.97

± 0.012 mm respectively) (Fig. 1). The difference

was significant for thorax length (t = 6.59, d.f. =

58, P < 0.001) but not for head width (t = 0.36, d.f.

= 58, P = 0.72). Thorax length was highly corre-

lated with head width (Fig. 1). However, when

head width was taken as a covariate, the differ-

ence in thorax length between wing forms re-

mained significant (ANCOVA, F = 72.5, d.f. = 1,

57; P < 0.001). Thus, winged morph had propor-

tionally larger thoraces and exhibited a greater in-

vestment in flight apparatus compared to wing-

less morph.
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3.2. Developmental duration of nymph

The developmental durations of winged versus

wingless morphs showed no differences for the 1
st

instar (t = 0.65, d.f. = 106, P = 0.52) and the 2
nd

instar development stages (t = 1.64, d.f. = 106, P =

0.11) (Table 1). However, significant morph-re-

lated differences were observed between the

winged and wingless morphs in the developmen-

tal durations of the 3
rd

instar (t = 3.93, d.f. = 106, P

< 0.001), the 4
th

instar (t = 13.88, d.f. = 106, P <

0.001), and for the total duration of the nymphal

development (t = 12.04, d.f. = 106, P < 0.001).

These results demonstrate that winged aphids

need longer developmental time than wingless

morph in general and the 3
rd

and 4
th

instars were

the main stages which made the major difference

between the two wing morphs.

3.3. Pre-reproductive adult period

The pre-reproductive adult period of wingless

morph ranged from 1.0 to 10.0 h after emergence,

with a dramatic peak occurring between 2.0 to 5.0

h (Fig. 2). The pre-reproductive adult period of

winged morph exhibited a much longer duration,

with the shortest being 14.0 h and the longest be-

ing 56.0 h. Thus, the wingless morph was charac-

terized by a shorter and more regular pre-repro-

ductive adult period compared with winged

morph. Mean pre-reproductive adult periods for

winged and wingless morphs were 33.2 ± 0.96

hours and 3.4 ± 0.24 hours, respectively, with the

age at first reproduction for the winged morph be-

ing significantly delayed compared with wing-

less morph (Kolmogorov-Smirnov test, n
1

= 71,

n
2

= 108, Z = 6.55, P < 0.001).
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Fig. 1. Relationship between head width and thorax

length for the winged and wingless female adults of

Sitobion avenae. Winged: Thorax length = 0.360 +

1.165 (Head width). Wingless: Thorax length = 0.244

+ 1.165 (Head width).

Table 1. Means ± S.E. of developmental durations of the nymph stage for the winged and wingless morphs of S.

avenae.

Wing morph Developmental duration (d)

1
st

instar 2
nd

instar 3
rd

instar 4
th

instar Total nymph

Winged 2.0 ± 0.03 2.0 ± 0.04 2.1 ± 0.04 3.3 ± 0.06 9.3 ± 0.07
Wingless 1.9 ± 0.04 1.9 ± 0.05 1.9 ± 0.03 2.2 ± 0.05 7.9 ± 0.09
t-value 0.65 1.64 3.93* 13.88* 12.04*

* The difference is significant at P < 0.05, Student’s t test.

Fig. 2. Frequency distributions of the pre-reproductive

adult periods for the winged and wingless females of

S. avenae.



3.4. Fecundity

Wingless individuals produced significantly

more nymphs (t = 7.46, d.f. = 106, P < 0.001) and

showed significantly longer lifespan (t = 2.78, d.f.

= 106, P = 0.006) compared with winged individ-

uals reared under the same conditions (Table 2).

The potential total fecundity of wingless morph,

54.1 ± 2.1 nymphs and embryos per female, was

significantly greater than that of winged morph,

31.4 ± 2.1 nymphs and embryos per female (t =

7.45, d.f. = 106, P < 0.001). These results indicate

that the winged aphids with functional flight mus-

cles are at a reproductive disadvantage compared

with wingless aphids. There was a significant dif-

ference in reproductive period between the wing

morphs (t = 2.55, d.f. = 106, P = 0.012), but no

difference in post-reproductive period (t = 1.44,

d.f. = 106, P = 0.15).

The mean daily reproductions recorded over

the entire life spans of both winged and wingless

morphs are shown in Fig. 3. Reproduction peaked

in wingless morph between the 1
st

and the 10
th

day

after adult emergence and in winged morph be-

tween the 3
rd

and the 10
th

day, and then gradually

declined over the remainder of the birth sequence.

The results indicate that the peak of reproduction

was delayed for the winged morph. Wingless and

winged females produced a maximum of 3.5 and

2.3 nymphs per female per day, respectively. The

mean daily reproduction of winged morph was

significantly less than that of wingless morph

(Kolmogorov-Smirnov test, n
1

= 50; n
2

= 58, Z =

1.42, P = 0.035).

The difference in life history traits between

the two wing forms is summarized by the repro-

ductive function (Table 3). Not only the net re-

placement rate was much greater for wingless
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Fig. 3. Fecundity schedules for the winged and wing-

less female adults of S. avenae. The day of adult molt

was considered as day 0, and the number of days

past this day was used to indicate age. The average

daily fecundity calculated for dead individuals as-

signed zero fecundity.

Table 2. Means ± S.E. of total fecundity, potential total fecundity, longevity, reproductive period, and post-repro-

ductive period for the winged and wingless female adults of S. avenae.

Wing morph Total fecundity Potential total Longevity Reproductive Post-reproductive
(n) fecundity (n)** (d) period (d) period (d)

Winged 29.0 ± 2.03 31.4 ± 2.13 19.2 ± 1.16 17.3 ± 1.03 2.1 ± 0.22
Wingless 51.6 ± 2.26 54.1 ± 2.14 23.5 ± 1.01 20.9 ± 0.93 2.6 ± 0.29
t-value 7.46* 7.45* 2.78* 2.55* 1.44

* The difference is significant at P < 0.05, Student’s t test.

** Potential total fecundity means the sum of the total number of nymphs produced and pigmented embryos dissected in their ab-
domens after death. Number of nymphs produced was recorded on a daily basis.

Table 3. Life table parameters for the winged and wingless females of S. avenae.

Wing morph Net reproductive Mean generation Intrinsic rate Finite rate
rate (R

0
) time (T) of increase (r

m
) of increase (l)

Winged 28.1 20.0 0.22 1.2
Wingless 51.9 17.7 0.17 1.3



morph (51.9) than winged morph (28.1), but the

peak of reproduction was delayed for winged

morph (Fig. 2). Compared to winged morph,

wingless morph had much greater intrinsic rate of

increase and finite rate of increase, while there

was shorter mean generation time. The results

demonstrate that wingless morph exhibits faster

development and greater fecundity than winged

morph.

3.5. Survivorship

The survival curves of winged and wingless

morphs are shown in Fig. 4. Adult survivorship

exhibited similar trend in the winged and wing-

less morphs after adult emergence. Both the wing

morphs showed higher survivorship in the earlier

phase when compared to the later phase. The

Weibull frequency distribution model fitted the

survival curves of age-specific winged and wing-

less morphs, and the curve-fitting equations were

S(t) = exp [ – ( t / 22.29 )
2.32

] ( b = 22.29 ± 0.26, c =

2.32 ± 0.05, R
2

= 0.995 ) and S(t) = exp [ – ( t /

26.17 )
3.38

] ( b = 26.17 ± 0.22, c = 3.38 ± 0.17, R
2

= 0.991), respectively. The results indicate that

the death processes exhibits Deevey Type III

survivorship in both wing morphs. Although

wingless morph showed a higher adult survivor-

ship than winged morph, this difference was not

significant (Kolmogorov-Smirnov test, n
1

= 50;

n
2

= 58, Z = 0.96, P = 0.31).

4. Discussion

4.1. Duration of the nymphal development

In the present study, the difference in size and

morphology between winged and wingless

morphs of S. avenae probably reflected changes

due to the possession of functional wing muscles

(Fig. 1). Winged morph exhibited a longer dura-

tion of nymphal development compared to wing-

less morph, especially in the fourth instar

alatiform nymphs (Table 1), indicating a possible

‘developmental cost’ to the possession of wings.

Similar results have been reported for other aphid

species, such as Rhopalosiphum maidis (Noda

1960) and Acyrthosiphon pisum (Kobayashi &

Ishikawa 1993) as well as several wing polymor-

phic non-aphids, such as the waterstrider Limno-

porus canalisculatus (Zera 1984).

However, previous studies have shown no

significant differences in development time (time

from hatching to the final molt) between wing

morphs in either female or male crickets Gryllus

firmus and Allonemobius fasciatus (Roff 1984).

Asummary by Denno et al. (1989) concludes that

more than half of the 11 examined studies on 6

different planthopper species could not confirm

the hypothesis that short-winged morph devel-

oped faster than long-winged morph. It further

implies that no trend exists for differences in de-

velopment duration from egg to adult between the

two wing forms in planthoppers. Although the

data are far from expansive, faster development

rates may, in fact, be characteristic of wingless

morph (compared to winged morph) in aphids

and waterstriders, while no such trend exists be-

tween short- and long-winged cricket and

planthopper morphs.

4.2. Pre-reproductive adult period

In addition to morph-dependent differences in the

developmental duration of the nymph stage, the

short-winged or wingless morph has been shown

to attain reproductive maturity faster than the

fully-winged morph (Harrison 1980, Dingle

1982). In the current experiments, not only was

the age at first reproduction significantly earlier

for the wingless morph, but the duration of the
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Fig. 4. Adult survivorship schedules for the winged

and wingless females of S. avenae.



age at first reproduction was also shorter and

more regular for the wingless morph (Fig. 2).

These results agree with those obtained for the

aphid A. pisum (Campbell & Mackauer 1977,

Kobayashi & Ishikawa 1993).

We observed that wingless morph of S.

avenae gave birth to their first nymph approxi-

mately two days earlier than winged morph. In

addition, since in wingless morph the fourth

instar was about one day shorter than in winged

morph, the total delay of reproductive schedule in

the winged morph summed up to about three

days. It is probable that, in general, completion of

the development of flight muscles occurs after the

final molt (Roff 1984, Kobayashi & Ishikawa

1993). The delay in nymph production of the

winged morph may thus be due to the diversion of

energy into flight muscle development (Zera &

Harshman 2001). However, further study is re-

quired to confirm this hypothesis in aphids.

The delayed age at first reproduction of the

winged S. avenae was also consistent with sev-

eral non-aphids. The long-winged females began

reproduction later than short-winged females in

the cricket G. firmus and A. fasciatus (Roff 1984),

the pondskaters Gerris lacustri (Anderson 1973),

milkweed bugs and Dysdercus bugs (reviewed in

Dingle 1982) and the planthoppers, such as

Javesella pellucida, Laodelphax striatellus and

Stenocranus minutus (reviewed in Denno et al.

1989). In all instances reported, long-winged

morph exhibited delayed age at first reproduction

compared to wingless or short-winged morph.

Therefore, the most consistent cost associated

with the possession of wings appears to be a delay

in reproduction.

4.3. Fecundity

Wingless S. avenae morph also exhibited sub-

stantially greater nymph production relative to

winged morph. Similar findings have been re-

ported for other aphid species, such as Aphis

fabae Scop. (Dixon & Wratten 1971), Drepano-

siphum dixoni H.R.L. (Dixon 1972), S. avenae

and Metopolophium dirhodum Wlk. (Wratten

1977), and A. pisum (MacKay & Wellington

1975, Campbell & Mackauer 1977). Our fecun-

dity results for wing morphs were also consistent

with the findings of Roff (1984) for the crickets

G. firmus and A. fasciatus, Tanaka (1976) for

Pteronemobius taprobanensis, Anderson (1973)

for the waterstriders, Gerris lacustri, Kaitala

(1991) for Gerris thoracicus, and Zera (1984) for

L. canalisculatus.

Denno et al. (1989) examined 27 studies on

11 different planthopper species in order to deter-

mine if brachypters produced more nymphs than

macropters. In these, brachypters demonstrated

either higher fecundity than macropters, or there

was no difference. Macropters have not been

shown to be significantly more fecund than

brachypters in any case where statistics have been

performed. This suggests that increased fecun-

dity is a general characteristic of the wingless

morph, when compared to the winged morph in

wing polyphenic insects.

Winged aphids possessed fewer embryos and

exhibited slower growth rates of embryos than

wingless aphids from the third instar onwards

(Leather et al. 1988, Newton & Dixon 1990a, b).

In addition, Tsitsipis & Mittler (1976) recorded

the apparent cessation of embryogenesis in the

fourth instar alatae of A. fabae, indicating that the

development of wings had an effect on reproduc-

tive investment. Compared with the cricket G.

firmus flying actively for a prolonged period of

time, aphids engage in (active) short-distance

flight but also exploit weather patterns mainly for

(passive) long-distance migration (reviewed in

Zhang et al. 2008). Differences of the develop-

ment and reproduction for the wing polyphenic

aphids are likely to result from the simple posses-

sion of wings rather than as a result of flying since

winged individuals do not have to fly (Roff

1984).

4.4. Survivorship

Winged morph of S. avenae exhibited lower

survivorship, but the difference in adult survival

rate was not significant between wing morphs

(Fig. 4). Differential survivorship between

morphs observed in this experiment is similar to

the results obtained for several other wing-poly-

morphic species. Roff (1984) reported that

morph-dependent survivorship was not signifi-

cantly different in G. firmus and A. fasciatus.
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Denno et al. (1989) suggested that no trend ex-

isted for difference in adult survivorship between

the two wing forms of planthoppers.

4.5. Conclusions

In summary, an earlier onset of reproduction and

increased fecundity are general characteristics of

wingless morph, when compared to winged

morph in wing polyphenic insects. Other costs as-

sociated with the possession of wings may in-

clude delayed development, increased mortality,

decreased mating success or reduced egg size

(Roff 1984, Denno et al. 1989). The results re-

ported in this study support the general concept

that brachypterous or wingless morph has greater

fecundity and earlier reproduction than macro-

pterous or winged morph.

Wing form in aphids is determined by compli-

cated environmental factors. Compared to labo-

ratory conditions, many factors in nature have ef-

fects on the development and reproduction of

aphids. Therefore, further studies are required to

confirm whether the results of the present paper,

based on the laboratory experiments, are consis-

tent with field results. However, the results re-

ported in this paper might be of interest to a wide

variety of entomologists, add valuable informa-

tion to the fitness differences, and provide a foun-

dation for future biochemical and physiological

studies of the differences between winged and

wingless morphs.
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