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OIKOS 60: 241-250. Copenhagen 1991 

Sex-related variation in growth rate as a result of selection for 
large size and protandry in a bivoltine butterfly, Pieris napi 

Christer Wiklund, S6ren Nylin and Johan Forsberg 

Wiklund, C., Nylin, S. and Forsberg, J. 1991. Sex-related variation in growth rate as 
a result of selection for large size and protandry in a bivoltine butterfly, Pieris napi. - 
Oikos 60: 241-250. 

This paper explores what factors influence size, development time and growth rate in 
a polyandrous and bivoltine butterfly, Pieris napi L. In butterflies male/female sexual 
size dimorphism has been shown to be positively correlated with female polygamy. 
Hence, males of P. napi should be selected for large size. Comparing time constraints 
between the directly developing and the diapause developing generations, it is 
obvious that the former is more pressed for time, having to complete two generation 
cycles in one season, whereas the latter only completes one life cycle. On top of this 
comes selection on males to emerge before females. Rearing larvae at the critical 
daylength, where part of the individuals develop directly and part diapause, a 
two-way ANOVA on growth rate shows that there is an interaction between sex and 
developmental pathway. This means that males repond to the selective pressure for 
large size and protandry by increasing their growth rate so that it is more accelerated 
relative to that of females under direct compared to diapause development. 
Although growth rate is phenotypically plastic, it must have a physiological upper 
limit. Hence, it seems likely that directly developing males have to make a trade off 
between size and protandry. In general, selection for protandry should be strongest 
under monandry, whereas selection for large size should be strongest under polyan- 
dry. When reared at the critical daylength male size is largest under direct devel- 
opment, whereas protandry is less accentuated. This suggests that males of P. napi 
have to make a trade off, and favour the achievement of large size to protandry. 

C. Wiklund, S. Nylin and J. Forsberg, Dept of Zoology, Univ. of Stockholm, S-106 91 
Stockholm, Sweden. 

Introduction 
According to Harvey and Clutton-Brock (1985) G. Eve- 
lyn Hutchinson once argued that priorities for ecolog- 
ical research should include the questions "How big is it 
and how fast does it happen?". In agreement with this 
outlined "research programme" we focus in this paper 
on exploring what factors influence size and develop- 
ment time in a bivoltine butterfly, Pieris napi L., living 
in a seasonal environment. In particular we examine 
how selection for one, or both, of these parameters 
result in phenotypic plasticity in growth rate. In spite of 
the somewhat detailed development of predictions that 
follow below, which is necessitated by the fact that time 
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constraints affecting different life stages are particular 
to the specific life history of the study organism, we 
contend that our conclusions have general applicability. 
Essentially, the results emphasize growth rate as a life 
history variable in its own right which can be increased 
or decreased by natural selection, and not a parameter 
which is given passively by temperature or food avail- 
ability in the environment. Hence, to name but one 
example, this will have consequences for life history 
calculations of optimal size and age at sexual maturity 
(cf. Stearns and Koella 1986), where optimal solutions 
in two-dimensional size-age space will need to take into 
account not only trade offs between size and age, but 
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Fig. 1. A schematic representation of the phe 
in central Sweden, where some individuals f 
life cycle and enter direct development early i 
others follow a univoltine life cycle and ente: 
opment. 

the triangular nature of trade offs betwee 
growth rate. 

Experimental rationale and predicti< 
Polyandry and size 

Selection for large male size is reasonal 
stood among mammals and other ve 
seems to be associated with male polyga 
monogamy (Clutton-Brock 1983, Gi 
Wheeler 1985). Likewise, a comparati 
Swedish butterfly species in the Pieridac 
has shown that male/female sexual size 
positively correlated with female polyg 
and Forsberg 1991). Large male size can 
as a result of many processes. As a rule 1h 
are competitively superior to smaller i 
and Dingle 1979, Sigurjonsdottir and Pa 
quist and Leimar 1983, Thornhill 1984 
1986) and large males have been shown 
advantage in two butterfly species ext 
monogamy (Wickman 1985, Elgar and 
However, the fact that large male size h 
to be associated with female polygamy, 
additional explanation that links large m~ 
andry. We believe that the answer is a s 
tion explanation. Firstly, it has been sho' 
of the ejaculate transferred to the fema 

positively correlated with male size in a number of 
butterflies (Svard and Wiklund 1986, 1988, Forsberg 
and Wiklund 1989, Oberhauser 1988), and secondly 
females that have received large ejaculates seem to 
delay mating longer than those that have received small 
ejaculates (Labine 1964, Boggs 1981, Oberhauser 1989, 
Wiklund and Kaitala unpubl.). We contend that these 
processes result in sexual selection favouring large male 
size especially in species where females mate repeat- 
edly. 

Development time, growth rate and seasonality 

;/ ]' Development time and growth rate of insects in temper- 
< / , 8 ate areas are influenced by (1) environmental season- 

, ,, ality, (2) selection for protandry, and (3) interactions 
,' , between the two. In general insect development exhib- 

,,' ,' its adaptations to the changing seasons which are espe- 
cially obvious in species that are partially bivoltine and 

,- 'have two generations per year, like P. napi. This butter- 
fly overwinters in the pupal stage, and adults of the 
overwintering generation eclose in May/June. The lar- 
vae hatching from the eggs laid in the beginning of the 

olllogyaobipolti female flight period typically develop directly and pro- 
n the season, and duce a second generation of adults that eclose in July/ 
r diapause devel- August, whereas larvae hatching from eggs laid later 

enter the diapause developmental pathway and produce 
pupae that overwinter (see Fig. 1). In P. napi, as in the 
majority of insects, each individual responds to day- 

mn size-age- and length and temperature and as a result enters either 
direct, or diapause, development (Wiklund et al. sub- 
mitted). The daylength at which approximately half of 
the individuals develop directly and half diapause, is 

)nS usually referred to as the "critical daylength" (Danilev- 
ski 1965, Tauber et al. 1986). If the switch is a threshold, 
this date marks the latest date at which individuals 

bly well under- develop according to a bivoltine life cycle, and also the 
~rtebrates, and earliest date at which individuals develop according to a 
imy and female univoltine life cycle. Hence, time constraints on devel- 
reenwood and opment time will be contingent to the developmental 
ve study of 23 pathway entered, so that individuals entering diapause 
e and Satyridae development at the critical daylength will have ample 
dimorphism is time available, whereas individuals that enter direct 

;amy (Wiklund development will have little time available. The ratio- 
be selected for nale is as follows: P. napi can only survive the winter in 

arge individuals the pupal stage. Thus the problem for larvae entering 
ones (Caldwell diapause development is to have time to complete de- 
irker 1981, En- velopment and pupate before the winter, a problem 
t, 1987, Crespi which may be severe for larvae hatching late in the 
to have mating season (cf. Figs 1 and 2) but becomes increasingly less 
hibiting female pressing the earlier in the season they hatch. Among the 
I Pierce 1988). larvae entering diapause development those that hatch 
ias been shown earliest in the season are those that enter this devel- 
calls for some opmental pathway at the critical daylength. Thus, the 

ale size to poly- size of individuals that enter diapause development at 
sperm competi- the critical daylength is little affected by time con- 
wn that the size straints related to the necessity of completing devel- 
ile at mating is opment before the winter. 
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The problem for individuals that develop directly is 
that they must complete a whole generation cycle extra 
compared to their diapausing sibs, and that not only 
they themselves but also their offspring must have time 
to complete development and pupate before the winter. 
Accordingly, time available to larvae that develop di- 
rectly decreases as the season proceeds, and those that 
enter direct development at the critical daylength are 
the ones that have the least time available since these 
individuals are the ones that start their direct devel- 
opment latest in the season. Contingent to the different 
time constraints for individuals following the different 
developmental pathways, we predict that larval devel- 
opment time will be shorter under direct development 
than under diapause development. For the same reason 
we also predict that growth rate will be higher under 
direct development than under diapause development 
(see also Denlinger et al.'s (1988) general claim, when 
comparing neotropical insects that are characterized by 
the absence of diapause capacity with those that have 
the capacity, that a number of life history traits are 
associated with diapause capacity and that the devel- 
opment time of these under direct development is 
speeded up compared to the direct development of spe- 
cies that lack diapause capacity). 

Development time, growth rate and protandry 

Development time is also influenced by selection for 
males to emerge before females. This is known as pro- 
tandry, and is found in the majority of insects with 
non-overlapping generations (Wiklund and Fagerstrom 
1977). Theorists have attempted to account for pro- 
tandry in terms of sexual selection acting either on 
males to maximize the expected number of matings 
(Wiklund and Fagerstrom 1977, Iwasa et al. 1983, 
Parker and Courtney 1983), or on females to minimize 
the prereproductive period (Fagerstrom and Wiklund 
1982). There is incidental evidence that both are cor- 
rect, and that protandry is not an incidental side-effect 
of some other process, but stems from sexual selection 
acting on both males and females (Wiklund and Sol- 
breck 1982, Singer 1982; see also Elgar and Pierce 
(1988) for observational evidence of selection on early 
male emergence in Jalmenus evagoras). The time con- 
siderations leading to the expectation that the directly 
developing generation should have a shorter develop- 
ment time as a result of a higher growth rate is equally 
relevant to both sexes, but on top of this comes the 
selection pressure on males to be protandrous. Again 
the strength of this selection pressure is contingent on 
developmental pathway in P. napi. The reason is that 
protandry is accomplished differently in the two gener- 
ations. In the directly developing summer generation 
development is uninterrupted, and protandry results 
from shorter development time, and higher growth rate, 
throughout the egg, larval and pupal stages. However, 
since the pupae overwinter in an undifferentiated stage 

(as evidenced by the fact that post-diapause develop- 
ment of pupae takes longer than that of pupae devel- 
oping without diapause at the same temperature, Fors- 
berg and Wiklund 1988), protandry in the overwintering 
generation depends only on different post-diapause de- 
velopment rates of male and female pupae. Hence, 
larval growth rate and final size of individuals are de- 
coupled from protandry in the diapausing generation. 
Accordingly, we predict not only that the directly devel- 
oping generation will have a shorter development time 
than the diapausing one, but also that directly devel- 
oping males will have shorter development time com- 
pared to females that develop directly. Moreover, since 
males are larger than females in P. napi (Wiklund and 
Forsberg 1991, Table 1), we predict that larval devel- 
opment of males under diapause development will be 
longer than that of females, on the assumption that 
growth rate of diapausing males and females are similar. 
Since P. napi is one of the most strongly polygamous 
butterflies in the Swedish fauna, males are also likely to 
be selected for large size. This leads us to predict that 
directly developing males will have a higher growth rate 
compared to directly developing females, both of which 
should have a higher growth rate compared to diapaus- 
ing individuals. 

Trade off between size and protandry 

We have explained that selection should favour both 
protandry and large male size in the directly developing 
generation, but for obvious reasons the shorter devel- 
opment time of males should impair their ability to 
acquire large size. Indeed, Singer (1982) has stated that 
"If males are to emerge before females as a result of 
selection for protandry, they must have shorter devel- 
opment time than females, and hence will be smaller, if 
they grow at the same rate as larvae". According to 
Sibly and Calow (1986) "Growth processes may either 
be maximized to physiological/developmental limits or, 
on the assumption that high growth rates carry survival 
costs, be an optimum compromise between the fitness 
costs and benefits of different growth rates". Hence, 
growth rate should be regarded as a variable which is 
amenable to alteration by natural selection, a fact which 
has been demonstrated to apply to the speckled wood 
butterfly Pararge aegeria, where Nylin et al. (1989) have 
shown that larval growth rate among directly devel- 
oping individuals are higher at daylengths close to the 
critical daylength which occurs in late July, compared to 
the longer daylengths characteristic of June or early 
July. 

Although growth rate may be phenotypically plastic, 
it must have an upper limit. Hence, since directly devel- 
oping males of P. napi seem to be selected both for large 
size and protandry, it seems reasonable to assume that 
they must make a trade off between the two. When both 
are not simultaneously achievable, the outcome of a 
trade off between protandry and large size will depend 
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Fig. 2. The phenology of P. napi reared outdoors in central Sweden in 1988 and 1989. The percent of individuals developing 
without diapause for each cohort is indicated by vertical bars located on the date of larval hatching. The number of individuals in 
the cohorts were as follows: in 1988: 20 May- n = 16; 7 June - n = 19; 22 June - n = 36; 12 July - n = 39; 25 July- n = 37; 3 
August - n = 32; 22 August - n = 39; and in 1989: 30 May - n = 32; 13 June 1 - n = 35; 29 June - n = 37; 14 July - n = 36; 30 July - 

n = 28; 11 August - n = 39; 23 August - n = 29; 11 September- n = 32 of which 10 individuals froze to death on 21 November. All 
of the 24 larvae that hatched on 24 September froze to death on 21 November at which time one was in the third instar, five were 
in the fourth instar and 18 were in the fifth instar. 

critically on the strength of selection for these two traits. 
In general, selection for protandry should be strongest 
in species where females are monogamous (Wiklund 
and Fagerstrom 1977, Fagerstrom and Wiklund 1982). 
However, on the assumption that the latest male to 
mate with a female has sperm precedence, which seems 
to hold true in most butterflies (see review by Drum- 
mond 1984), protandry should become increasingly less 
important with increasing degree of polyandry. Con- 
versely, selection for large male size is associated with 
polygamy (Wiklund and Forsberg 1991). Accordingly, 
we predict that in species where there is a trade off 
between protandry and large male size the balance 
should lean towards the achievement of protandry un- 
der female monogamy, and, conversely, towards the 
achievement of large male size under female polygamy. 
Since P. napi is one of the most strongly polyandrous 
species in the Swedish butterfly fauna, we predict that 
males will favour large size when forced to make a trade 
off between size and protandry. 

In this paper we test the predictions advanced related 
to differences in development time and growth rate of 
males and females of P. napi under diapause and direct 

development, and the prediction relating to the hy- 
pothesized trade off between protandry and size. We do 
this by comparing development time, pupal weight, and 
growth rate among seven replicates of rearings of larvae 
of P. napi under constant daylength and temperature 
conditions that produce split broods, i.e. where part of 
individuals develop directly and part diapause. Hence, 
all comparisons are made between individuals that are 
reared under identical temperature and daylength con- 
ditions on the same food in the same environmental 
chamber. In order to assess the natural phenology of P. 
napi in central Sweden, we also reared cohorts of larvae 
of P. napi started at hatching at approximately two week 
intervals, under outdoor conditions during two years. 

Materials and methods 
In order to assess how the proportion of directly devel- 
oping individuals changes as the season progresses, we 
reared cohorts of approximately 40 larvae hatching on 
the same day throughout the season on a terrace (facing 
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Table 1. Mean development time (?S.E.), mean pupal weight (+S.E.) and developmental response of P. napi reared in a variety 
of constant conditions producing mixed broods where a fraction of individuals enter diapause, and another fraction enter direct 
development. 

Daylength Development Larval development time (d) Pupal weight (mg) Sample size 
Temp. 

Males Females Males Females Males Females 

22h Direct 23.6?0.7 24.8?0.3 143+7 130?4 4 11 
17?C Diapause 27.7?0.4 26.0?0.5 140?3 130?3 16 16 

22h Direct 16.9?0.4 17.2+0.3 156+5 141?4 8 12 
20?C Diapause 18.9?0.3 18.0?0.6 144+5 134+8 11 3 

19:00h Direct 13.2?0.1 13.7?0.2 162?2 155?1 36 49 
23?C Diapause 15.3+0.6 14.8?0.8 158+3 154?3 6 4 

18:45h Direct 14.0?0.2 14.3?0.2 158?2 148?2 40 37 
23?C Diapause 17.8?0.4 16.3+1.0 157?2 154?4 8 6 

18:30h Direct 14.5?0.3 15.6?0.4 160?1 151+3 29 26 
23?C Diapause 17.3?0.4 17.1+0.5 153?3 152+3 15 7 

18:15h Direct 14.2?0.2 14.5?0.3 164?3 155?3 21 19 
23?C Diapause 16.8?0.2 16.6?0.3 157?2 149?3 27 14 

18:00h Direct 13.5+0.3 14.3?0.3 164?5 150?4 10 20 
23?C Diapause 17.0+0.3 16.7?0.3 161? + 1 154?3 36 23 

west) of the Zoology building. Cohorts were started at 
approximately two week intervals. In 1988 cohorts were 
started between 20 May and 22 August, and in 1989 
between 30 May and 24 September. Larvae were reared 
individually in plastic jars supplied with leaves of the 
natural host plant Alliaria petiolata. For each individual 
date of pupation was noted, and for directly developing 

ones also the day of adult eclosion. Directly developing 
individuals were sexed upon adult eclosion, whereas 
diapausing individuals were sexed by external morpho- 
logical characters in the pupal stage. 

Data on larval developmental times, pupal weight, 
and developmental pathway were assessed in 1986 and 
1989. In 1986 larvae from eggs laid by six females that 

Table 2. Mean growth rate (?S.E.), measured as percent weight increase per day from the date of larval hatch to the date of 
pupation, of male and female larvae of P. napi under diapause or direct development when reared at 23?C and daylengths that 
produce mixed broods. 

Daylength Temp. Direct development Diapause development 
(h) (?C) 

Males Females Males Females 

22:00 17 34.9?0.40% 33.5?0.3% 30.0?0.5% 31.6+0.6% 
N 4 11 16 16 

22:00 20 54.8?1.4% 51.2?2.0% 47.0?0.8% 49.3?1.8% 
N 8 12 11 3 

19:00 23 75.4?1.0% 71.6?0.9% 61.8?3.2% 65.2?3.8% 
N 36 49 6 4 

18:45 23 69.9?1.5% 66.9?1.5% 51.6?1.4% 55.1?6.4% 
N 40 37 8 6 

18:30 23 67.2+1.5% 61.1?1.7% 53.4?1.7% 53.8?2.0% 
N 29 26 15 7 

18:15 23 68.7?1.5% 66.7?1.5% 55.3?0.8% 55.7?1.3% 
N 21 19 27 14 

18:00 23 73.5?1.9% 67.8?1.7% 54.8?1.5% 55.7?1.4% 
N 10 20 36 23 

Note that all values along the horizontal rows are perfectly comparable, as all individuals are sibs reared in one environmental 
chamber. Although all individuals reared at 23?C are pooled sibs from eggs laid by 12 females on the same day, values between 
individuals reared in daylengths 19:00, 18:45, 18:30, 18:15, and 18:00 are not perfectly comparable as individuals were reared in 
five separate environmental chambers and possible small differences in temperature between chambers will preclude comparison 
of values between rows. 
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Fig. 3. Larval development 
time of males and females 
under direct and diapause 
development, respectively, 
at 17?C and a 22 h 
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results for larvae reared at 
23?C and 18:00, 18:15, 
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{ 

were caught in the vicinity of Stockholm, Sweden, were 
reared at 17 and 20?C, respectively, under a L:D 22:2 
cycle. As in the outdoor experiment larvae were reared 
individually in plastic jars where their host plant, A. 
petiolata, was cultured in ample supply. Age and weight 
at pupation were recorded. The numbers developing 
directly and the numbers diapausing were recorded. 
Diapausing individuals were kept at 4?C for 5 months, 
which is known to break diapause in all individuals of P. 
napi from the Stockholm area (Forsberg and Wiklund 
1988), and then returned to their initial regime. In 1989, 
the same data were assessed from larvae from some 500 
eggs laid on the same day by 12 females caught in the 

23?C 
80- 

I 

_O 70 

LU 

- 60- 
0 

-J 

5 1 
50 

70- 

60 

i 
4L 

50 

40 

20?C 
o Direct Males 
* Direct Females 
A Diapause Males 
A Diapause Females 

vicinity of Stockholm. These eggs were pooled and 
some 440 larvae were reared at 23?C at five different 
daylengths, 18:00, 18:15, 18:30, 18:45 and 19:00 h. 

The individual growth rate of each of the 514 larvae 
used in the experiments was calculated according to the 
formula for exponential growth 

% weight increase = ((mp/ml)t - 1) x 100, 

where mp = pupal weight, m, = larval weight at hatch- 
ing, and t = time from hatching of the larva to pupation. 
To assess the weight of newly hatched larvae, a sample 
of 25 eggs were removed from the leaf on which they 
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0 Fig. 4. Larval growth rate of 

4 males and females under 
direct and diapause 
development, respectively, 
at 17?C and a 22 h 
daylength, at 20?C and a 22 
h daylength, and pooled 
results for larvae reared at 
23?C and 18:00, 18:15, 
18:30, 18:45 and 19:00 h 
daylengths. 
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Table 3. Analysis of variance for larval growth rates in relation 
to sex and developmental pathway, i.e. diapause or direct 
development. 

Source DF Seq SS F P 

Developmental pathway 1 1.85 261.12 0.000 
Sex 1 0.04 1.86 0.174 
Dev. Pathway x Sex 1 0.05 7.55 0.006 
Error 429 2.88 
Total 432 4.82 

were glued and transferred to a moistened filter paper 
kept in a petri dish. The larvae were weighed on the day 
of hatching and their weight was 0.109 ? 0.004 mg 
(mean ?S.E.). Variance in egg weight is very small in 
pierids (Jones et al. 1982, Wiklund unpubl.), and since a 
newly hatched larva can increase its weight some 50% 
after a few hours of feeding, a standardized weight for 
newly hatched larvae of 0.100 mg was used when calcu- 
lating the growth rate for each individual. 

Protandry for individuals developing directly was as- 
sessed by rearing larvae from the same population at 17, 
20 and 23?C under a L:D 22:2 cycle. Protandry for 
diapausing individuals from the same population was 
assessed by rearing larvae at the same three temper- 
atures under L:D 16:8 cycle, after which post-diapause 
development times were recorded when pupae were 
brought back to initial conditions after spending be- 
tween 4 to 8 months at 4?C to break their diapause. 

Results 
Under outdoor conditions some of the larvae that hatch 
from May to mid-July develop directly and produce 
pupae from which adult butterflies eclose after one to 
two weeks (Fig. 2). In both 1988 and 1989 all of the 
female larvae in the May cohorts developed directly, 
whereas at least some males entered diapause devel- 
opment in all cohorts. Larval development time was 
shortest during June/July, where some of the larvae in 
the 22 June cohort completed development in 12 d in 
1988. Larval development time increased with the pro- 
gression of the season as temperatures decreased and 
the median larval development time for larvae hatching 
on 11 September in 1989 was 52 d. Out of the 32 larvae 
hatching on this date, only 22 completed development 
and survived, whereas 10 individuals were killed by 
frost on 21 November (four were killed as V instar 
larvae, three as prepupae and three as newly formed 
pupae). In the same year all of the 24 larvae hatching on 
24 September were also killed by frost on 21 November, 
by which time the larvae ranged between the third and 
fifth instar. 

Qualitatively, the results from the seven replicates of 
rearings in the laboratory are identical regarding larval 

development time and growth rate, and almost identical 
regarding pupal weigth (Tables 1 and 2; Figs 3 and 4). 
Larval development time was invariably shorter under 
direct than under diapause development (Table 1; Fig. 
3). This is in agreement with the hypothesis that the 
directly developing generation is under a more severe 
time constraint than the diapausing generation. The 
probability that this result should be replicated by 
chance in the predicted direction seven times equals 
(1/2)7 = 0.008 for both males and females. 

Moreover, as predicted by the hypothesis that males 
are selected to emerge before females, larval devel- 
opment time was shorter than that of females under 
direct development in all seven replicates. However, in 
the diapausing generation, where larval development 
time is decoupled from protandry by the intervening 
winter, larval development time of males was longer 
than that of females in all seven replicates, as was pre- 
dicted by the fact that male pupae are heavier than 
female pupae. Again the probability that this difference 
in larval development time should be replicated in the 
predicted direction by chance is (1/2)7 = 0.008. 

Most interestingly, the shorter development time of 
directly developing males was not accompanied by loss 
of weigth (Table 1). Not only was the mean pupal 
weight of males greater under direct than under dia- 
pause development in all seven replicates (the overall 
mean values being 158 ? 3 mg (?S.E.) under direct and 
147 ? 3 mg under diapause development), but also the 
difference in pupal weight between the sexes (the over- 
all mean difference between male and female pupal 
weights being 11 ? 1 mg under direct, and 6 ? 1 mg 
under diapause development in the seven replicates). 
The probability that these weight differences should 
point in the same direction in these seven replicates is 
2 x (1/2)7 = 0.015 for each of these two comparisons 
which shows that the shorter development time by 
males under direct development is accompanied by a 
relative increase in size (Table 1). 

Naturally, this can only be achieved by means of an 
increase in growth rate on the part of the directly devel- 
oping males, which is indeed the case (Table 2, Fig. 4). 
Since size is important to females as well, we earlier 
predicted that growth rate should be higher under direct 
than under diapause development, as a result of the 
former generation developing under a more severe time 
constraint. On top of this comes the selective pressure 
on males to emerge before females, which led us to 
predict that directly developing males should exhibit the 
highest growth rate of all. The empirical data confirm 
this prediction in all seven replicates. The probability 
that this pattern should appear due to chance is (1/6)7 = 
3.6 x 10-6. In fact, the pattern of growth rate replicates 
that of development time, so that directly developing 
males exhibit the highest rate, followed by directly de- 
veloping females, followed by diapause developing fe- 
males, which are followed by diapause developing 
males. Moreover, a two-way ANOVA on growth rate 
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Table 4. Protandry, measured as the number of days males 
emerge before females, for directly developing and diapausing 
generations of P. napi reared at 17, 20 and 23?C, and a L:D 
22:2, or a L:D 16:8 cycle. 

Development Protandry (d) Number of 
(mean ?S.E.) 

experiments individuals 

Direct 0.65?0.16 4 201 
Diapause 1.39?0.14 17 336 

shows that there is a significant interaction between sex 
and developmental pathway (Table 3), which means 
that males in the directly developing generation have an 
accelerated growth rate relative to females compared to 
the diapausing generation. This is in agreement with the 
predictions from the hypothesis that males are selected 
to emerge before females, a selective pressure which is 
relevant only in the directly developing generation since 
larval growth rate and protandry are decoupled in the 
diapausing generation. 

In the treatment designed to assess protandry at 17, 
20 and 23?C, development times were influenced by 
temperature, but the difference between the sexes was 
not. The same holds true for post-diapause develop- 
ment times for pupae that had spent different time 
periods at 4?C (cf. Forsberg and Wiklund 1988). There- 
fore, data on protandry are pooled for diapausing and 
directly developing individuals, respectively. Males 
emerged on average 1.39 d before females in the over- 
wintering generation, whereas the mean difference was 
only 0.65 d in the directly developing generation (Table 
4). This difference was statistically significant (Table 4: t 
= 2.67; df = 17; p < 0.02). Hence, protandry is less 
pronounced in the directly developing generation which 
lives under more severe time constraints than the dia- 
pausing generation. Since the size of directly developing 
males is as great as that of diapausing males, the evi- 
dence suggests that males of P. napi have to make a 
trade off between size and protandry under direct devel- 
opment, and that both cannot be achieved in spite of the 
fact that directly developing males exhibit accelerated 
growth rate. 

Discussion 
The results show that the directly developing generation 
of P. napi lives under a more severe time constraint than 
the diapausing generation, and suggests the interpreta- 
tion that this results in a shortening of the larval devel- 
opment time which is made possible by an increase in 
growth rate. The results also demonstrate that the 
growth rate of males is accelerated relative to females in 
the directly developing generation, which is in agree- 
ment with our predictions based on the hypothesis that 

this results from selection on males to emerge before 
females. Moreover, the fact that protandry is less accen- 
tuated under direct than under diapause development, 
whereas the size of directly developing males is not 
reduced, suggests that males trade off protandry for size 
under direct development. This is consistent with our 
predictions based on the hypothesis that polyandry se- 
lects for large male size, whereas monandry primarily 
selects for protandry. 

Seasonality and time constraint 

The reason why the directly developing generation is 
time constrained can be illustrated by Fig. 2. In 1989 all 
of the larvae hatching on 11 September pupated before 
the autumn frosts, but 11 of the 35 larvae hatching on 24 
September died in the first cold spell of the autumn on 
21 November. The latest cohort to produce directly 
developing individuals hatched on 14 July, eclosing as 
adults on 14 and 15 August. If we estimate that the 
duration of the egg stage is some 10 d, the first laid eggs 
from the females would hatch in mid-August, which 
means that they would have time to complete devel- 
opment and pupate before the frosts occurred in 1989. 
However, since female P. napi can live up to three 
weeks (Wiklund, unpubl.) eggs laid by two week old 
females would not hatch until late September, which 
means that a portion of them would be killed as larvae 
by the first autumn frosts. Moreover, the actual date on 
which the lethal autumn frosts appear varies drastically 
between years, and in 1988 the first frosts occurred 
almost a whole month earlier, on 24 October. If the cold 
period had occurred on this date in 1989, it is likely that 
both cohorts that hatched in September would have 
been killed. Two conclusions may be drawn from the 
data on the natural phenology of P. napi illustrated in 
Figs 1 and 2. Firstly, the directly developing generation 
is time constrained because of the risk that the offspring 
will not have time to complete development and pupate 
before the autumn frosts. Secondly, the mechanism for 
producing directly, or diapause, developing individuals 
seems well adapted to the local environment with the 
second generation flying at a time period when the 
majority of the offspring should have time to complete 
development and pupate before the winter. 

Phenotypic plasticity in growth rate 

As a result of the time constraint on the generation that 
develops directly, growth rate is increased under direct 
compared to diapause development. Moreover, selec- 
tion on directly developing males to emerge before fe- 
males comes on top of the seasonal time constraint, and 
this results in a still more accelerated growth rate in 
non-diapausing males. These findings, in conjunction 
with Nylin et al.'s (1989) observations on the extreme 
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variability in growth rate of Pararge aegeria at constant 
temperature under different daylength regimes, empha- 
size that insects exhibit adaptive plasticity in growth rate 
that we feel is unexpected in an ectothermic animal. 
This capacity to "choose" growth rate may appear sur- 
prising and can only be understood in the light of physi- 
ological theory which assumes that increased growth 
rate among juveniles is associated with survival costs 
(Sibly and Calow 1986). This assumption has consid- 
erable empirical support from mammals and birds 
(Clutton-Brock et al. 1985), fish (Beverton and Holt 
1959), echinoderms (Ebert 1985), and insects (Sharpe 
and Detroy 1979). What survival costs can conceivably 
be associated with increased growth rate in larvae of P. 
napi? In this butterfly ovipositing females often lay eggs 
on small crucifer rosettes (Forsberg 1987a), which 
means that the larvae often have to find at least one new 
host plant to become fully grown. It seems reasonable 
to assume that a higher metabolic rate decreases the 
capacity of larvae to endure starvation. Moreover, it 
seems generally true among animals that males have a 
higher growth rate and as a result suffer higher mortal- 
ity (cf. Clutton-Brock et al. 1982, Sherman and Morton 
1984, Trivers 1985, Sibly and Calow 1986). In this con- 
text it is also relevant to note the lower propensity of 
males to develop directly at the critical daylength (Table 
1). The observation that males have a different reaction 
norm for direct development compared with females, so 
that males enter diapause development earlier in the 
season than females, has been explained as a result of 
selection for protandry (Wiklund et al. 1991). ESS mod- 
els show that late emerging males are penalized in terms 
of fewer mating opportunities, which means that males 
have to increase their growth rate quite drastically to 
emerge before females in the time constrained directly 
developing generation (Parker and Courtney 1983, 
Iwasa et al. 1983). Hence, the high growth rate neces- 
sary for males to be able to realize protandry under 
direct development might be associated with so high a 
cost, that delaying emergence until next year by enter- 
ing diapause development may be more profitable. It 
seems also relevant to point out that the assumed sur- 
vival cost associated with increased growth rate makes it 
unimportant, in the present context, to decide if direct 
development in itself affects growth rate, or if only 
individuals capable of increasing their growth rate enter 
the pathway of direct development at the critical day- 
length. 

Male trade off between size and protandry 

Although males that develop directly increase their 
growth rate, protandry among the directly developing 
individuals was only half of that in the diapausing gener- 
ation. Does this indicate that protandry was suboptimal 
in one of the generations? According to theory, pro- 
tandry should increase with male longevity and the du- 

ration of the eclosion period (Wiklund and Fagerstrom 
1977, Fagerstrom and Wiklund 1982). When comparing 
the duration of the flight periods (which gives a com- 
bined tentative measure of both longevity and the dura- 
tion of the eclosion period) of the two generations of P. 
napi in the Stockholm area, it is apparent that the 
duration of the flight period of the directly developing 
second generation is somewhat longer than that of the 
overwintering first generation (Forsberg 1987b). Hence 
there is little reason to believe that the more pro- 
nounced protandry that we found in the overwintering 
generation should be an adaptive response, since theory 
would predict protandry to be at least as profound in the 
directly developing generation. On the contrary, the 
fact that protandry was less pronounced in the directly 
developing generation suggests that protandry was sub- 
optimal under direct development. 

Conversely, males developing directly under severe 
time constraints became as large as males under dia- 
pause development (Table 1). Hence, large size appears 
to be favoured by P. napi. Why is this so? A compara- 
tive study of 23 species of Swedish butterflies in the 
Pieridae and Satyridae has shown that male/female sex- 
ual size dimorphism is positively correlated with female 
polygamy (Wiklund and Forsberg submitted). Sperma- 
tophore counts on females of P. napi caught in the 
Stockholm area has shown that they mate up to five 
times, and that females mated on average 2.03 times 
(Forsberg and Wiklund 1989). Thus P. napi is one of the 
most polyandrous butterflies out of the odd twenty spe- 
cies of Swedish butterflies that have hitherto been stud- 
ied (Svard and Wiklund 1989), and in agreement with 
the pattern outlined above males of P. napi should be 
expected to be strongly selected for large size. 

Hence, we argue that sexual selection favours both 
protandry and large male size in P. napi. Unless both 
ends can be achieved by increased growth rate, we 
contend that the outcome of a trade off between pro- 
tandry and size will depend critically on the strength of 
selection on these two "characters", so that large male 
size will be favoured under polyandry, and protandry 
(i.e. short development time) will be favoured under 
monandry. The results in this study suggest a trade off 
in the predicted direction in P. napi, but a rigorous test 
of the above hypothesis demands a comparative study 
of several species that have variable mating systems. 

Acknowledgements - We thank M. Elgar, M. Singer, B. Tull- 
berg and P.-O. Wickman for comments. 

References 
Beverton, R. J. H. and Holt, S. J. 1959. A review of the life 

spans and mortality rates of fish in nature and their relation 
to growth and other physiological characteristics. - In: Wol- 
stenholme, G. E. M. and O'Connor, C. M. (eds), The life 
span of animals. J. & A. Churchill, London, pp. 142-144. 

17 OIKOS 60:2 (1991) 249 



Boggs, C. L. 1981. Selection pressures affecting male nutrient 
investment at mating in heliconiine butterflies. - Evolution 
35: 931-940. 

Caldwell, R. L. and Dingle, H. 1979. The influence of size 
differential on agonistic encounters in the mantis shrimp, 
Gonodactylus viridis.. - Behaviour 69: 255-264. 

Clutton-Brock, T. H. 1983. Selection in relation to sex. - In: 
Bendall, D. S. (ed.), Evolution from molecules to men. 
Cambridge Univ. Press, pp. 457-482. 

-, Guinness, F. E. and Albon, S. D. 1982. Red deer: Beha- 
viour and ecology of two sexes. - Univ. of Chicago Press, 
Chicago. 

-, Guinness, F. E. and Albon, S. D. 1985. Parental in- 
vestment and sex differences in juvenile mortality in birds 
and mammals. - Nature, Lond. 313: 131-133. 

Crespi, B. J. 1986. Size assessment and alternative fighting 
tactics in Elaphrothrips tuberculatus (Insecta: Thysano- 
ptera). - Anim. Behav. 34: 1324-1335. 

Danilevskii, A. S. 1965. Photoperiodism and seasonal devel- 
opment in insects. - Oliver and Boyd, Edinburgh. 

Denlinger, D. L., Chen, C.-P. and Tanaka, S. 1988. The im- 
pact of diapause on the evolution of other life history traits 
in flesh flies. - Oecologia (Berl.) 65: 461-467. 

Drummond, B. A. III. 1984. Multiple mating and sperm com- 
petition in the Lepidoptera. - In: Smith, R. L. (ed.), Sperm 
competition and the evolution of animal mating systems. 
Academic Press, New York. 

Ebert, T. A. 1985. Sensitivity of fitness to macroparameter 
changes: an analysis of survivorship and individual growth 
in sea urchin life histories. - Oecologia (Berl.) 65: 461-467. 

Elgar, M. A. and Pierce, N. E. 1988. Mating success and 
fecundity in an ant-tended lycaenid butterfly. - In: Clutton- 
Brock, T. H. (ed.), Reproductive success: Studies of indi- 
vidual variation in contrasting breeding systems. Univ. of 
Chicago Press, Chicago. 

Enquist, M. and Leimar, 0. 1983. Evolution of fighting beha- 
viour: decision rules and assessment of relative strength. - 
J. Theor. Biol. 102: 387-410. 

Fagerstrom, T. and Wiklund, C. 1982. Why do males emerge 
before females? Protandry as a mating strategy in male and 
female butterflies. - Oecologia (Berl.) 52: 164-166. 

Forsberg, J. 1987a. Size discrimination among conspecific host- 
plants in two pierid butterflies: Pieris napi and Pontia da- 
plidice. - Oecologia (Berl.) 72: 52-57. 

- 1987b. A model for mate discrimination in butterflies. - 
Oikos 49: 46-54. 

- and Wiklund, C. 1988. Protandry in the green-veined white 
butterfly, Pieris napi L. - Funct. Ecol. 2: 81-88. 

- and Wiklund, C. 1989. Mating in the afternoon: time-sav- 
ing in courtship and remaiting by females of a polyandrous 
butterfly Pieris napi. - Behav. Ecol. Sociobiol. 25: 349-356. 

Greenwood, P. J. and Wheeler, P. 1985. The evolution of 
sexual size dimorphism in birds and mammals: a "hot- 
blooded" hypothesis. - In: Greenwood, P. J., Harvey, P. H. 
and Slatkin, M. (ed.), Evolution: Essays in honour of John 
Maynard Smith. - Cambridge Univ. Press, pp. 287-299. 

Harvey, P. H. and Clutton-Brock, T. H. 1985. Life history 
variation in primates. - Evolution 39: 559-581. 

Iwasa, Y., Odendaal, F. J., Murphy, D. D., Ehrlich, P. R. and 
Launer, A. E. 1983. Emergence patterns in male butter- 
flies: a hypothesis and a test. - Theor. Pop. Biol. 23: 
363-379. 

Jones, R. E., Hart, J. R. and Bull, G. D. 1982. Temperature, 
size, and egg production in the cabbage butterfly Pieris 
rapae. - Aust. J. Zool. 30: 223-232. 

Labine, P. A. 1964. Population biology of the butterfly Eu- 
phydryas editha. I. Barriers to multiple inseminations. - 
Evolution 18: 335-336. 

Nylin, S., Wickman, P,-O. and Wiklund, C. 1989. Seasonal 
plasticity in growth and development of the speckled wood 
butterfly, Pararge aegeria. - Biol. J. Linn. Soc. 38: 155-171. 

Oberhauser, K. 1988. Male monarch butterfly spermatophore 
mass and mating strategies. - Anim. Behav. 36: 1384-1388. 

- 1989. Effects of spermatophores on male and female mon- 
arch butterfly reproductive success. - Behav. Ecol. Socio- 
biol. 25: 237-246. 

Parker, G. A. and Courtney, S. P. 1983. Seasonal incidence: 
adaptive variation in the timing of life history strategies. - 
J. Theor. Biol. 105: 147-155. 

Sharpe, E. S. and Detroy, R. W. 1979. Susceptibility of Japa- 
nese beetle larvae to Bacillus thuringensis: associated ef- 
fects of diapause, midgut pH and milky disease. - J. Invert. 
Pathol. 34: 90-91. 

Sherman, P. W. and Morton, M. L. 1984. Demography of 
Belding's ground squirrels. - Ecology 65: 1617-1628. 

Sibly, R. M. and Calow, P. 1986. Physiological ecology of 
animals: an evolutionary approach. - Blackwell, Oxford. 

Sigurjonsdottir, H. and Parker, G. A. 1981. Dung fly strug- 
gles: evidence for assessment strategy. - Behav. Ecol. So- 
ciobiol. 8: 219-230. 

Singer, M. C. 1982. Sexual selection for small size in male 
butterflies. - Am. Nat. 119: 440-443. 

Stearns, S. C. and Koella, J. C. 1986. The evolution of pheno- 
typic plasticity in life-history traits: predictions of reaction 
norms for age and size at maturity. - Evolution 40: 893- 
914. 

Svard, L. and Wiklund, C. 1986. Different ejaculate delivery 
strategies in first versus subsequent matings in the swallow- 
tail butterfly Papilio machaon. - Behav. Ecol. Sociobiol. 
18: 325-330. 

- and Wiklund, C. 1988. Fecundity, egg weight and longevity 
in relation to multiple matings in females of the monarch 
butterfly. - Behav. Ecol. Sociobiol. 23: 39-43. 

- and Wiklund, C. 1989. Mass and production rate of ejac- 
ulates in relation to monandry/polyandry in butterflies. - 
Behav. Ecol. Sociobiol. 24: 395-402. 

Tauber, M. J., Tauber, C. A. and Masaki, S. 1986. Seasonal 
adaptations of insects. - Oxford Univ. Press. 

Thornhill, R. 1984. Fighting and assessment in Harpobittacus 
scorpionflies. - Evolution 38: 204-214. 

- 1987. The relative importance of intra- and interspecific 
competition in scorpionfly mating systems. - Am. Nat. 130: 
711-729. 

Trivers, R. 1985. Social evolution. - Benjamin/Cummins Pub- 
lishing Company, Menlo Park, CA. 

Wickman, P.-O. 1985. Territorial defence and mating success 
in males of the small heath butterfly Coenonympha pam- 
philus L. - Anim. Behav. 33:1162-1168. 

Wiklund, C. and Fagerstrom, T. 1977. Why do males emerge 
before females? A hypothesis to explain the incidence of 
protandry in butterflies. - Oecologia (Berl.) 31: 153-158. 

- and Solbreck, C. 1982. Adaptive versus incidental explana- 
tions for the occurrence of protandry in a butterfly, Lep- 
tidea sinapis. - Evolution 36: 56-62. 

- and Forsberg, J. 1991. Sexual size dimorphism in relation to 
female polygamy and protandry in butterflies: a compara- 
tive study of Swedish Pieridae and Satyridae. - Oikos (in 
press). 

250 OIKOS 60:2 (1991) 


	Article Contents
	p. 241
	p. 242
	p. 243
	p. 244
	p. 245
	p. 246
	p. 247
	p. 248
	p. 249
	p. 250

	Issue Table of Contents
	Oikos, Vol. 60, No. 2 (Mar., 1991), pp. 137-272
	Front Matter
	Watermite Parasitism of Corixidae: Infection Parameters, Larval Mite Growth, Competitive Interaction and Host Response [pp.  137 - 148]
	Predicting Risk-Taking behaviour from Life-History Theory Using Static Optimization Technique [pp.  149 - 154]
	Avian Nest Predation in Tropical Wet Forest: An Experimental Study [pp.  155 - 161]
	Food Availability and the Use and Storage of Fat by Ant-Lion Larvae [pp.  162 - 172]
	Character Displacement in the Psammophile Gerbillidae of Israel [pp.  173 - 179]
	Landscape Composition and the Intensity and Outcome of Two-Species Competition [pp.  180 - 186]
	Flow Mediates Predator-Prey Interactions between Triclad Flatworms and Larval Black Flies [pp.  187 - 196]
	Female-Biased Sex Ratios in Response to Increased Density in a Bruchid Seed Predator: A Consequence of Local Mate Competition? [pp.  197 - 204]
	Seed Predation by the Bean Weevil Acanthoscelides Obtectus on Phaseolus Species: Consequences for Seed Size, Early Growth and Reproduction [pp.  205 - 214]
	Spore Establishment Probability and the Persistence of the Fugitive Invading Moss, Orthodontium Lineare: A Spatial Simulation Model [pp.  215 - 221]
	Two Competing Parasitoid Species Coexist in Sympatry [pp.  222 - 230]
	Simulation of Fluctuating Populations of Carex bigelowii Tillers Classified by Type, Age and Size [pp.  231 - 240]
	Sex-Related Variation in Growth Rate as a Result of Selection for Large Size and Protandry in a Bivoltine Butterfly, Pieris napi [pp.  241 - 250]
	Trophic Interactions among a Beetle Predator, a Chironomid Grazer, and Periphyton in a Seasonal Wetland [pp.  251 - 257]
	Opinion
	Measuring Diving Success of Otters [pp.  258 - 260]

	Forum
	What Selection: Herbivory or Competition? [pp.  261 - 262]
	The r - K Continuum and the Relative Effectiveness of Sexual Selection [pp.  263 - 265]
	Canopy Seed Storage and Release: What's in a Name? [pp.  266 - 268]
	Population Dynamics of Poikilotherm and Homeotherm Vertebrates: Effects of Food Shortage [pp.  269 - 272]

	Back Matter



