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Abstract Diapause allows insects to temporally avoid
conditions that are unfavorable for development and
reproduction. However, diapause may incur a cost in the
form of reduced metabolic energy reserves, reduced
potential fecundity, and missed reproductive opportuni-
ties. This study investigated a hitherto ignored conse-
quence of diapause: trade-offs involving sequestered
chemical defense. We examined the aristolochic acid
defenses of diapausing and non-diapausing pipevine
swallowtail butterflies, Battus philenor. Pipevine swallow-
tail larvae acquire these chemical defenses from their
host plants. Butterflies that emerge following pupal dia-
pause have significantly less fat, a female fitness corre-
late, compared to those that do not diapause. However,
butterflies emerging from diapaused pupae are more
chemically defended compared to those that have not
undergone diapause. Furthermore, non-diapausing but-
terflies are confronted with older, lower quality host
plants on which to oviposit. Thus, a trade-off exists
where butterflies may have greater energy reserves at the
cost of less chemical defense and sub-optimal food
resources for their larvae, or have substantially less ener-
getic reserves with the benefit of greater chemical defense
and plentiful larval food resources.
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Introduction

Diapause is a state of dormancy widely observed in the
insects where metabolic processes are substantially
reduced, permitting individuals to persist in a quiescent
state for months or years. Diapause has been observed in
all life-history stages of insects and can be obligate or
facultative (Danks 1994). Numerous studies have exam-
ined the evolutionary and ecological consequences of
diapause in a cost/benefit framework and important
trade-offs have been described for this life history trait
(Tauber et al. 1986; Danks 1987). The propensity to dia-
pause can vary within and among populations, and such
variation provides the opportunity to examine trade-offs
associated with this life-history trait and the underlying
evolutionary mechanisms maintaining this variation
(Tauber et al. 1986; Mousseau and Roff 1989; Hopper
1999; Wiklund et al. 1992; Danks 1994; Nylin and Gott-
hard 1998; Soula and Menu 2003).

Many studies have concluded that one important
benefit of diapause is that it allows insects to temporally
avoid unfavorable conditions, such as hostile climatic
conditions, insufficient or low quality food resources,
and risks imposed by natural enemies (Danks 1987; Lill
2001). Diapause can, however, impose a cost through the
depletion of stored energy reserves and a reduction in
fecundity, increased vulnerability to natural enemies, and
lost reproductive opportunities (Danks 1987; Tauber
and Tauber 1992; Ishihara and Shimada 1995; Saunders
2000; Ellers and Van Alphen 2002). The defensive bene-
fits described in association with diapause have been
largely indirect, realized through the avoidance of activ-
ity during periods of high natural enemy threat or by
synchronizing activity when resource quality facilitates
accelerated growth, thereby reducing the time developing
juveniles remain in more vulnerable stages (Feeny 1976;
Clancy and Price 1987, Williams 1999; Fordyce and
Shapiro 2003). Trade-offs can exist within a tri-trophic
context, for example the benefit of avoiding exposure to
natural enemies through diapause can be tempered by
seasonal variation in host plant quality (Lill 2001). Also
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important in a tri-trophic context, and widespread in
insects, is plant-derived chemical defense. However, the
effect of diapause on sequestered plant toxins has not
been explored. Variation in sequestered chemical defense
may be associated with diapause if sequestrates are
metabolized, are energetically costly, or if their presence
poses the risk of autotoxicity during diapause. The pres-
ent study investigates trade-offs associated with diapause
for the pipevine swallowtail butterfly, Battus philenor (L.)
(Papilionidae), including adult mass, adult fat content,
and the quantity of host plant-derived chemical defense.

The range of B. philenor extends from the southeast-
ern and central United States to Arizona and south into
Central America, with a disjunct population in Califor-
nia’s Central Valley (Racheli and Pariset 1992). B. phil-
enor is a specialist herbivore on plants in the genus
Aristolochia (Aristolochiaceae), commonly called pipe-
vines, which contain toxic alkaloids called aristolochic
acids (Chen and Zhu 1987). Larvae sequester aristolo-
chic acids, rendering both larvae and adults chemically
defended against many natural enemies (Brower 1958;
Jeffords 1979; Fordyce 2001; Sime et al. 2000). Faculta-
tive diapause occurs in the pupal stage and to some
extent can be influenced by environmental factors. Sims
and Shapiro (1983a) found that B. philenor caterpillars
reared at higher temperatures were less likely to diapause
compared to those reared at cooler temperatures and
that females were more likely to diapause compared to
males.

In this study, we examined the trade-offs associated
with diapause for B. philenor. Specifically, we addressed
the effect of diapause on chemical defense and the effect
of diapause on stored energy reserves and adult mass.
We explored geographic variation in the propensity to
diapause, the effect of host plant species on diapause and
associated trade-offs, and the adaptive significance of
diapause based upon late season host plant availability
and quality.

Materials and methods
Study populations and rearing

Host plant quality can be an important factor affecting
the initiation of diapause in insect herbivores. To exam-
ine the effect of host plant on diapause, we reared B. phil-
enor caterpillars on one of two host plant species, 4.
californica (Torrey) or A. erecta (L.). In California, only
one host plant is available to B. philenor, the endemic A.
californica, a climbing liana characteristic of riparian
habitats of the Sacramento Valley and the surrounding
foothills of the Coast Range and Sierra Nevada. The
California population of B. philenor exhibits at least two
broods, with the early season brood being the larger, fol-
lowed by a partial second brood likely composed of first
brood offspring that do not enter pupal diapause (hereaf-
ter referred to as direct development) (Fig. 1). In central

Texas, A. erecta, a semi-erect procumbent vine character-
istic of arid, oak-juniper savanna, is the primary host
plant, although other species of Aristolochia are recorded
from this region and may also serve as larval host plants
(Pfeifer 1966, 1970). Previous experience indicated that
the Texas population is less prone to enter pupal dia-
pause compared to the California population (C.C. Nice,
personal observations). In central Texas, B. philenor is
multiple brooded with overlapping generations and may
be migratory (Scott 1986). Thus, two distinct life histo-
ries are possible for B. philenor. Individuals can exhibit a
univoltine life history where pupal diapause can extend
from early summer to the following spring, as is fre-
quently observed in California. Alternatively, individuals
can exhibit a bi- or multivoltine life history where direct
development of pupae leads to two or more generations
observed in a single year, as is observed for some Califor-
nia individuals and nearly all Texas individuals. We
reared caterpillars from both populations on each host
plant. This design permitted us to examine both the effect
of host plant species and population of origin on the pro-
pensity to diapause.

B. philenor eggs were collected from naturally laid
clutches in California in the Vaca Mountains of the
Coast Range (Solano Co.) and in Texas at Freeman
Ranch (Hays Co.), a field station operated by Texas
State University. In total, a minimum of 800 eggs, repre-
senting more than 100 clutches, was collected from each
population. Individuals from both populations were
reared in California on A. californica and in Texas on 4.
erecta. Captive populations were reared on fresh plant
material ad libitum until pupation in laboratory cages
under ambient photoperiod at 24-27°C. Due to the time
involved with caterpillar maintenance and a limited sup-
ply of host plant material, only a sub-sample of these cat-
erpillars was permitted to develop to pupation (30 Texas
individuals and 45 California individuals on A. erecta,
and 60 Texas individuals and 90 California individuals
on A. californica). Pupal weight and date of emergence
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Fig. 1 Number of individual pipevine swallowtail (Battus philenor)
adults observed by Julian day for 1999-2005 (combined). Data ob-
tained using a fixed-course walk along a road at Gates Canyon (So-
lano Co., Calif, USA) during sunny, low wind conditions
approximately every 2 weeks throughout the year. Fitted curve for
illustrative purposes (cubic spline, generalized cross validation
implemented in R; R Development Core Team 2005)



were recorded for each individual. Individuals were
recorded as having entered diapause if they emerged the
following spring. Non-diapausing individuals emerged
within 4 weeks of pupation. Within 24 h after eclosion,
after butterflies had expelled meconium and their wings
had hardened, sex was recorded, and each individual was
placed in a glassine envelope and stored at —20°C until
chemical analysis.

Chemical analysis and fat content

Butterflies were freeze-dried and weighed to the nearest
milligram. Each butterfly was placed in a 15-ml centri-
fuge tube, defatted twice via homogenization in 5 ml of
hexane followed by 20 min of sonication. No aristolochic
acids are lost to the hexane fraction (Fordyce et al. 2005).
The fat content of the hexane fraction was determined by
standard gravimetric technique. Aristolochic acids were
extracted from the remaining butterfly tissue twice with
5 ml of 100% ethanol and sonicated for 30 min at 50°C.
The ethanol extract was dried under reduced pressure
leaving a yellow residue. This residue was re-suspended
in 0.5 ml of 100% methanol and passed through a 0.45-
pum filter into an autosampler vial for HPLC analysis.
HPLC analyses were performed using a Waters Alliance
HPLC system and Empower Pro Software with 2,996
diode array detector monitoring at 248 and 320 nm.
Each injection was 10 pl eluted isocratically with metha-
nol, water, and 1% acetic acid (52:47:1) at a flow rate of
I ml/min on a Symmetry C-18 reverse phase column
(3.5 pm, 4.6x 75 mm) (Waters). Aristolochic acid content
was determined using retention time and absorption
spectra of known standards as a reference. Aristolochic
acid content of butterflies was measured as total amount
(1g) and concentration (pg aristolochic acid per mg but-
terfly dry weight). Effects of diapause and sex on dry
weight, fat content, and aristolochic acid concentration
was examined using MANOVA.

Phenology of host plant quality

Aristolochia californica normally stops growing by early
June. However, following disturbance, such as mowing
or fire, new foliage will flush as late as August (J.A. Ford-
yce and A.M. Shapiro, personal observations). In early
August 2000, a disturbance caused by road construction
through a patch of A4. californica provided an opportu-
nity to compare the quality of old and newly flushed
leaves for B. philenor larval growth. Naturally laid B.
philenor eggs were collected from a mowed site along the
American River Parkway (Sacramento Co.). Neonate
larvae were confined to either older leaves or newly
flushed leaves and permitted to feed for 48 h. Previous
investigations have demonstrated that this time period is
sufficient to measure the effects of leaf quality on cater-
pillar growth (Fordyce 2003, 2006; Fordyce and Shapiro
2003; Fordyce and Nice 2004). Only previously undam-
aged leaves were used for the experiment. Both treat-
ments were replicated 12 times. After 48 h of feeding,
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larvae were weighed to the microgram as a measure of
leaf quality for larval growth.

Results
Rearing

The tendency to enter diapause differed significantly
between the two study populations. Diapause was
observed for 40% of California individuals and 13% of
Texas individuals reared on A. erecta (df=1, y>=4.955,
P=0.026). For individuals reared on A. californica, 63%
of the California individuals diapaused and 14% of
Texas individuals diapaused (df=1, »5*>=22.328,
P<0.001). California larvae reared on A. californica
were more likely to diapause compared to those reared
on A. erecta in this study (df=1, y*=5.700, P=0.016).
The variation in diapause for the California population
between these experiments may reflect unknown differ-
ences in rearing conditions, such as photoperiod (light
periods in Texas were between 30 and 45 min shorter
than those experienced in California during the rearing
period of this study), or may reflect differences in the
quality of the two host plants. Pupal weight did not pre-
dict whether California individuals diapause when
reared on A. californica (df=1, y>*=0.878, P=0.3488) or
A. erecta (df=1, y*=0.13557, P=0.7127). California
females were more likely to diapause (31 of 41) com-
pared to males (26 of 49) (df=1, y*=3.965, P=0.046)
when reared on A. californica. In contrast, there was no
difference observed in diapause between sexes for indi-
viduals reared in Texas on A. erecta (df=1, y>=0.026,
P=0.872).

Chemistry and fat content

Because so few Texas individuals entered diapause, analysis
of fat content and chemical defense as related to diapause is
restricted to the California population. Similar to results of
previous studies (Fordyce et al. 2005; Sime et al. 2000), aris-
tolochic acid I was the primary aristolochic acid present in
the butterfly (39.14+1.87 ug; mean+SE) and aristolochic
acid II was present in lower amounts (7.06+0.56). The rela-
tive amounts of these two compounds were correlated
(Pearson product-moment correlation: r=0.68, P<0.001)
Individuals that had diapaused had a significantly higher
concentration of sequestered aristolochic acids and signifi-
cantly less fat reserves compared to individuals that had
undergone direct development on A. californica (Wilks’
1=0.299, Fy,046=14.572, P<0.001) and A. erecta (Wilks’
L=0.368, Fyg4,= 5096, P<0.001) (Table 1; Fig. 2). Quali-
tatively similar results for diapause were observed when
aristolochic acid content was analyzed as total amount
sequestered on 4. californica (diapause F)ge=4.627,
P=0.033) and A. erecta (diapause F)3,=6.970, P=0.012)
and when fat content was measured as a percent of body
mass (not shown). For individuals reared on A. californica,
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diapaused individuals weighed less (dry weight) than
directly developing individuals. However, this effect was not
detected for individuals reared on A. erecta. Females were
consistently larger and contained greater amounts of aris-
tolochic acids compared to males. None of the analyses
detected an interaction between sex and diapause, suggest-
ing that diapause similarly affects chemical defense and fat
content for both sexes.

Phenology of host plant quality

One larva in each of the treatments died, leaving 11 repli-
cates for each treatment. Older leaves were a substan-
tially lower quality food compared to newly flushed
leaves. Larval weight after 48 h of feeding on newly
flushed leaves was 1.4740.18 mg (mean+SE), whereas
larvae feeding on older foliage weighed 0.8340.05 mg (z-
test: df=20, t=3.283, P=0.002). The average hatching
weight of California larvae is 0.93+0.10 mg (n=>50)
(Fordyce and Nice 2004) indicating that larvae feeding
on older foliage had no net gain in mass over the course
of the experiment.
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Fig. 2 Variation of pipevine swallowtail body conditions (a, b dry
weight; ¢, d aristolochic acid; e, f fat; g, h percent fat) between males
(open bars) and females (shaded bars) with direct development (no
diapause) and diapause for California individuals reared on A. cali-
fornica and A. erecta host plants. See text and Table 1 for statistical
details. Error bars are +1SE

Discussion

A trade-off between adult energy reserves and chemical
defense was found for California B. philenor. On average,
individuals that had undergone direct development had
a significantly higher fat content compared to those that
diapaused, regardless of larval host plant. For individu-
als reared on A. californica there was also a negative
effect on total dry weight associated with diapause. Most
butterfly species, including B. philenor, are nectar feeders
as adults and are dependent on resources, such as fat,
obtained as larvae for reproductive success (Karlsson
1995; Boggs 1997). Although direct development
resulted in increased energy reserves that can translate
into higher reproductive success, it came at the cost of
reduced chemical defenses obtained as a larva. B. phil-
enor undergoing diapause had on average 60% higher
concentration of sequestered aristolochic acids and 40%
higher total aristolochic acids compared to individuals
that had undergone direct development. The physiologi-
cal mechanisms by which aristolochic acids are seques-
tered by Aristolochia feeders are poorly understood, and
thus the mechanisms responsible for the increased aris-
tolochic acid content observed for diapausing individu-
als remain unknown. Previous work on other species of
Battus have indicated that a substantial amount of the
aristolochic acids in the larval diet are metabolized or
excreted and that adults may contain as little as 2% of
the total aristolochic acids consumed by larvae (Urzua
and Priestap 1985; Urzua et al. 1987). Diapause might
reduce the amount of aristolochic acids that are metabo-
lized, or the rate that they are metabolized, resulting in
greater sequestration of these toxins. The biological rele-
vance of concentration versus total amount of aristolo-
chic acid as related to chemical defense of the butterfly
will likely depend on how a predator samples the but-
terfly, specifically whether the butterflies are entirely con-
sumed or not (Fordyce etal. 2005). Regardless, both
measures of aristolochic acid indicated that adults
emerging from diapaused pupae contain greater
amounts of aristolochic acids obtained as larvae. It is not
known how important the differences in aristolochic
acids we observed between diapausing and non-diapaus-
ing butterflies are for defense. However, experimental
manipulation of larval aristolochic acid content has
shown that these compounds have a direct effect on lar-
val defense and are likely responsible for the toxicity, or
unpalatability, of larvae and adults. Larvae containing
more aristolochic acids are better defended against pre-
dators compared to larvae containing less aristolochic
acids (Fordyce 2001). Codella and Lederhouse (1989)
observed variation in palatability of B. philenor in feed-
ing trials with captive blue jays, suggesting that variation
in palatability, presumably due to variation in aristolo-
chic acid content, can have defensive consequences for
adults. Studies on the cardenolides of Danaus gilippus
and D. plexippus have suggested that not only do
sequestered toxins affect defense, but also the dynamics
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Table 1 Univariate ANOVA tables for dry weight (mg), aristolochic acid concentration (log pg/mg dw), and total fat content (mg) for Cal-
ifornia pipevine swallowtail (Battus philenor) individuals reared on A. californica and A. erecta host plants

Source Dry weight Aristolochic acid Total fat content

MS F* P MS F? P MS F? P
A. californica
Diapause 15,444.01 19.286 < 0.001 041 20.927 < 0.001 1,386.62 42.063 < 0.001
Sex 8,909.08 11.125 0.001 0.95 48.442 < 0.001 1.35 0.041 0.8399
D xS 47.86 0.056 0.809 0.06 3.298 0.073 1.46 0.044 0.8336
A. erecta
Diapause 59.71 0.054 0.818 0.25 7.132 0.011 145.66 4202 0.047
Sex 13,973.45 12.557 0.001 0.66 19.23 < 0.001 149.95 4326 0.044
D xS 46.40 0.042 0.839 0.02 0.49 0487 9.74 0.281 0.599

4 A. californica: F\ gg; A. erecta: F) 34

of mimicry complexes (Moranz and Brower 1998; Rit-
land 1994; Alonso-Mejia and Brower 1994). The
increased aristolochic acid content observed in adult B.
philenor might also have important consequences for
their offspring. Female B. philenor transfer aristolochic
acids that they obtain as larvae to their eggs, both on the
surface of the egg (Sime et al. 2000) and within the egg,
resulting in a decrease of aristolochic acid content in
females over the course of the season (Fordyce et al.
2005). For California B. philenor, diapause results in
increased amounts of chemicals associated with defense
at the cost of decreased energy reserves.

Host plant quality will undoubtedly influence the
magnitude of the diapause-related trade-offs. There was
no apparent effect of host plant on differences in aristolo-
chic acid content associated with diapause. Diapaused
individuals consistently had a higher concentration and
total amount of aristolochic acids. However, butterflies
reared on A. californica had substantially less fat follow-
ing diapause compared to individuals reared on A.
erecta. Previous experiments have indicated that larvae
develop at a substantially accelerated rate on A. erecta
compared to A4. californica, suggesting that it is a host
plant species of superior quality (Fordyce and Nice
2004). The superior quality of A. erecta compared to A.
californica may ameliorate some of the costs associated
with diapause for individuals developing on the Texas
host plant. However, we were unable to access the effect
of diapause for the Texas population because so few
individuals entered pupal diapause.

The variation in the propensity to diapause observed
between the two populations studied here may also be
influenced by qualitative differences of the two host
plants, and by seasonal variation in host plant availabil-
ity and quality. Individuals from central Texas were less
likely to diapause compared to individuals from Califor-
nia, regardless of larval host plant. The higher rate of
diapause observed for the California population in both
of the rearing experiments might reflect selection pres-
sure resulting from the seasonal decline in A4. californica
quality for larval development. Females in California
generally avoid laying eggs on older foliage (J.A. Ford-
yce, personal observations), and thus suitable ovipostion
sites for females from this population are scarce by the

time the second brood emerges, thereby favoring dia-
pause over direct development. Previous work on these
two populations has shown significant differences in
thermal tolerance of larvae, indicating between-popula-
tion differences in other ecologically relevant traits (Nice
and Fordyce 2006). Although it is possible that some of
the between-population variation in the propensity to
diapause is a consequence of parental conditions, labora-
tory colonies maintained over three generations similarly
showed little pupal diapause for the Texas population,
suggesting a genetic component of this variation (J.A.
Fordyce, unpublished data).

Rausher (1986) observed that the first brood of a B.
philenor population in eastern Texas using A. serpentaria
and A. reticulata diapause at a rate of 41-55%, compara-
ble to that of the California population in this study. He
suggested that this diapause polymorphism could be
maintained via frequency-dependent selection resulting
from competition for suitable oviposition sites in the sec-
ond brood. Whereas the California population has only
one potential host plant, numerous species of Aristolo-
chia occur in the region of our central Texas study popu-
lation (Pfeifer 1966, 1970). Direct development might be
favored in this population if suitable host plants are
available for subsequent broods, if competition among
females for suitable oviposition sites is low, or if individ-
uals can successfully disperse to adjacent areas with suit-
able host plants.

Numerous studies have examined insect diapause in
the context of trade-offs. The geographic variation in the
propensity to diapause observed for B. philenor suggests
that the costs and benefits associated with diapause will
similarly vary throughout its range. One important ben-
efit of diapause for the California population is that indi-
viduals temporally avoid periods when suitable host
plants for larval development are scarce. The costs of
diapause for B. philenor in the currency of stored energy
reserves is consistent with that observed for many insects
that undergo diapause (Danks 1987). Most individuals in
Texas avoid this cost by developing directly. Future
study will be required to assess if Texas populations have
similar chemical and fat responses to diapause. Pupal
diapause can also impose a cost if the diapausing stage is
at increased risk of discovery or increased susceptibility



106

to parasites and predators, and such risks may be present
for B. philenor pupae (Sims and Shapiro 1983b). How-
ever, upon emerging from diapause, B. philenor adults
contain greater amounts of sequestered chemical
defenses compared to individuals that developed
directly. This first examination of the consequences of
diapause on sequestered chemical defense indicates that
this life history tactic may have important consequences
for adult toxicity.

Acknowledgements We thank K. Fordyce and M. Spencer for their
assistance with butterfly rearing and Z. Marion for help with chem-
ical analysis. Thanks to B. Fitzpatrick for help with the program R.
This manuscript was improved by the helpful comments of M. Bo-
ercker, L. McDonald and two anonymous reviewers. Thanks to V.
Boucher and D. Tolson of the UCNRS for access to Stebbins Cold
Canyon Reserve and Texas State University for access to Freeman
Ranch. This study was supported by the University of Tennessee,
Texas State University, Center for Population Biology (UC-Davis),
and the U.S. National Science Foundation (DEB-9306721) to
AM.S. and (DBI-0317483) to A.M.S. and James Quinn and (DEB-
0614223) to J.AF.

References

Alonso-Mejia A, Brower LP (1994) From model to mimic - age-
dependent unpalatability in monarch butterflies. Experientia
50:176-181

Boggs CL (1997) Reproductive allocation from reserves and income
in butterfly species with differing adult diets. Ecology 78:181-191

Brower JVZ (1958) Experimental studies of mimicry in some North
American butterflies. Part 11. Battus philenor and Papilio troilus,
P. polyxenes and P. glaucus. Evolution 12:123-136

Chen ZL, Zhu DY (1987) Aristolochia alkaloids. In: Brossi A (ed)
The alkaloids: chemistry and pharmacology. Academic, San Di-
ego, pp 29-65

Clancy KM, Price PW (1987) Rapid herbivore growth enhances en-
emy attack: sublethal plant defenses remain a paradox. Ecology
68:733-737

Codella SG Jr, Lederhouse RC (1989) Intersexual comparison of
mimetic protection in the black swallowtail butterfly, Papilio
polyxenes: experiments with captive blue jay predators. Evolu-
tion 43:410-420

Danks HV (1987) Insect dormancy: an ecological perspective. Bio-
logical Survey of Canada (Terrestrial Arthropods), Ottawa

Danks HV (1994) Insect life-cycle polymorphism: current ideas and
future prospects. In: Danks HV (ed) Insect life-cycle polymor-
phism. Kluwer, Dordrecht, pp 349-365

Ellers J, van Alphen JJM (2002) A trade-off between diapause dura-
tion and fitness in female parasitoids. Ecol Entomol 27:279-284

Feeny P (1976) Plant apparency and chemical defense. In: Wallace
JW, Mansell RL (eds) Biochemical interaction between plants
and insects, vol 10. Plenum, New York, pp 1-40

Fordyce JA (2001) The lethal plant defense paradox remains: induc-
ible host-plant aristolochic acids and the growth and defense of
the pipevine swallowtail. Entomol Exp Appl 100:339-346

Fordyce JA (2003) Aggregative feeding of pipevine swallowtall lar-
vae enhances hostplant suitability. Oecologia 135:250-257

Fordyce JA (2006) Interactions between clutches affect a benefit of
group feeding for pipevine swallowtail larvae. Ecol Entomol
31:75-83

Fordyce JA, Nice CC (2004) Geographic variation in clutch size and
a realized benefit of aggregative feeding. Evolution 58:447-450

Fordyce JA, Shapiro AM (2003) Another perspective on the slow-
growth/high-mortality hypothesis: chilling effects on swallowtail
larvae. Ecology 84:263-268

Fordyce JA, Marion ZH, Shapiro AM (2005) Phenological varia-
tion in chemical defense of the pipevine swallowtail, Battus phil-
enor.J Chem Ecol 31:2835-2846

Hopper KR (1999) Risk-spreading and bet-hedging in insect popu-
lations biology. Annu Rev Entomol 44:535-560

Ishihara M, Shimada M (1995) Trade-off in allocation of metabolic
reserves - effects of diapause on egg-production and adult lon-
gevity in a multivotine bruchid, Kytorhinus-sharpianus. Funct
Ecol 9:618-624

Jeffords MR, Sternburg JG, Waldbauer GP (1979) Batesian mim-
icry: field demonstration of the survival value of pipevine swal-
lowtail and monarch color patterns. Evolution 33:275-286

Karlsson B (1995) Resource allocation and mating systems in but-
terflies. Evolution 49:955-961

Lill JT (2001) Selection on herbivore life-history traits by the first
and third trophic levels: the devil and the deep blue sea revisited.
Evolution 55:2236-2247

Moranz R, Brower LP (1998) Geographic and temporal variation of
cardenolide-based chemical defenses of queen butterfly (Danaus
gilippus) in northern Florida. J Chem Ecol 24:905-932

Mousseau TA, Roff DA (1989) Adaptation to seasonality in a crick-
et: patterns of phenotypic and genotypic variation in body size
and diapause expression along a cline in season length. Evolution
43:1483-1496

Nice CC, Fordyce JA (2006) How caterpillars avoid overheating:
behavioral and phenotypic plasticity of pipevine swallowtail lar-
vae. Oecologia 146:541-548

Nylin S, Gotthard K (1998) Plasticity in life-history traits. Annu Rev
Entomol 43:63-83

Pfeifer HW (1966) Revision of the North and Central American hex-
androus species of Aristolochia (Aristolochiaceae). Ann Mo Bot
Gard 53:115-196

Pfeifer HW (1970) A taxonomic revision of the pentandrous species of
Aristolochia. The University of Connecticut Publication Series, 134

Racheli T, Pariset L (1992) II genere Battus tassonomia e storia nat-
urale. Fragm Entomol (Suppl) 23:1-163

Rausher MD (1986) Competition, frequency-dependent selection,
and diapause in Battus philenor butterflies. Fla Entomol 69:63-78

Ritland DB (1994) Variation in palatability of Queen butterflies
(Danaus gilippus) and implications regarding mimicry. Ecology
75:732-746

Saunders DS (2000) Larval diapause duration and fat metabolism in
three geographical strains of the blow fly, Calliphora vicina. J In-
sect Physiol 46:509-517

Scott JA (1986) The butterflies of North America. Stanford Univer-
sity Press, Stanford

Sime KR, Feeny PP, Haribal MM (2000) Sequestration of aristolo-
chic acids by the pipevine swallowtail, Battus philenor (L.): evi-
dence and ecological implications. Chemoecology 10:169-178

Sims SR, Shapiro AM (1983a) Pupal color dimorphism in California
Battus philenor (L.) (Papilionidae): mortality factors and selec-
tive advantage. J Lepid Soc 37:236-243

Sims SR, Shapiro AM (1983b) Pupal diapause in Battus philenor
(Lepidoptera: Papilionidae). Ann Entomol Soc Am 76:407-412

Soula B, Menu F (2003) Variability in diapause duration in the
chestnut weevil: mixed ESS, genetic polymorphism or bet-hedg-
ing? Oikos 100:574-580

Tauber CA, Tauber MJ (1992) Phenotypic plasticity in Chrysoperla:
genetic variation in the sensory mechanism and in correlated
reproductive traits. Evolution 46:1754-1773

Tauber MJ, Tauber CA, Masaki S (1986) Seasonal adaptations of
insects. Oxford University Press, New York

Urzua A, Priestap H (1985) Aristolochic acids from Battus polyda-
mas. Biochem Syst Ecol 13:169-170

Urzaa A, Rodriguez R, Cassesl B (1987) Fate of ingested aristolo-
chic acids in Battus Archidamus. Biochem Syst Ecol 15:687-690

Wiklund C, Wickman PO, Nylin S (1992) A sex difference in the pro-
pensity to enter direct/diapause development - a result of selec-
tion for protandry. Evolution 46:519-528

Williams IS (1999) Slow-growth, high-mortality - A general hypoth-
esis, or is it? Ecol Entomol 24:490-495



	A novel trade-off of insect diapause affecting a sequestered chemical defense
	Abstract
	Introduction
	Materials and methods
	Study populations and rearing
	Chemical analysis and fat content
	Phenology of host plant quality
	Results
	Rearing
	Chemistry and fat content
	Phenology of host plant quality
	Discussion
	Acknowledgements
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


