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Abstract. Drosophila melanogaster has colonized temperate habitats on multiple continents over a historical time
period, and many traits vary predictably with latitude. Despite considerable attention paid to clinal variation in
Drosophila, the mechanisms generating such patterns in nature remain largely unidentified. In D. melanogaster, the
expression of reproductive diapause can be induced by exposure to low temperatures and shortened photoperiods.
Both diapause expression itself and the underlying genetic variance for diapause expression have widespread impacts
on organismal fitness, and diapause incidence exhibits a 60% cline in frequency in the eastern United States. The
major aim of this study was to evaluate whether the relative fitness of diapause and nondiapause genotypes varies
predictably with environment. In experimental population cages in the laboratory, the frequency of genotypes that
express diapause increased over time when flies were exposed to environmental stress, whereas the frequency of
nondiapause genotypes increased when flies were cultured under benign control conditions. Other fitness traits cor-
related with the genetic variance for diapause expression (longevity, mortality rates, stress resistance, lipid content,
preadult viability, fecundity profiles, and development time) also diverged between experimental treatments. Similarly,
sampling of isofemale lines from natural populations revealed that the frequency of diapause incidence cycled over
time in seasonal habitats: diapause expression was at high frequency following the winter season and subsequently
declined throughout the summer months. In contrast, diapause expression was low and temporally homogeneous in
isofemale line collections from human-associated urban habitats. These data suggest that genetic variation underlying
the diapause-nondiapause dichotomy may be actively maintained by selection pressures that vary spatially and tem-
porally in natural populations.
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Understanding the mechanisms by which organisms adapt
to environmental heterogeneity remains a fundamental goal
in evolutionary biology. Clines have long been used to infer
the action of natural selection on particular traits or poly-
morphisms across environmental gradients (e.g., Endler
1986). The inference that a specific cline is generated by
selection can be indirectly evaluated by several methods, in-
cluding examining patterns of variation at multiple loci (e.g.,
Berry and Kreitman 1993; Sezgin et al. 2004), among dif-
ferent taxa (Karan et al. 1998), and among replicate samples
(e.g., Oakeshott et al. 1982; Gockel et al. 2001). However,
the null hypothesis of selective neutrality of molecular or
phenotypic variants must be directly tested by experimen-
tation. Identifying the mechanisms that generate clines, even
for well-studied polymorphisms in model organisms, often
proves difficult. In Drosophila melanogaster, a number of
traits and allele frequencies at specific loci vary significantly
with latitudinal origin of populations on multiple continents
(e.g., Boulétreau-Merle et al. 1982; Hoffmann et al. 2001,
2002; Sezgin et al. 2004). While geographic variation in re-
productive and stress-related traits may reflect adaptation to
novel temperate environments (Mitrovski and Hoffmann
2001; Boulétreau-Merle and Fouillet 2002; Hoffmann et al.
2003), the selective dynamics that generate these clines in
natural populations remain largely unresolved.

Reproductive or ovarian diapause in D. melanogaster is an
ideal model system for an experimental, mechanistic dissec-
tion of a cline. The diapause syndrome, an intensively char-
acterized adaptation to seasonality in insects, is defined as a
neuroendocrine-mediated genetic program elicited by token
environmental cues such as photoperiod and/or temperature
(Tauber et al. 1986). Expression of the syndrome is com-

monly associated with reproductive quiescence and a variety
of physiological changes, such as delayed senescence, ele-
vated stress resistance, and depressed metabolism, that pro-
mote survivorship over prolonged periods of unfavorable
conditions (e.g., winter). The expression of diapause is highly
species specific; in the Drosophilidae, diapause is most com-
monly expressed in adults (Lumme and Lakovaara 1983).

Ovarian or reproductive diapause in D. melanogaster was
first described by Saunders et al. (1989), and patterns of
diapause expression demonstrate some similarities to well-
characterized diapause syndromes of other insect taxa. First,
diapause is induced by exposure to shortened photoperiod
(�12 h light) and low temperature (�12�C), token environ-
mental cues routinely used for time measurement in arthro-
pods. Drosophila melanogaster females measure night rather
than day length (Saunders 1990). However, the relative im-
portance of photoperiod versus temperature is unclear: in
Canton-S females, both photoperiod and temperature impact
diapause expression (Saunders et al. 1989), whereas no wide-
spread effects of photoperiod are evident in other lines more
recently sampled from natural populations (Tatar et al. 2001).
Second, diapause expression appears to be modulated by neu-
roendocrine signaling, as exogenous application of juvenile
hormone analogs terminates diapause, and diapause expres-
sion is associated with a reduced rate of juvenile hormone
synthesis in the corpora allata (Saunders et al. 1990). Studies
by Richard et al. (1998, 2001) also implicated a role for
ecdysteroids in mediating vitellogenesis and the diapause re-
sponse and further supported that D. melanogaster diapause
is under neuroendocrine control. Third, the potential fitness
advantages of diapause expression in D. melanogaster have
been described by Tatar et al. (2001): exposure to diapause-
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inducing conditions for both males and females results in
life-span extension, negligible senescence while in diapause,
and increased resistance to multiple forms of environmental
stress. Finally, patterns of diapause expression vary predict-
ably with latitude in D. melanogaster (Williams and Soko-
lowski 1993; Schmidt et al. 2005a), as they do in many other
species (reviewed in Danilevskii 1965; Tauber et al. 1986).

Although the reproductive diapause of D. melanogaster has
not been extensively characterized, several observations sug-
gest that the phenotype may be qualitatively distinct from a
true diapause syndrome. Most notably, diapause is terminated
almost immediately upon transfer of females to warmer tem-
peratures and/or longer photoperiods, rather than being of a
predetermined duration. The observation that diapause is both
initatated and terminated directly by environmental variables
suggests a facultative quiescence or oligopause (Saunders et
al. 1989). Furthermore, the expression of diapause is highly
variable within natural populations: when exposed to the
standard diapause assay (Saunders et al. 1989; Williams and
Sokolowski 1993; Tatar et al. 2001), some strains remain
reproductively quiescent (diapause genotypes), whereas oth-
ers progress through normal reproductive development (non-
diapause genotypes). Patterns of inheritance for diapause in
D. melanogaster appear relatively straightforward (Williams
and Sokolowski 1993; Schmidt et al. 2005a). Saunders and
Gilbert (1990) suggested that the reproductive quiescence of
D. melanogaster may be of recent evolutionary origin. Con-
sistent with this hypothesis, diapause expression in the stan-
dard assay has not been observed in African populations of
D. melanogaster or in natural populations of D. simulans from
North America (P. Schmidt, unpubl. data).

In the eastern United States, diapause incidence exhibited
a 60% cline in frequency among isofemale line populations
sampled from 11 different latitudes (Schmidt et al. 2005a);
molecular variants thought to be neutral with respect to fitness
did not demonstrate any such patterns of geographic variation
in these same sampled populations (Schmidt et al. 2000; Sez-
gin et al. 2004). Such a pattern is consistent with selection
on diapause expression and overwintering in temperate hab-
itats, or it may represent an indirect effect of selection on
correlated traits. Analyses of diapause and nondiapause in-
bred lines indicated that the cline in diapause incidence may
reflect a series of life-history trade-offs associated with the
genetic variance for diapause expression (Schmidt et al.
2005b). In the absence of cues that would elicit diapause
expression, diapause genotypes were constitutively longer
lived and more resistant to cold and starvation stress than
were nondiapause lines. However, nondiapause genotypes
were also characterized by higher early-life fecundity and a
faster rate of development from egg to adult.

The life-history trade-off hypothesis predicts that the rel-
ative fitness of diapause and nondiapause genotypes is de-
pendent on specific environmental parameters that vary with
latitude and/or season. Here, we provide an initial test of this
prediction by competing diapause and nondiapause genotypes
under two environmental regimes in experimental population
cages in the laboratory. Seasonal collections were also made
from natural populations to evaluate temporal change in the
frequency of diapause genotypes in two distinct environ-
ments.

MATERIALS AND METHODS

Experimental Setup

Isofemale lines were collected from Walpole, Maine, in
September 2001. Each line was subsequently cultured at 25�C
and a 12:12 L:D photoperiod, inbred by 25 generations of
full-sib mating, and characterized for diapause phenotype
(Saunders et al. 1989). Of the sets of diapause (D) and non-
diapause (ND) lines previously described (Schmidt et al.
2005b), 10 lines of each genotype were randomly selected
for the experiments described here. Because we expected that
there would be substantial variation among inbred lines with-
in each genotypic class (D and ND), the experimental setup
incorporated replication at the level of genetic background.
Of the 10 replicate lines for each genotype, five were ran-
domly selected and assigned to genetic background A (D:
CC25, CC93, CC143, RR11, RR43; ND: CC21, CC42, CC79,
RR42, RR44). The remaining lines were assigned to genetic
background B (D: CC37, CC39, CC120, RR8, RR24; ND:
CC44, CC109, CC146, RR12, RR90). The A and B popu-
lation cages were initiated with the same D:ND genotypic
ratio, but were comprised of distinct lines of independent
genetic backgrounds. Prior to the initiation of the experi-
mental population cages, each of the 10 selected lines was
maintained in four replicate cultures in 175-ml bottles at
relatively constant density (200 � 20 eggs/bottle) for two
generations. Fifty flies of each sex were collected as virgins
within a 2-h window across all replicates for each line. Ten
flies of each sex from each line were then used to establish
four replicate experimental population cages (1450BSV,
BioQuip Products, Gardena, CA) for each genetic back-
ground. All cages were initiated with 10 distinct lines (five
D and five ND lines per cage) � 10 flies per sex for a total
of 200 flies in each. Within the A and B genetic backgrounds,
two cages were randomly assigned to the stress treatment and
two cages to the control treatment. Thus, the experiment con-
sisted of a total of eight experimental population cages: four
cages each for the independent A and B backgrounds, with
half of the cages being assigned to each experimental treat-
ment (stress and control). All cages were maintained with a
generation time of 14 days, and the experiment was run for
a total of 13 generations.

After establishment, cages were kept under control con-
ditions (25�C, 12:12 L:D, constant humidity) on banana-mo-
lasses medium for two generations. Flies in the stress treat-
ment were then exposed to alternating bouts of starvation and
cold stress. Starvation stress was simulated by removing food
for 3 days; cold stress consisted of exposure to �20�C for
45 min. These treatments were used as token stressors fol-
lowing the methodology of Schmidt et al. (2005b) and were
not designed to accurately simulate ecologically relevant pa-
rameters. Following each round of stress exposure, cages
were kept under control conditions for one generation such
that the density of adults remained relatively constant across
treatments. In the control treatment, flies were kept at 25�C,
12:12 L:D, and constant humidity for the duration of the
experiment.
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Diapause Phenotyping: Cages

The percentage of females that expressed reproductive dia-
pause in the eight cages was estimated at five time points:
in the F1 generation and in the generations following each
round of stress exposure. From all cages, approximately 100
females were collected within 2 h posteclosion and placed
in groups of 10 in fresh vials at 11�C and 10:14 L:D. Ovaries
were dissected 4 weeks later and characterized according to
King (1970). A fly was scored as diapausing if the most
advanced stage oocyte was � stage 7. Data were analyzed
with nominal logistic regression in JMP version 5 (SAS In-
stitute, Cary, NC), modeling the log odds of diapause/non-
diapause.

Life-History Trait Measurements

Following cage establishment, patterns of longevity and
fecundity were determined in the second generation (prior to
stress exposure) to evaluate potential cage and background
effects. From each cage, 20 virgins of each sex were randomly
collected within a 4-h window and placed in 20 separate vials
(one male and one female in each). Additional collections
were made at the same time for replacement of dead males
and females. Each vial was transferred daily and the number
of eggs counted until both original individuals had died.
These estimates of longevity and patterns of reproduction
were repeated at the end of the experiment, subsequent to all
rounds of stress exposure. Mortality data were analyzed with
a proportional hazards model using JMP version 5.

The final analyses for all assayed traits (life span, fecun-
dity, development time, viability, lipid content, dry weight)
were conducted on flies that had been passed through two
generations of low-density culture. In the 11th generation of
culture, following the last stress exposure and subsequent
recovery generation, 10 fresh egg-collection plates (thinly
poured banana-molasses medium) were placed in each of the
eight cages. Flies were allowed to oviposit for 24 h, after
which time groups of eggs were placed in 20 replicate 175-
ml culture bottles at a density of 200 � 20 eggs/bottle. After
eclosion in this first generation of low-density culture, flies
were transferred to new bottles, allowed to oviposit, and den-
sity standardized as before. Virgin males and females were
then collected in 4-h cohorts over 12 h and used as experi-
mental material for all final analyses. Life span, fecundity,
lipid content, development time, and viability were assayed
simultaneously on flies collected in the 13th generation fol-
lowing cage initiation. Thus, the reported trait differences
between treatments reflect genetic change over generational
time and not trait plasticity in response to varying levels of
stress exposure.

Total body lipid content was measured by ether extraction
upon experimental termination according to the methodology
of Robinson et al. (2000). Approximately 100 flies of each
sex were collected from bottles originating from each cage,
separated into mixed sex groups of 10, and aged to 5 days.
Flies were then separated by sex into groups of 10 in mi-
crocentrifuge tubes and frozen at �80�C until analysis. An
initial regression of lipid content on dry mass was performed;
the resulting residuals were analyzed with ANOVA. All anal-
yses of variance were conducted in JMP version 5.

Development time and egg-to-adult viability were also
measured for all cages subsequent to experimental manipu-
lation. Twenty virgin males and females were collected from
bottles originating from each cage and placed in mixed sex
groups of 10 in fresh vials. After 5 days of exposure to mates,
flies were transferred to new vials and allowed to oviposit
for 1 h. The total number of eggs laid was then counted and
standardized at 30 eggs/vial; once flies began to eclose from
a vial, the number of adults was counted every 4 h. Devel-
opment time was estimated as the number of hours from
oviposition to adult eclosion, and egg-to-adult viability was
assessed as the proportion of eggs laid that eclosed as adults.
Data were analyzed with ANOVA, with estimates of egg-to-
adult viability being arcsine-square-root transformed prior to
analysis.

Diapause Phenotyping: Field Collections

Isofemale lines were sampled from rural and urban envi-
ronments to evaluate temporal changes in the frequency of
diapause phenotypes. The rural collections were done at So-
lebury Orchards (New Hope, PA) and Terhune Orchards
(Princeton, NJ) in May, July, and September in both 2003
and 2004. Flies were collected by a combination of baiting
and sweep netting and sorted into isofemale lines in the lab-
oratory. A minimum of 70 lines per population per sampling
time were used for phenotypic characterizations. Species
identification was established by examining resulting male
progeny. Approximately 10 females were collected from each
line, placed under diapause-inducing conditions, and phen-
otyped 4 weeks later. The urban collections were made from
Yards Brewing Company (Philadelphia, PA) and an indoor/
outdoor produce market in South Philadelphia. Both locations
contain large breeding D. melanogaster populations through-
out the year. Urban flies were collected within 2 days of the
rural collections at all time points and phenotyped simulta-
neously. Data for diapause incidence were analyzed with
nominal logistic regression as before.

RESULTS

Changes in Diapause Incidence

The experimental manipulation had a significant effect on
the proportion of flies from a cage that expressed reproductive
diapause (Fig. 1). In the F1 generation, the mean frequency
of diapause was 0.76 (range 0.65–0.86). Assuming random
mating among virgin flies used to establish the cages, this is
consistent with a predicted 3:1 ratio if diapause segregates
as an autosomal dominant (Schmidt et al. 2005a). In the
control cages, the frequency of nondiapause genotypes had
significantly increased by the fourth generation and continued
to increase thereafter at a slower rate. In contrast, the fre-
quency of diapause genotypes increased subsequent to ex-
posure to both starvation and cold stress. These patterns were
consistent across replicate cages and between the two inde-
pendent genetic backgrounds (Table 1). At the end of ex-
periment, following the last exposure to environmental stress,
the odds of a fly in a stress cage expressing diapause relative
to nondiapause were 65.24 times higher than in the control
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FIG. 1. Change in the frequency of diapause incidence over generational time in the eight experimental population cages. A and B
denote genetic background; C and S denote the control and stress treatments, respectively. Diapause frequency was assayed in the first
filial generation and in each generation following exposure to starvation or cold stress. Starvation stress was applied in the third and
seventh generations, and cold stress in the fifth and ninth generations.

TABLE 1. Maximum likelihood parameter estimates for the logistic regression analysis modeling the log odds (dispause/nondiapause)
in the 10th generation in the experimental demography cages.

Term Estimate SE �2 P Odds ratio

Intercept 0.355 0.112 10.01 0.0016
Treatment 2.089 0.112 347.64 0.00001 65.24*
Genetic background 0.185 0.112 2.73 0.098 1.45
Genetic background � treatment �0.0543 0.112 0.23 0.628 0.897

* The 99% confidence intervals do not include 1.0.

cages. The lower and upper 99% confidence intervals around
this odds ratio were 37.45 and 119.20, respectively.

Diapause incidence was also observed to change over time
in the collections of isofemale lines from rural orchard pop-
ulations (Fig. 2). Analysis indicated significant effects of date
of collection (Wald �2 � 83.18, df � 5, P � 0.001), habitat
(Wald �2 � 358.24, df � 1, P � 0.001), and the interaction
term (Wald �2 � 33.21, df � 5, P � 0.001). The frequency
of diapause incidence was higher in the first collection fol-
lowing the winter season than in late summer, and the ob-
served seasonal variation was greatly magnified in the or-
chard relative to urban populations (Table 2). These patterns
were consistent in both sampled years.

Life Histories

Initial estimates for longevity indicated no widespread dif-
ferences among cages or treatments, but a significant inter-
action between genetic background and sex was observed
(Table 3). Mean life span was similar between genetic back-
grounds for the female sex (A females: 49.4 days; B females:
47.7 days), whereas mean life span for males differed be-
tween the A and B genetic backgrounds (40.5 and 53.8 days,
respectively). In contrast to these differences observed in
initial life span, the experimental manipulation significantly
impacted female life span only (Table 3). Life expectancies
for males were equivalent between the stress and control

treatments at the end of the experiment, but females from
the stress cages exhibited a 27.8% life span extension relative
to females from control cages (means plotted in Fig. 4).

Similar to the data on longevity, there was no significant
variation in total or per capita fecundity among cages when
assayed in the second generation, prior to experimental ma-
nipulation (not shown). At the end of the experimental period,
as assayed in the 13th generation of culture, there was a slight
but nonsignificant difference in total lifetime fecundity be-
tween treatments: mean fecundity for control females was
1370 eggs, and the mean for females in the stress treatment
was 1241 (F1,136 � 1.435, P 	 0.233). However, per capita
fecundity was higher for control females for the first 36 days
of life, and differences between treatments were highest early
in life (Fig. 3). The difference between treatments was non-
randomly distributed over time by a runs test (n1 � 66, n2

� 9, eight runs, P � 0.025; Sokal and Rohlf 1981).
The experimental manipulation had more widespread ef-

fects on standardized lipid content than on dry weight (Table
4). Total body lipid content for males was statistically in-
distinguishable between treatments (within model planned
comparison: F1,179 � 0.013, P � 0.909), but females from
the stress treatment had a higher proportion of body weight
comprised of lipid than did control females (F1,179 � 10.49,
P � 0.001). Lipid content was positively correlated with
female but not male life span (Fig. 4A). Mean dry weight
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FIG. 2. Change in the frequency of diapause incidence (mean �
SE) over time in Pennsylvania orchard (O) and urban (U) isofemale
line populations.

TABLE 2. Maximum likelihood parameter estimates for the logistic regression modeling the log odds (dispause/nondiapause) in seasonal
collections of isofemale lines from Pennsylvania orchard and urban habitats.

Term Estimate SE �2 P Odds ratio

Intercept �0.2084 0.0467 19.88 0.0001
Date (July 2003) 0.0665 0.101 0.44 0.508 1.14
Date (July 2004) 0.0868 0.102 0.73 0.393 1.19
Date (May 2003) 0.438 0.112 15.26 0.0001 2.41*
Date (May 2003) 0.521 0.105 24.43 0.0001 2.83*
Date (Sept. 2003) �0.471 0.104 20.44 0.0001 0.39*
Habitat (orchard) 0.885 0.0467 358.24 0.0001 5.86*
Date (July 2003) � habitat (orchard) �0.0571 0.101 0.32 0.569 0.89
Date (July 2004) � habitat (orchard) 0.0138 0.102 0.02 0.892 1.03
Date (May 2003) � habitat (orchard) 0.471 0.112 17.59 0.0001 2.56*
Date (May 2004) � habitat (orchard) 0.158 0.105 2.26 0.133 1.37
Date (Sept. 2003) � habitat (orchard) �0.146 0.104 1.96 0.161 0.75

* The 99% confidence intervals do not include 1.0.

was equivalent between treatments but differed between sex-
es, as would be expected. Although neither genetic back-
ground nor treatment had significant effects on weight, flies
of the A genetic background were heavier in the control treat-
ment, whereas flies of the B genetic background were heavier
in the stress treatment. These differences are reflected in the
significant genetic background-by-treatment interaction term.

Development time as well as transformed egg-to-adult vi-
ability also diverged between treatments (Table 5; Fig. 4B).
Mean time to eclosion was 18.4 h longer for flies from the
stress relative to the control treatment. However, the mean
proportion of eggs laid that successfully eclosed as adults
was 19.6% higher in the stress compared to control treatment.
Genetic background also had a significant effect on egg-to-
adult viability, as flies of the B background exhibited slightly
higher (8.3%) mean viability.

DISCUSSION

Drosophila melanogaster is a tropical insect that has col-
onized temperate habitats in North America in the relatively
recent past (David and Capy 1988). Temperate populations
persist over time by means of adult overwintering, which has
been associated with delays in the onset of reproduction in
both European (e.g., Boulétreau-Merle and Fouillet 2002) and
Australian (Mitrovski and Hoffmann 2001) populations. Dia-
pause expression is a widespread mechanism for overwin-
tering in insect taxa that occupy seasonal environments, in-
cluding temperate species of Drosophila (e.g., Lumme and
Lakovaara 1983; Kimura 1988b). The life-span extension,
reduction in age-specific mortality rates, and greatly in-
creased stress resistance that accompany diapause expression
indicate that this trait is also functionally associated with
overwintering in the cosmopolitan species D. melanogaster
(Tatar et al. 2001).

This inference predicts that diapause frequency should be
positively associated with the degree of seasonality and se-
verity of stress experienced in a given habitat during unfa-
vorable periods. This was observed, as diapause incidence is
clinal across the latitudinal gradient in the eastern United
States (Schmidt et al. 2005a). Given the potential fitness ad-
vantages of diapause expression during prolonged periods of
environmental stress (e.g., Lumme and Lakovaara 1983; Ki-
mura 1988a; Tatar et al. 2001), it is not surprising that dia-
pause incidence is at high frequency in northern temperate
populations. Substantial gene flow among populations in the
eastern United States is expected based on both direct esti-
mates of dispersal (e.g., Coyne and Milstead 1987) and in-
direct estimates from the geographic distribution of presum-
ably neutral genetic markers (e.g., Hale and Singh 1991;
Berry and Kreitman 1993; Sezgin et al. 2004). This may, in
part, explain the occurrence and persistence of nondiapause
genotypes in temperate regions. What remains unclear is why
diapause-expressing genotypes are at relatively low frequen-
cy in southern neotropical locales. In such habitats, Dro-
sophila populations are not exposed to temperatures that
would both induce and maintain reproductive quiescence for
long periods of time; diapause expression may not be required
for overwinter survivorship of individuals or associated with
population persistence.
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TABLE 3. Proportional hazards analyses of life span.

Source df

Initial

LR �2 P

Final

LR �2 P

Genetic background 1 1.234 0.267 0.0036 0.953
Treatment 1 0.213 0.644 5.771 0.016
Sex 1 0.198 0.656 1.967 0.161
Genetic background � treatment 1 0.352 0.553 0.032 0.858
Genetic background � sex 1 5.797 0.016 0.234 0.629
Treatment � sex 1 1.945 0.163 5.883 0.015

FIG. 3. Per capita fecundity for females in the control and stress
cages. Data are based on a sliding window of 3-day means.

Schmidt et al. (2005a) hypothesized that the observed cline
in diapause incidence reflects fitness trade-offs associated
with the observed variance for diapause expression. Subse-
quent characterizations of inbred lines derived from a single
temperate source population documented the potential for
fitness trade-offs. First, diapause genotypes were constitu-
tively longer lived and had reduced rates of age-specific mor-
tality, higher preadult viability, and enhanced resistance to
both cold and starvation stress. Second, nondiapause geno-
types were significantly more fecund early in life and de-
veloped from egg to adult at a faster rate. Finally, for the
life-history traits investigated, the resulting genetic variance-
covariance matrices were significantly distinct between dia-
pause and nondiapause inbred lines (Schmidt et al. 2005b).
The observed life-history variation between diapause and
nondiapause lines is similar in many respects to the variation
between starvation-selected and control lines (e.g., Harshman
et al. 1999).

Experimental Population Cages

The major goal of the experiments presented here was to
test the hypothesis that the relative fitness of genotypes that
express and do not express reproductive diapause in the stan-
dard laboratory assay varies with environment in a manner
predicted by their life-history profiles and genetic variance-
covariance matrices. It was predicted that diapause genotypes

would be of higher relative fitness in environments charac-
terized by some degree of environmental stress, as these ge-
notypes are more stress resistant even in the absence of dia-
pause expression. Conversely, nondiapause genotypes were
predicted to be of higher fitness in more benign environments,
as standard culture under optimal conditions for a holome-
tabolous insect is predicted to result in strong selection on
development rate and early life fecundity (e.g., Chippindale
et al. 1997; Sgró and Partridge 2000) as well as the timing
of oviposition (Gilpin 1974).

The results presented here are consistent with these pre-
dictions. In the laboratory, populations cultured under the
two distinct environmental regimes significantly diverged for
a series of life-history traits over a relatively short temporal
interval. After 13 generations and exposure to four bouts of
moderate environmental stress, populations in the stress treat-
ment were characterized by a higher frequency of reproduc-
tive diapause incidence, female life-span extension, and high-
er lipid content. The sex-specific effects of selection observed
in this experiment are consistent with the results observed
by Chippindale et al. (1996).

It remains unclear what actual traits were selected to gen-
erate the results observed here. Exposure to starvation stress
has been hypothesized to select on a variety of traits including
metabolic rate and/or lipid content (Hoffmann and Parsons
1991). In selecting directly on starvation resistance, Harsh-
man et al. (1999) observed no change in resting metabolic
rate between selected and control lines, whereas the selected
lines demonstrated an increase in body weight, triacylgly-
ceride content, and enzyme activities associated with lipid
biogenesis. Selection on starvation resistance also resulted
in a longer development time from egg to adult; similar re-
sults were observed by Chippindale et al. (1996), and this
phenotypic correlation is also evident in the results presented
here. Given the established links between lipid content and
starvation resistance (e.g., Service 1987; Chippindale et al.
1996; Harshman et al. 1999; Hoffmann et al. 2005b) and the
increased lipid content of females in the stress compared to
the control treatment, exposure to starvation stress may have
selected directly on lipid content. However, although dia-
pause inbred lines were previously observed to be more re-
sistant to starvation stress, these lines were characterized by
a slight but significant reduction in total body lipid content
compared to the nondiapause inbred lines analyzed (Schmidt
et al. 2005b). It remains unknown how total body lipid con-
tent is partitioned into distinct lipid source pools for these
sets of diapause and nondiapause inbred lines. Preliminary
results have demonstrated a consistently lower basal meta-
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TABLE 4. Analysis of variance for total body lipid content and body weight in experimental cages.

Source df

Lipid content

SS � 109 F

Dry weight

SS � 109 F

Genetic background 1 0.028 0.0001 21.99 0.268
Treatment 1 6.874 668.955* 8.008 0.0995
Sex 1 0.961 1.464 685.631 188.516*
Genetic background � treatment 1 0.0104 0.0083 80.451 39.699***
Genetic background � sex 1 0.649 0.521 3.658 1.805
Treatment � sex 1 6.841 5.498* 0.0945 0.4665
Error 178 221.53 360.687

* P � 0.05; *** P � 0.0001.

bolic rate across adult age classes and temperatures for dia-
pause relative to nondiapause genotypes (C. Wills and P.
Schmidt, unpubl. data).

In comparison to selection on starvation resistance, the
basis for selection on cold resistance is not as well under-
stood. Resistance to cold shock is increased by short-term
chilling or cold hardening (e.g., Chen and Walker 1993; Kelty
and Lee 1999; Ayrinhac et al 2004; Anderson et al. 2005),
but the variation in cold resistance among populations in not
solely due to plasticity (e.g., Bubliy et al 2002). In natural
populations sampled across latitudinal gradients, temperate
populations are consistently more resistant to various forms
of cold stress than are tropical populations (Guerra et al.
1997; Gibert et al. 2001; Bubliy et al. 2002; Hoffmann et al.
2002a; Ayrinhac et al. 2004; Hoffmann et al. 2005a). Al-
though a positive phenotypic correlation between lipid con-
tent and cold resistance was observed by Hoffmann et al.
(2001), evidence exists for a trade-off between cold resistance
and starvation resistance (Hoffmann et al. 2005b) as well as
between low and high temperature resistance (Hoffmann et
al. 2002). Hoffmann et al. (2005b) selected directly on either
starvation or cold resistance; lines selected for starvation re-
sistance were characterized by higher lipid content and in-
creased desiccation resistance but were less cold resistant.
Similarly, lines selected for cold resistance demonstrated a
decrease in resistance to starvation stress and did not exhibit
the increase in lipid content that is commonly observed in
starvation-selected lines (e.g., Chippindale et al. 1996; Harsh-
man et al. 1999).

In the present experiment, experimental flies were not rap-
idly cold hardened prior to stress exposure and resistance
was based on cold shock, not chill coma recovery (e.g., Mac-
donald et al. 2004). Lines selected for decreased chill coma
recovery time also demonstrate increased resistance to severe
cold shock (Anderson et al. 2005), and selection on cold
shock resistance is more effective in the absence of prior cold
hardening (Watson and Hoffmann 1996). While rapid cold
hardening may be associated with changes in lipid content
or composition (e.g., Overgaard et al. 2005), selection based
on resistance to extreme cold shock may be more related to
constitutive variation in polyol content (e.g., Yoder et al.
2006) or carbohydrate cryoprotectants (e.g., Kelty and Lee
2001). Thus, assuming that the observed trade-off between
starvation and cold resistance is mediated by lipid metabo-
lism (Hoffman et al. 2005b), exposure of flies to both star-
vation and cold stress in the present experiment would be
predicted to result in distinct if not counter selection pressures

on the underlying life-history trait variation. Although se-
lection on starvation and cold resistance may have differential
effects on lipid content and correlated traits, exposure to both
stresses caused a similar increase in the frequency of diapause
incidence observed here.

Seasonal Changes in Diapause Incidence

The robust life-history differentiation between diapause
genotypes allows a further prediction regarding temporal var-
iation in frequency. In seasonal environments the frequency
of genotypes that express diapause should be high following
the winter, assuming that diapause expression is positively
associated with survivorship over this period. If these ge-
notypes are of lower relative fitness under conditions con-
ducive to Drosophila reproduction and population growth,
the frequency of diapause incidence should decline over the
summer months. In contrast, the frequency of genotypes that
express diapause should be relatively low and constant in
environments that exhibit a lower degree of seasonality with
regard to temperature and food availability. The results pre-
sented here are also consistent with these predictions. In res-
ident orchard populations that experience pronounced sea-
sonality, the frequency of diapause incidence was observed
to cycle over time. In urban environments in which flies
maintain breeding populations throughout the year, diapause
frequency was low and seasonally homogeneous. No effort
was made to quantify the degree of seasonality in the urban
habitats sampled or the magnitude of the difference in rel-
evant environmental parameters that Drosophila populations
experience in the orchard versus urban habitats. Habitat type
was a qualitative designation based on the observed seasonal
variation in reproductive activity. In the orchards sampled,
adult D. melanogaster can be collected by baiting and trap-
ping from March through December only; in contrast, in a
variety of human-associated urban habitats, including the
ones sampled in the present study, gravid D. melanogaster
females are abundant throughout the year (P. Schmidt, pers.
obs.).

Relation to the Cline

A simple hypothesis for geographic variation in diapause
incidence in D. melanogaster can be derived from the the-
oretical treatment of the timing of diapause by Cohen (1970)
and its modification by Kimura (1988a). The onset of dia-
pause expression, and by extension the frequency of diapause
genotypes, in a given habitat is predicted to be determined
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FIG. 4. (A) Phenotypic association between lipid content and life span for males and females in the control and stress treatments. (B)
Phenotypic association between preadult viability and development time for genetic background by treatment combinations. All datapoints
are plotted as a mean � standard error.

TABLE 5. Analysis of variance for development time and transformed percent viability.

Source

Development time

df SS F

Egg to adult viability

df SS F

Genetic background 1 15.335 64.822 1 0.221 173.003*
Treatment 1 174.314 736.859* 1 1.053 822.993*
Genetic background � treatment 1 0.237 0.948 1 0.0013 0.014
Error 2344 585.131 127 11.287

* P � 0.05.

by three factors that occur over the winter season: (1) the
probability of successful reproduction; (2) the probability of
survival without diapause expression; and (3) the probability
of survival while in diapause. Diapause genotypes should be
at high frequency when the gain in fitness associated with
diapause expression (relative overwintering survivorship of
diapause to nondiapause genotypes) is greater than the as-
sociated cost (reproductive quiescence). Given that D. me-
lanogaster larvae cannot tolerate continual exposure to low
temperatures (e.g., Kimura 1988a), the probability of suc-
cessful reproduction during the temperate winter is presumed
to be negligible. Furthermore, early-winter reproduction was
shown to be entirely unsuccessful in Australian populations
reared in outdoor population cages (Mitrovski and Hoffmann
2001). The elevated frequency of diapause genotypes follow-
ing the winter season in temperate orchards observed here
suggests that nondiapause genotypes have low overwintering
survivorship relative to diapause genotypes in temperate hab-
itats.

The current study did not directly address why the fre-
quency of reproductive diapause incidence varies substan-
tially with latitude in eastern U.S. populations. However,
these experiments address the maintenance of the cline in-
directly by evaluating fitness trade-offs between diapause and
nondiapause genotypes in the laboratory environment. In
northern temperate populations, such as the Walpole, Maine
population from which these inbred lines were derived
(Schmidt et al. 2005b), overwintering survivorship must in-
volve substantial life-span extension and somatic mainte-

nance under stressful conditions of below-freezing temper-
atures and reduced food availability. Here, exposure to mod-
erate stress was sufficient to greatly increase the frequency
of genotypes that express reproductive diapause. This oc-
curred in the absence of cues that would elicit and maintain
diapause expression. The actual expression of reproductive
diapause in D. melanogaster causes significant increases in
resistance to multiple forms of environmental stress (Tatar
et al. 2001), as it does in other species of Drosophila (e.g.,
Kimura 1988a). Thus, the results suggest that diapause ge-
notypes are of higher relative fitness in stressful environments
and that the fitness differences between diapause and non-
diapause genotypes may be exacerbated when diapause is
induced and maintained by the shortened photoperiod and
low temperatures that characterize the temperate winter sea-
son.

The life-history trade-off hypothesis for the maintenance
of the diapause cline predicts that nondiapause genotypes are
of higher relative fitness in less stressful environments. The
results of the population cage experiment are informative in
this respect, as they suggest specific costs associated with
diapause genotypes. Nondiapause genotypes are more fecund
early in life and have a reduced development time (Schmidt
et al. 2005b); differences in patterns and timing of devel-
opment between diapause and nondiapause strains have also
been reported for other taxa (Hoy and Knopf 1978; Wipking
and Kurtz 2000). In the present experiment, culture under
standard laboratory conditions resulted in a rapid and sig-
nificant decrease in the frequency of diapause genotypes.
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Associated with this change, individuals from the control
populations were more fecund and developed from egg to
adult at a significantly faster rate. Culture under laboratory
conditions may also be associated with a reduction or loss
of the diapause response in other insects (e.g., Glass 1970).
Similarly, fitness trade-offs associated with diapause expres-
sion and the timing of diapause entry are inferred in the D.
auraria species complex in Japan (Kimura 1988a).

In summary, our results indicate that the relative fitness of
diapause genotypes in D. melanogaster varies substantially
and predictably with environment. This suggests the latitu-
dinal cline in diapause incidence among populations and the
seasonal variation within temperate habitats reflects this con-
text dependency to relative fitness, but this was not directly
addressed in the present study. The manipulative experiment
was conducted solely in the laboratory environment, and it
is unknown how the observed patterns may reflect population
dynamics in a natural setting. Currently, field-based exper-
iments are being conducted to address this question. In con-
junction with controlled manipulations in the laboratory, such
direct fitness estimates will help elucidate whether the en-
vironmental heterogeneity experienced by Drosophila pop-
ulations in the wild may actively maintain the genetic vari-
ation underlying the observed variance in reproductive dia-
pause expression.
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