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Abstract

Background: Populations of Drosophila melanogaster show differences in many morphometrical
traits according to their geographic origin. Despite the widespread occurrence of these differences
in more than one Drosophila species, the actual selective mechanisms controlling the genetic basis
of such variation are not fully understood. Thermal selection is considered to be the most likely
cause explaining these differences.

Results: In our work, we investigated several life history traits (body size, duration of
development, preadult survival, longevity and productivity) in two tropical and two temperate
natural populations of D. melanogaster recently collected, and in a temperate population maintained
for twelve years at the constant temperature of 18°C in the laboratory. In order to characterise
the plasticity of these life history traits, the populations were grown at 12, 18, 28 and 31.2°C.
Productivity was the fitness trait that showed clearly adaptive differences between latitudinal
populations: tropical flies did better in the heat but worse in the cold environments with respect
to temperate flies. Differences for the plasticity of other life history traits investigated between
tropical and temperate populations were also found. The differences were particularly evident at
stressful temperatures (12 and 31.2°C).

Conclusion: Our results evidence a better cold tolerance in temperate populations that seems to
have been evolved during the colonisation of temperate countries by D. melanogaster Afrotropical
ancestors, and support the hypothesis of an adaptive response of plasticity to the experienced
environment.

Background 3]. Variations in these traits are directly related to demo-
In any species, the intrinsic rate of natural increase (the 'r'  graphic changes and are thus related to individual fitness
parameter) integrates several characteristics of the life  [4]. However, all natural populations live in avariable
cycle, which are generally described as life history traits [1- ~ environment, and life history traits are strongly influ-
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enced by such variations. In this sense, the response curves
of fitness traits to the environmental changes need to be
investigated. Environmental variations (e. g. temperature)
may beconsidered as benign if their mean value is close to
the functional optimum of the trait. Greater variations
may be deleterious and are considered stressful [5-7]. A
major problem in ecological genetics is therefore to
understand the evolutionary responses to stressful varia-
tions. If a given stress is really exceptional in its intensity,
it is likely to result in the extinctionof a population with-
out eliciting an adaptive response. Milder and more repet-
itive stresses, on the other hand, are expected to induce an
adaptive change, and the role of stress in shaping the
genetic architecture of life history traits is a regular prob-
lem in evolutionary biology [5,6].

A convenient way to analyse such adaptive responses is to
compare populations of the same species living under dif-
ferent climates. We expect that, under tropical conditions,
heat stresses will be frequent. Reciprocally, cold stresses
will be frequent in a temperate country [8]. Drosophila mel-
anogaster may appear as an ideal model organism for
investigating evolutionary responses to thermal selection.
Its whole thermal range goes from 11 to 32°C, but both
extremes are highly stressful, since they do not permit the
development of successive generations [9,10]. The occur-
rence of latitudinal clines on different continents for
developmental time [11,12], egg size [13] and body size
[12,14-19] implicates a selective role of climate differ-
ences. In particular, it is likely that temperature promote
the evolution of clinal size differences since its environ-
mental impact varies in a predicted way along clines; nev-
ertheless, many other factors such as day length, number
of generations for breeding season, rainfalls are correlated
with temperature variations in nature. Long term selec-
tions in laboratory cultures have resulted in divergent
body sizes at different temperatures, in a way similar to
that observed in natural populations [20-23]. As sug-
gested by Santos et al. [24], larval crowding may also play
a part in the establishment of body size differences, since
natural or laboratory occurring differences in larval
crowding involve correlated changes in life history traits
during adaptation [25,26]. However, the relationship
between temperature and larval density has never been
addressed.

Finally, because ancestral populations of D. melanogaster
are found in the Afrotropical region [14], it is possible to
infer the direction of evolution, from tropical to temper-
ate. For a deeper analysis of climatic adaptation, we need
to investigate traits which are directly related to fitness,
that is life history traits. Until recently, relatively few rele-
vant investigations have been carried out, presumably due
to the fact that these traits are difficult to be accurately
measured in laboratory conditions. Evidence for climatic
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adaptation comes from clinal patterns in traits [8], never-
theless it is not known if a certain trait is the direct target
or a byproduct of natural selection and if temperature is
the main selective factor in nature. Two different strategies
are possible to verify if a life history trait and its variation
are related to climate. The first is to collect numerous nat-
ural populations along a thermal gradient and demon-
strate the existence of a latitudinal cline in the trait under
study [8,11,12]. The second strategy is to comparepopula-
tions from the two ends of a cline, and make a deeper
analysis by considering either the phenotypic plasticity of
each population [27-29], or the genetic architecture of
several traits [30].

Since our aim is to investigatelife history traits, we have
chosen the second strategy. We consider two tropical pop-
ulations of D. melanogaster, adapted to a warm environ-
ment, and two temperate ones, adapted to a much colder
climate and especially to cold winters. Several life history
traits have been measured, that is body size, viability,
developmental time to adulthood, progeny production
and longevity. Since these populations lived in different
thermal environments, we used in each case 4 different
experimental temperatures, either benign or stressful. To
test if the selective history of the populations was changed
by laboratory rearing conditions (e. g. inbreeding or
genetic drift), we compared the results of these recently
collected populations to those of a long-adapted labora-
tory strain from a temperate origin, kept at a constant tem-
perature of 18°C for 12 years. Adaptive responses have
been observed for developmental rate, progeny produc-
tion and body size, but not for longevity; results for viabil-
ity were ambiguous.

Results

Wing area

A number of differences between temperatures and popu-
lations was expected and was found (Fig. 1 and table 1).
Temperate populations were bigger than the tropical ones
over the whole thermal range (location, P < 0.001) in
spite of significant differences between populations
within location (P < 0.001), and flies reared at colder tem-
peratures were bigger than flies reared at warmer temper-
atures for all populations (P < 0.001). The same results
were obtained when the data of the Bologna lab popula-
tion were omitted from the analysis (data not shown).

The shapes of the response curves to growth temperature
(Fig. 1), or reaction norms, were adjusted to polynomials
of degree 2, allowing the calculation of the temperature of
maximum size for each population [31]. The temperature
of maximum size is higher in the tropical populations
(14.4 + 0.5°C for Belém and 15.1 + 1°C for Sad Tome)
than in the temperate ones (12.8 + 0.6°C for Paris, 11.7 +
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Wing area. Mean wing area in mm?2 (% standard error) of the five populations of D. melanogaster over the thermal range.

1.1°C for Bologna and 12.2 + 1°C for the Bologna labo-
ratory population).

Viability
At 18°C, a temperature close to the optimum for D. mela-
nogaster [32], all the populations showed the highest via-
bility (Fig. 2). A drop in viability was recorded at 12°C
(particularly for the population from Sad Tome); this

drop was less evident at 31.2°C. At 12°C the viability of
the Bologna lab stock was estimated from five vials.
ANOVA performed on the square root of the arcsine per-
centage of viability (Table 1) revealed significant differ-
ences among populations (P < 0.001) and slightly
significant differences among temperatures (0.10 <P <
0.05). No significant "location by temperature" interac-
tion or differences between locations were found.

Table I: Results of the ANOVAs (mixed model) on wing area, viability (performed on the square root of the arcsine of the percentage
value) and developmental time. The populations were grouped, with respect to their origin (Location), in temperate (Paris, Bologna
and Bologna thermal stock 18°C) and tropical (Belém and Sad Tomé). Location and temperature are fixed effects, population is

nested within location within temperature.

WING AREA VIABILITY DEVELOPMENTAL TIME
Source of variation df MS F MS F MS F
Location | 5.3095 103.9 ¥ 0.0026 0.0057 14.53 3.09
Temperature 3 431 84.3 ok 1.294 28It 17901 3775
Location * temperature 3 0.1539 3.01 t 0.274 0.6 13.67 2.88 1
Population within location and temperature 12/12/11 0.0511 33.9 Hkx 0.46 69.4 wHE 4.7 8.1 ¥k
Residuals 180/175/170  0.0015 0.0067 0.585
1 0.10 <P < 0.05; ***P < 0.001; df, degrees of freedom; MS, mean square; F, variance ratio.
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Viability. Mean viability ( + standard error) of the five populations of D. melanogaster over the thermal range.

The Bologna lab stock, compared to the other popula-
tions, showed the lowest viability over the whole thermal
range, but the conclusions of the ANOVA did not change
when this population was omitted from the analysis.

Developmental time

Fig. 3 shows the mean developmental time of the five
populations (except for the Bologna lab stock at the exper-
imental temperature of 12°C).

A mixed model ANOVA (table 1) gave significant differ-
ences among populations (within locations and tempera-
tures) and among temperatures (P < 0.001 in both cases).
Developmental time was shorter at 28°C and 31.2°C
than at 18°C and 12°C. A general increase in develop-
mental time was recorded for all but the Belém popula-
tions at 31.2°C when compared to 28°C, probably due to
harmful effects of heat [8]. No significant differences
between locations or significant "location by tempera-
ture" interaction were found for developmental time.
Nevertheless, an increase in developmental time is
observed at the most stressful temperature in agreement
with the origin of the populations. The same results were

obtained when the data of the Bologna lab population
were omitted from the analysis (data not shown). Com-
pared to the other populations, the Bologna lab stock
showed the lower developmental time at 18°C, the tem-
perature it was maintained to for twelve years.

Longevity

For the analysis of longevity, as well as for the productiv-
ity, all flies were grown in the same thermal environment
(25°C) and emerged adults were transferred to the four
experimental temperatures.

Survival plots for females are shown in Fig. 4. A Cox pro-
portional hazard model was used and detected significant
differences among populations for each temperature
(with the only exception for females at 12°C, table 2).
Surprisingly, for both males and females, the differences
found did not match the tropical/temperate division. The
Bologna lab stock is the shortest lived population, even in
the thermal environment in which it was selected. Among
the natural populations, in general the two longest lived
populations are Belém and Bologna, and the two shortest
lived are Paris and Sad Tome.
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Developmental time. Mean developmental time in days ( * standard error) of the five populations of D. melanogaster over
the thermal range.
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Longevity. Caplan-Meier survival plot of females of the five populations of D. melanogaster at each experimental temperature.
Data are based on a total of about 100 individuals per population.

Longevity seems to be population-specific but not corre-
lated with geographical origin, even when the Bologna lab
population was omitted from the analysis. At extreme
cold the tropical population from Saé Tomeé showed a
very short life span, suggesting a specific cold sensitivity.

Productivity

We used the cumulative offspring production as an indi-
cation of the fitness of the populations (Fig. 5). The best
fit for the cumulative productivity over time was given by
two degree polynomials passing through the origin (R2 >
0.96 in all the cases). An ANCOVA was then performed at
each temperature in order to identify differences in slopes
between polynomials that are indicative of differences in
reproductive rates between locations and between popu-
lations. The interaction between polynomial regressions
and populations was significant for each temperature (P <
0.001 in all cases, table 3). A slightly significant difference

between locations was found only at 31.2°C (P = 0.056);
only the last difference became more pronounced when
the Bologna lab population was omitted from the analysis
(P = 0.014). Because at 12°C the population from Sad
Tome had no offspring production, it was omitted from
the analysis and in the ANCOVA performed at this tem-
perature the factor location is lacking.

The natural populations from temperate regions (Bologna
and Paris) produced more offspring at the extreme cold
compared to both tropical populations (at which Sad
Tome had no offspring production). This trend was
reversed at the extreme hot. The productivity of the Bolo-
gna lab stock was similar to the other two temperate pop-
ulations at 12°C and 18°C. At hot temperatures (28°C
and 31.2°C) the Bologna lab stock showed the lowest
productivity. At permissive temperatures the productivity
of the five populations was higher compared to both
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Table 2: Results of Cox proportional hazard analysis for survivorship of the populations at the four experimental temperatures. A)
females; B) males. Population is nested within location (fixed effect).

A) Females
12°C 18°C 28°C 31.2°C

Source of variation df MS F MS F MS F MS F
Location I 228 1.79 383 0.52 60.1 0.61 50.4 0.77
Population within location 3 12.7 1.23 739 7.4 vk 98.2 | Q ek 65.2 6.5 FrE
Residuals 479/491/491/489 10.3 9.98 9.8 10
B) Males
Source of variation df MS F MS F MS F MS F
Location | 0.4 0.0l 248 0.34 71.1 0.59 56.3 0.66
Population within location 3 39 38%* 722 7.2 119.7 12.4 #¥% 84.9 8.6 *¥*
Residuals 495/483/490/492 10.3 10 9.6 9.88
* P < 0.05; ¥P < 0.001; df, degrees of freedom; MS, mean square; F, variance ratio.

extremes temperatures, but in these cases the differences Discussion

between tropical and temperate populations did not show
a clear pattern.

For a better comparison of the populations, we standard-
ised the performance curves on the total productivity at
the four temperatures within each population (Fig. 6).
The ANOVA (table 4) performed on these standardised
values, grouping the populations in temperate and tropi-
cal, gave significant differences between temperatures and
a significant "location by temperature" interaction (P <
0.01 in both cases). Tropical populations showed a shift
of the curve toward warm temperatures whereas the natu-
ral temperate populations (Paris and Bologna) showed a
constant performance at intermediate temperatures
(18°C and 28°C), with higher productivity at extreme
cold but lower at extreme hot than the tropical ones. The
Bologna lab stock showed a further shift of the curve
toward cold temperatures.

Table 4: A two-way ANOVA on the relative productivity per
female with location and temperature as fixed effects.

Source of variation df MS F
Location* | 0 0
Temperature 3 0.255 290 *¥*
Location X temperature 3 0.00623 7.08 **
Residuals 12 0.00088

*The between Location variance is 0 as we imposed the same
productivity to each population.

P < 0.01; ¥*P < 0.001; df, degree of freedom; MS, mean square; F,
variance ratio.

D. melanogaster is known to exhibit numerous genetic dif-
ferences between tropical and temperate populations
[14,18,33]. Here we have compared various life history
traits in four geographic populations of D. melanogaster,
two tropical and two temperate, and one laboratory stock
of temperate origin (Bologna). The cline ends populations
in study were analysed one or three years after collection,
while the laboratory stock had been subjected to a con-
stant thermal regime of 18°C for twelve years. The labora-
tory stock showed a higher size than the Bologna
population sampled in the same place in 2002, probably
due to an effect of thermal selection [21-23]. In addition
to that, two life history traits, viability and longevity,
showed a decrease over the whole thermal range and, as a
consequence of a short lifespan, also the total productivity
was lowered but with a similar trend respect to the other
two temperate populations. Though the data are referred
to one line only, they suggest that inbreeding depression
is a possible cause, since it can affect most fitness compo-
nents [34-38].

It is known that laboratory adaptation may alter some life
history traits [39]. Nevertheless, on the basis of our obser-
vations, we found that some adaptive differences in life
history traits among natural populations persist in spite of
laboratory adaptation [40] or inbreeding effects; other life
history traits change only their mean values and not their
plastic response over a thermal range. This has also been
verified several times for morphometrical traits [12,41].

In general, our results show that some life history traits are
indicative of temperature selection in tropical and temper-
ate populations while others are not.
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Adult longevity was a trait for which we did not find a sig-
nificant difference between tropical and temperate flies
over the whole thermal range. Longevity in nature is
known to be quite short depending on season and place
[8,42], and what is measured in the lab might be unre-
lated to fitness in the wild.

For body size traits our data confirmed the expected bigger
size of temperate populations [33,41].

What is more interesting is that the phenotypic plasticity
seems also to have changed. We known that D. mela-
nogaster is a species of Afrotropical origin, and that cli-
matic adaptation has occurred from tropical towards
temperate climates [43]. During the colonisation of tem-

perate continents, adaptation has not only produced big-
ger flies, but also a shift in the phenotypic plasticity of the
wing: the maximum size is observed at a lower tempera-
ture in temperate populations. Such a change in the shape
of the reaction norms is an interesting confirmation and
generalisation of an observation which was previously
made on two populations only, from France and West
Indies [29].

To our knowledge, it is the first time that duration of
development was investigated over a broad thermal range
in different populations. A clear adaptive difference has
been observed at the stressful temperature of 31.2°C:
tropical populations developed faster than temperate
ones, though this difference was not clearly observed over
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Table 3: Results of ANCOVAs on the cumulative productivity over time of the populations at the four experimental temperatures.
The cumulative productivity over time was approximated by two degree polynomials passing through the origin. Location is a fixed

effect, population is nested within location.

a) ANCOVA at 12°C. The population from Sad Tomeé had no offspring production and was omitted from the analysis.

Source of variation df MS F
Polynomial regression 2 1888 3514 kx
Polynomial regression X population 6 70 |30 ok

Residuals 83 0.5
b) ANCOVA at 18°C, 28°C and 31.2°C.

18°C 28°C 31.2°C

Source of variation df MS F MS F MS F
Polynomial regression 2 101664 138997+ 113109 16759% 660 | 4127+
Polynomial regression X location 2 592 0.597 17 0.0l 35.9 48t
Polynomial regression X population within location 6 991 135.5%** 1631 24| 6% 7.5 | 6wk

Residuals 126/100/24 7 7 0.5

1 0.10 <P < 0.05; ***P < 0.001; df, degrees of freedom; MS, mean square; F, variance ratio

the whole thermal range. The natural selection a popula-
tion was subjected to seems to be weakly reflected in
developmental time, since an increase in the duration of
development is observed only at one stressful develop-
mental temperature according to the climate of origin of a
population. This result is in agreement with a previous
comparison between Afrotropical and European popula-
tions that failed to highlight any significant difference in
the duration of development [44].

As noted before, the Bologna lab stock showed the lowest
viabilityover the whole thermal range. The tropical popu-
lations showed a relative drop in viability at extreme cold
(particularly evident for Sad Tome). However, a clear geo-
graphic pattern was not observed. Population viability
(like longevity) seems therefore to be independent from
the experienced environments, indicating that this trait
(and its plasticity) is population-specific but not related to
the selective history of a population unless a stressful con-
dition is encountered.

Finally, for offspring production, we also observed an
interaction between the reaction norms, especially when
data from each population were standardised for the same
overall mean (Fig. 6). Again, the functional interpretation
is straightforward: temperate flies do better in the cold but
worse in the heat than tropical ones. A very interesting
observation is that adults from Sad Tome, when trans-
ferred to 12°C, failed to produce any offspring, although
their average longevity exceeded 100 days.

Conclusion

Most life history traits in Drosophila melanogaster seem to
have evolved, in an adaptive way, during the colonisation
of temperate continents from Afrotropical ancestors. Cold
is in fact considered the most stressful condition experi-
enced by D. melanogaster in temperate areas (as evidenced
by a marked reduction in population size) so the adapta-
tion to winter conditions leads to an increase in overall fit-
ness in temperate populations under a cold environment

[8].

The response to thermal extremes is clearly an indication
of thermal adaptation in natural populations, but which
is the role of thermal stress in shaping the adaptation to a
given environment? A possible answer is that adaptation
to an "average" thermal environment automatically create
a level of preadaptation to a thermal stress that is close to
the mean temperature normally experienced. As a conse-
quence, even the plasticity curve of some life history traits
of population can evolve, being shifted toward a new opti-
mum. While this hypothesis cannot be entirely discarded,
the increased cold tolerance found in temperate popula-
tions can be explained as an adaptive response to the cold
stress. What was really not expected was the fact that those
populations lost part of their heat tolerance, being no
more subjected to heat stress.

The interpretation of this apparent trade-off is not obvi-
ous. One possibility is that maintaining a superfluous
heat tolerance have a cost, which explains a backward
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perature and the total number of offspring over the whole thermal range within each population) of the five populations of D.

melanogaster.

selection. Another possibility would be a negative pleiot-
ropy: alleles increasing cold tolerance could also exhibit a
lesser heat tolerance. A last problem is the identity of the
genes which, acting on very different traits (body size,
duration of development, progeny production), alto-
gether contribute to the climatic adaptation of the popu-
lations. We hope that, in the future, specific investigations
will be undertaken for unraveling the nature of such quan-
titative trait loci.

Methods

Populations

Five different populations of Drosophila melanogaster were
used in the present work, two tropical and three temper-
ate. One temperate population came from Draveil, near
Paris (48°44N, collected in 2002), where the average tem-
perature oscillates from 3°C in January to 20°C in July;
another temperate population came from Bologna
(44°30N, collected in 2002) where the average tempera-

ture oscillates from 4°C in January to 24°C in July. Of the
two tropical populations, one came from Belém, Brazil
(1°27S, collected in 2002) and the other from Sad Tome
(0°20N, collected in 2000) where the average tempera-
ture is around 25-28°C and quite stable all over the year.
These four strains were founded from 10-15 pairs of wild-
collected flies and kept in mass culture on standard
medium at 20°C until April 2003, when the experiment
started.

The various populations experienced different periods of
laboratory rearing, ranging from six months to three years.
Though it was found that morphological traits do not
change in a few years [41], laboratory adaptation may be
a potential problem in most evolutionary studies [39],
since it seems to change preadult development, fecundity,
survival rate of females [45] and to decrease stress resist-
ance [46]. On the other side, Matos and Avelar [40] claim
that laboratory adaptation is not a problem for interpreta-
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tion of evolutionary studies since any laboratory regime
can give information on the evolutionary potentialities of
a population. Laboratory rearing would produce inbreed-
ing and drift that could affect some life history traits, caus-
ing reduced viability, lower fecundity, decreased mating
success [34-38]. For these reasons we introduced in the
experiment as a control a temperate population derived
from a natural population sampled in Bologna on Octo-
ber 1991. The offspring of thirty fertilised females was
kept at the constant temperature of 18°C for twelve years.
Each generation was reared on a standard medium in 250
ml bottles, for a total of 10 bottles. On emergence, thirty
pairs were collected and allowed to lay eggs for a few days.
This population can be considered a laboratory popula-
tion subjected to constant temperature adaptation [47].

Experimental procedures

To avoid maternal effects, flies were allowed to oviposit
for a day at a constant temperature of 25°C and at an opti-
mal density (about 100 individuals in 60 ml vials contain-
ing 10 ml of food, density that assures the achievement of
the maximum body size) for one generation. The emerg-
ing flies were transferred in bottles with an egg laying dish
containing apple juice medium smeared with abundant
yeast. To collect synchronised eggs, several hundred
females were allowed to oviposit for two days at 25°C,
changing the egg laying dishes every day; on the third day
dishes were changed three times every 2h, then the egg
collection started. 70 eggs were counted and transferred in
60 ml vials containing 10 ml of food. Vials were allocated
to two groups. The first group, consisting of forty vials,
was maintained until adult emergence at the different
constant temperatures of 12°C, 18°C, 28°C and 31.2°C
(ten vials for each temperature). Individuals from this first
group of vials were used to measure viability, develop-
mental time to adulthood and wing area. The second
group, consisting of about twenty-five vials, was left at
25°C until emergence. One day after, these flies were dis-
tributed in forty vials (ten males and ten females each)
and transferred to the four experimental temperatures
(ten vials for each temperature). These vials were used to
measure longevity and total productivity over time. The
same protocol was used for all the populations.

Wing area

From the first group of vials, five females per vial were ran-
domly chosen, for a total of 50 individuals for each tem-
perature. Right wings were dissected, dehydrated in
ethanol and mounted on glasses in lactic acid/ethanol
(6:5). Wing images were captured using a Zeiss optical
microscope mounting an Axiocam digital camera. For
each wing the total area was taken; all the measures are in
mm?Z. The analysis was performed pooling individual val-
ues within vial (five flies), since the "between vials within
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temperature and population" variance was never found
significant (data not shown).

Developmental time and viability

Developmental time was measured as the days elapsed
between egg laying and adult emergence. At 18°C, flies
were collected twice a day; at 28°C and 31.2°C flies were
collected three times a day. At 12°C they were collected
once a day. These flies were also used to investigate viabil-
ity and wing area. The developmental time was calculated
as the grand sum of the number of emerged adults (n;)
multiplied by the time at which they eclosed (t;, in days),
all divided by the total number of emerged flies (N), that
is = (Z n; * t;)/N. The mean of the ten vials was taken as an
estimate of the developmental time of a given population
at a given temperature. Unfortunately, we have not the
estimate of the developmental time of the laboratory line
sampled in Bologna in 1991 (the lab stock) at the experi-
mental temperature of 12°C.

Viability was estimated as the percentage of flies emerged
from the counted eggs.

Longevity

For each population and temperature ten vials containing
food were established with ten males and ten females
each. At 12°C the ten pairs were transferred to fresh vials
every week, at 18°C every four days and at 28°C and
31.2°C every two days, to compensate for the increased
rate of living at the higher temperatures [48]. Mortality
was scored every time flies were transferred to fresh
medium. In order to keep the crowding and the sex ratio
roughly constant within vials, flies from all vials were
pooled at every transfer and reallocated to fresh medium
at a constant crowding of 10 males and 10 females per vial
(or the best approssimation in case the number of flies
was not a multiple of 10).

For each population, a Cox proportional hazard model
was used to test for differences between sexes, tempera-
tures and their interaction. We found differences between
temperatures and sexes (females are a little more long-
lived than males) but no interaction between sexes and
temperatures was found (data not shown). Data were
then analysed separately for sexes and temperatures and
data from females were graphically represented with a
Caplan-Meier survival plot.

Productivity

The flies used for this assay were the same used for the lon-
gevity assay; therefore, a constant number of flies of the
same age was kept in all vials in order to avoid larval
crowding effects on larval viability. We counted the
number of adults emerging from each vial after the par-
ents were transferred to new vials. Because the exact
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number of females was known for each vial, it was possi-
ble to have an index of productivity, dividing the number
of emerging flies by the number of females.

Productivity analysis used the cumulative offspring pro-
duction per female at each temperature. Moreover, the use
of cumulative offspring production allows to visualise
which population had the maximum offspring produc-
tion and the time needed to reach it.

Statistical analysis

Wing area, viability and developmental time were ana-
lysed by mixed model ANOVAs in which location (tem-
perate and tropical populations) and temperature were
main fixed effects and population was nested within loca-
tion and temperature. These analyses were used to test for
population differences, using an error term that includes
the variation among vials; temperature, location and their
interaction were tested against the between populations
variance. For the longevity analysis, Cox proportional
hazard regression models were used to test for differences
between locations and populations (nested within loca-
tions); sexes and temperatures were analysed separately.
The cumulative productivities at each temperature were
analysed by ANCOVAs to test for differences between
locations and populations within locations. The total pro-
ductivity was also standardised across temperatures
within each population and analysed with a two-way
ANOVA with location and temperature as fixed effect. All
the analyses in this work were performed with R 2.2.0
[49].
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