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Abstract

A natural population oDrosophila melanogastein southern France was sampled in threfedent years and 10 isofemale
lines were investigated from each sample. Two size-relasits, wing and thorax length, were measured and theftiagax
ratio was also calculated. Phenotypic plasticity was amalyafter development at severffeiient constant temperatures,
ranging from 12C to 3T°C. The three year samples exhibited similar reaction nosoggesting a stable genetic architecture
in the natural population. The whole sample (30 lines) waslus determine precisely the shape of each reaction norm,
using a derivative analysis. The practical conclusion vikas$ polynomial adjustments could be used in all cases, kit wi
different degrees: linear for the wittlgorax ratio, quadratic for thorax length, and cubic for gviength. Both wing and
thorax length exhibited concave reaction norms, with a maxa within the viable thermal range. The temperatures of the
maxima were, however, quiteffrent, around 1% for the wing and 1%°C for the thorax. Assuming that thorax length is
a better estimate of body size, it is not possible to stateititaeasing the temperature results in monotonically elging
size (the temperature—size rule), although this is oftem e be the case for genetic variations in latitudinal cin&@he
variability of the traits was investigated at two levels—thiim and between lines—and expressed as #&ic@nt of variation.
The within-line (environmental) variability revealed aggar, quadratic convex reaction norm for the three traitish a
minimum around 21C. This temperature of minimum variability may be considees a physiological optimum, while
extreme temperatures are stressful. The between-linetiggrariability could also be adjusted to quadratic polyrals,

but the curvature parameters were not significant. Ourteshbw that the mean values of the traits and their variaree a
both plastic, but react in flerent ways along a temperature gradient. Extreme low orteigiperatures decrease the size but
increase the variability. Thes&ects may be considered as a functional response to envirdahstress.

[David J. R., Legout H. and Moreteau B. 2006 Phenotypic li#sgtof body size in a temperate population Bfosophila melanogaster
when the temperature—size rule does not appl&enet 85, 9-23]

Introduction In the drosophilid family, size variations between species
are not large, restricted to about one order of magnitude
The comparison of animal species acrosiedént kingdoms (range 0.5-5mg; G. Pétavy, personal communication.). How
reveals huge variations in body size, and evolutionistehaguch variations influence the overall shape and proportibns
long been fascinated by such variations. Size is eithelidonsbody parts is not documented. There is, however, more infor-
ered as a cause, responsible for changes in the proporfiongiation on microevolutionary variations, generally retbte
various organs due to allometric relationships, or astiete climate. In this respect, latitudinal clines have been tbim
determined by an adaptation tofferent ecological niches almost all species investigated, includiDgsophila robusta
(Peters 1983; Reiss 1989; Harvey and Pagel 1991; BlandStalker and Carson 1947. subobscurgPrevosti 1955;

enhorn 2000). Misra and Reeve 1964]). melanogasteand D. simulans
(Capyet al. 1993; Gilchrist and Partridge 1999; Gibettal.
*For correspondence. E-mail: david@pge.cnrs-gif.fr. 2004a),D. virilis (David and Kitagawa 1982]). kikkawai
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(Karanet al. 1998) andZaprionus indianugKaranet al.  and thus analyse the genetic stability of a local population
2000). In all these cases, the same trend has been observed,only for its size, but also for its plasticity; secondpto-
i.e. an increase of size toward higher latitudes and hengé&le a precise comparison of the shapes of the reaction norms
colder places, suggesting a general climatic adaptation. of the two most investigated size-related traits, nametygwi

In Drosophilg genetic variations revealing a cline arelength and thorax length; third, to analyse how variabiity
generally demonstrated under standard laboratory condie traits may change according to growth temperature.
tions, which minimize the environmental variance. In na- We show that, for the three traits investigated here (wing
ture, however, wild-collected flies show a large phenotypiand thorax length, and wiritporax (WT) ratio), polynomial
variance in size, implying a low heritability of body size adjustments are convenient descriptors of the reactiamsior
(Coyne and Beecham 1987; Imashetal 1997; Giberiet but that diferent degrees (linear, quadratic or cubic) should
al. 1998a). We are aware of only a few studies in whiclbe implemented according to the trait, and that there is a sub
size was investigated, among geographic populations, battantial diference between the behaviours of wing and tho-
in nature and in the laboratory (Coyne and Beecham 198igx length under this technique. By contrast, the phenotypi
Imasheveet al. 1994; Jamest al. 1997). variability of all traits exhibits a specific, convex quatica

Phenotypic variability in nature has two main origins:norm, with a minimum at an intermediate temperature which
differences in larval feeding conditions and temperature varnight be a physiological optimum.
ations across microhabitats. Most investigations on pheno
typic plasticity of size have considered the role of tempera
ture, with the hope of understanding latitudinal clineseTh
results have revealed an overall parallelism betweeniplastWild D. melanogaster adults were collected in the
ity and clines (Atkinson 1994; Atkinson and Sibly 1997).Grande Ferrade estate (Institut National de la Recherche
In both cases, a decrease in size occurs as a consequefigemnomique, INRA) near Bordeaux (southern France).
of higher temperature, either within one generation (plascollections were always made at the end of the year, in
ticity) or after more than 100 generations (Cavicetiial.  November, and larval breeding sites were decaying grapes in
1985; Van Voorhies 1996; Huegt al. 2000). The plastic a vineyard. Adults were captured either with a net or banana
effect is often called the temperature—size rule, which imbaits. Three independent samples were collected in 1992,
plies that a temperature increase will result in a smalleftad 1997 and 1999. Adults were brought to the laboratory and
size of ectotherms. A diversity of physiological adaptive opairs (one female and one male) were randomly established
nonadaptive mechanisms may account for this phenomenand set in culture vials at 20-22. These wild-caught adults
(van der Have and de Jong 1996; Gibert and de Jong 20Qi¢re kept in vials for 3—4 days and then discarded. After
Angilletta and Dunham 2003). The genetic clines are akin tprogeny emergence, 10 females and 10 males from each line
Bergmann'’s rule for homeotherms (Bergmann 1847), but theere randomly taken as parents of the experimental flies. Af-
increase of size observed at higher latitudes is not fouatl in ter a few days, these parents were transferred to cultui® via
ectotherm species (Blanckenhorn and Demont 2004). Whebntaining a high nutrient medium (8% dried yeast; David
similar latitudinal clines are observed, such aBinsophila  and Clavel 1965). Oviposition took place at 202@2lasted
there is no consensus interpretation for such adaptivavarabout 6 h, and the operation was repeated seven times. Imme-
tions: we still do not clearly understand why it is better & b diately after removing the parents, each batch of cultuaksvi
bigger in the cold (Partridge and Coyne 1997; Pétevgl  was transferred to one of seven experimental temperatures,
1997; Bochdanovits and de Jong 2003a,b; Angillettal. namely 12, 14, 17, 21, 25, 28 and°&l The temperature
2004). Finally, previous investigations Drosophilahave regulation wast0.1°C, thanks to the fact that the incubators
unravelled a new complication, since the response curvegre themselves kept in a regulated room, &Cér the
of size traits to growth temperature (the reaction norms) aincubators at 25C and above, and in another room regulated
generally not linear, but rather bowed downward (Datiel. ~ at 6-8C for temperatures of 12, 14 and°TZ. The temper-
1994, 1997, 2004; Karaet al. 1999). The assumption that ature of 22C was obtained in a third climatic room, which
overall size decreases monotonically with increasing &mp was less precisely regulategq 5°C). The larval density was
ature appears to be an oversimplification. When considerim@t precisely controlled and ranged between 100 and 200 per
genetic clinal variations, a linear adjustment accordinigt-  vial. Such fluctuations do not influence adult body size, ow-
itude (or temperature) appears to be the best fit. Howevérig to the high amount of yeast in the rearing medium. In
there is usually a large dispersal around the regressidohwh a previous study it was found that body size remained con-
might be due to significant flerences among local popula-stant when the larval density increased from 20 to 320 in the
tions, but also to laboratory drift (Camt al. 1993; Giberet same vial (Kararet al. 1999). After emergence, the adults
al. 2004a). were transferred to fresh food, aged for a few days aC21

In this context, the present work was undertaken fagind then measured after ether anaesthesia with a binocular
several complementary purposes: first, to compare sampl@fcroscope. Two measurements were taken on each fly and
taken from the same natural population, but ifiefient years, micrometer units transformed into mx100. Thorax length

Materials and methods
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was measured on a left-side view, from the neck to the tip of Results
the scutellum, as done in most studies analysing this Tait.
tal wing length was measured from its thoracic articulataon
the tip. This is quite unusual; in most published works, th€omparison of the three temporal sampleghe overall mean
wing is removed, mounted on a microscope slide, and thalues of wing and thorax length and of theWratio are
length is estimated between specific landmarks, quite vagiven in table 1. The results of the three year samples were
able among authors. We prefer our method, which measurasbjected to analysis of variance (ANOVA) (table 2). As ex-
the whole mobile part of the wing. This also helps to estimatgected, a mainféect of temperature was always detected,
the wing loading, as the inverse of the/Tatio (Pétavyet and also a highly significant variation between lines of each
al. 1997). sample. The mainfiect of years was never significant, while

For each year's sample, we investigated 10 lines, and ftine yearx temperature interaction was always highly signifi-
each line 10 females and 10 males were measured. Thuaant, indicating that the variability of size traits acdogito
the total data set is made up of 30 lines, measured at sewgnowth temperature was not exactly the same in tifedint
constant temperatures, for a total number of 4200 flies.  years.

Data were analysed in a diversity of ways, which will ~ ANOVA is a powerful statistical means for unravelling
be described precisely in the Results section. Variatidns significant variations, especially in big samples. So we did
trait values according to growth temperature (the reactiomot consider thé- values, but the magnitude of eacffieet,
norms) were analysed with polynomial adjustments (Davithat is the amount of the total variance explained in each
et al. 1997, 2004). With our experimental design, the variease (table 2). We see the preponderance of the temper-
ability among flies was analysed at two levels: within andture éfect, which on average explains more than 80% of
between lines, providing information on environmental anthe variability. By contrast, the year temperature interac-
genetic variability respectively. Because of a scaliffiga, tion, despite its significance, accounts for less than 1% Th
we considered in most cases thefi@éent of variation (CV). line x temperature interaction explains 2.5% of the total vari-

All calculations were done with Statistica version 5.5ability, and this &ect might be due to the random sampling
software (StatSoft 1999). of the lines in diferent years. Finally the error term, that is

Analysis of mean values

Table 1. Mean values£ s.e.) of size traits according to growth temperature. Menes of 30 isofemale lines from three
different years are pooled and used in statistical calculatidirtey and thorax are expressed in rx.00.

Trait  Sex 12C 14C 1rC 2rC 25C 28C 3rc

Wing @ 2891+15  2997+12  2995+11  2838+13  2708+10  2577+09  2399+10
length 3 2616+12  2710+11  2678+11  2486+14  2334+09  2218+07  2069+0.8
Thorax Q 1041+0.4 1091+04 1116+0.3 1113+0.3 1090+0.3 1060+ 0.3 998+ 0.4
length 3 937:04 987+03  1001+0.3 987+0.3 949+0.3 913+03 860+0.3
WT @ 2779+0007 2747+0006 2683+0.006 2549+0.008 2484+0.006 2431+0.005 2406+ 0.005
ratio @ 2791+0006 2746+0.007 2674+0.007 2519+0.009 2460+0.006 2429+0.005 2407+ 0.006

Table 2. Results of ANOVA on wing and thorax length andWatio. The table gives the proportion of the total variance
explained by the dierent factors.

Wing length Thorax length W ratio

Source of variation df Female Male Female Male Female Male
(1) Year 2 060 0.60™ 0.46 061™ 0.25 023"

(2) Temperature 6 858+ 89.44+ 63.93* 75.40 86.97+ 87.85
(3) Line (year) 27 B4 2,94 6.92* 4.08™ 273 2.38™
1x2 12 Q89 0.77 166" 121 0.47 0.65™
2x3 162 168 135" 5.04* 3.55™ 178 180+
Error 1890 662 491 2199 1515 781 710

Year and temperature as fixeffexts, lines as random, nested in year. df, Degrees of freedom
Level of significance: ns, nonsignificant;P < 0.001.
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the variability among individual flies, accounts on averageatio. Results for wing length are shown in another paper
for 10.6% of the total variation. Table 2 shows that the refDavid et al. 2005).
sults for wing length and W ratio are quite similar, while 17
those for thorax length are slightlyftrent. For the thorax, 115
the temperaturefiect is less pronounced, while the individ- _ 11
ual variability is more important. g
The average reaction norms of wing and thorax IengtEmQ
(figure 1) reveal a strong similarity among the three yee % 107
samples. For both traits, the average response curves h‘f; 105
a concave (bowed downward) shape, which will be fur £ 13
ther analysed in the following sections. The significané 101
yearx temperature interaction means that the reaction norr £ e
are not parallel. As seen in figure 1, thiseet is mainly due o7
to abnormally low values at 12 andZ1in the 1999 sample. 95
The WT ratio, on the other hand, exhibits a monotonically
decreasing curve with increasing temperature (see talpld 1 ¢ 3.0
figure 2). 2,900
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Figure 2. Reaction norms of thorax length andgWatio in females
of the 30 isofemale lines. Notice the concave (bowed dowdyvar
shape of thorax length and the monotonically decreasingesfa
the WT ratio.
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Femslss The graphs illustrate a good homogeneity in the shape of
the reaction norms, and a fairly low variation among lines.
For thorax length, all lines exhibit a maximum, generally be
tween 17 and 2L, and a decrease on both sides. The mono-
tonically decreasing W ratio is visible in all lines.
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Males
The shape of reaction norms—derivative analysiigures 1
1 14 17 20 2 26 29 32 and 2 show that, for wing and thorax length, the reaction
SSanflompen il norms are not linear but bowed downwards. For thd W
ratio, on the other hand, the departure from linearity is les
evident. So we asked two related questions: What is the pre-
Figure 1. Average reaction norms of wing and thorax length obcise shape of each curve? What is the best way to describe
tained in the dierent year samples. them, in biological terms?
A classical approach is to consider the shape of the
A practical conclusion of the overall similarity betweenderivative curves: a linear reaction norm will have a comista

the results of the dierent years is that, in many cases, angerivative (its slope); a quadratic reaction norm will have

for the sake of simplicity, it will be possible to pool the 30linéar derivative. In the present case, we could calculate a
lines into a single sample, as already done in table 1. empirical derivative for each trait and line. For each inter

val between two successive temperatures, we calculated the
Reaction norms of isofemale linesThe variability among difference between the two trait values, and then scaled the
isofemale lines accounts for, on average, 4% of the tot& vadifference to onéC. With seven growth temperatures, we
ability (table 2). This variability has mainly a genetic Isas have six intervals, corresponding to mean temperatures of
and is illustrated in figure 2 for female thorax length and@W 13, 15.5, 19, 23, 26.5 and Z8C.

©
@

=8 1992 —A— 1997 —o—1999
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The average derivative curves of the three traits in fet3°C are slightly too high. Altogether, the departure from a
males and males are shown in figure 3. ANOVASs, appliedtraight line is not very important, so that a quadratic stdju
to these data (not shown), revealed in each case a highly sigent of the norms may be an acceptable simplification.
nificant gfect of temperature. For wing and thorax length, For wing length, the derivative curves appear biphasic: a
there were also significanffects of year and sex, while theselinear decrease at low temperatures, between 13 atd; 19
effects were not significant for the MW'ratio. then an almost horizontal line with an average value close
to —4, which means that wing length decreases l4®m
when growth temperature increases K\C1These results
suggest two possible strategies for analysing the reaction
¥ing [ength norms of wing length. One is to consider a biphasic reac-
tion norm with two parts, below and above°®® The other
is to assume that the derivatives are not veffedént from a
quadratic convex curve. In that case, the reaction norrf itse
should be adjusted to a cubic polynomial.
Finally, for the WT ratio, the derivatives are always neg-
‘ ative with a minimum around & and maxima at extreme,

16 20 24 28 32 low or high, temperatures. This shape can be adjusted to a
guadratic convex model, so that the integral curve (the re-
action norm) has a sigmoid shape and should be described

Thorax length by a cubic polynomial. However, as seen in figure 2, the
sigmoid shape is not strongly pronounced, so that a simple,

—— male
linear model might also be implemented.

—— female
\ The shape of reaction norms—polynomial adjustments and cha

acteristic values: The analysis of derivative curves has re-
12 16 20 24 28 32 vealed for each trait a fairly complex and sometimes a bipha-
0,00 sic shape. Polynomial models are convenient for adjusting a
W/T Ratio response curve, but the major problem is to choose the poly-
nomial degree (Daviet al. 1997, 2004). A higher degree
-0,02 will always provide a better fit between the observations and
0,03 the model. High-degree polynomials are, howevefjalilt
to interpret in biologically relevant terms. There is, thas
practical tradefi between the need to increase the polyno-
-0.05 ' mial degree for a better adjustment and the use of a simple
1= 18 20 = = o polynomial for an easier biological interpretation.
interval temperature (°C) The linear model is well known and most utilized in bi-
ology, with only two codicients (intercept and slope). For a

Figure 3. Average derivative curves for wing and thorax Iengthquad"atIC polynomial, the formula becomes:
and WT ratio in both sexes. Each value is the mean of 30 lines and 2
the confidence interval ( s.e.) is shown in each case. For wing P =go+ 01t + gat*, (Egn1)
and thorax length, the temperature for which the derivatveero
is a means for calculating the position of the maximum value.  whereP is the phenotypegy, g1 andg, the polynomial co-
efficients, andt temperature (the environmental gradient).
) ) These cofficients can be calculated, with a standard error,
In 6}” cases, the yeak temperature interaction was aI_— by the multiple-regression procedure (StatSoft 1999).ifThe
ways significant, suggesting that the shapes of the dematl ;i ificance is however not straightforward and successive

were slightly diferent between years. However, as Sho‘"’@oeﬁﬁcients are strongly and negatively correlated. Egn 1 can
before, the dierences among years were small, so that tk}g:e rewritten as (Daviét al. 1997):

pooled sample of 30 lines was used in further studies.

Results shown in figure 3 were subjected to a multiple P =MP + g(t - TMV)?2, (Eqn 2)
regression analysis and, in each case, a simple linear model
was rejected. There are, however, cledfedences between where MP is the maximum (or minimum) phenotype, TMV
traits. the temperature of maximum (or minimum) value, apd

For thorax length, the derivatives of male and female dathe curvature parameter. MP and TMV (as wellgak can
are monotonically decreasing curves and a linear regmessibe estimated with their standard error, using the nonlinear
is convenient between 15.5 and.2%C, while the values for estimation procedure (StatSoft 1999).
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These three values completely define a quadratic poljer each temperature and then make the polynomial adjust-
nomial: they have an obvious biological significance anthent on seven values only. The results of these three tech-
may be called the characteristic values of the reaction normiques are presented and compared in table 3.

(Davidet al. 1997). In the sections below, we illustrate these In all cases, a separate analysis of each line provided co-
analyses by presenting the results of quadratic adjustmeihierent results, and permitted a comparison of samples from
for thorax and wing length, and of cubic adjustments fodifferent years. For several parameters, and mainly for fe-
wing length and WT ratio. In the latter case, cubic adjust-males, a significant heterogeneity between years was re-
ments provided poor results, so the linear model was alsealed by ANOVA. With the exception afy in females, the
used. maghnitude of the yearfiect was, however, small, allowing

a global analysis of the whole sample. The ftieéents of
Adjustment of thorax length to a quadratic polynomialFor  variation (CVs) among lines were quite large for the three
analysing the results of the 30 isofemale lines shown in fiq;)0|ynomia| codficients, always greater than 10 and with an
ure 2, three dferent strategies can be implemented. Firstlyaverage value of 165+ 1.53 (n = 6). Much lower values
as in several previous papers (e.g. Kaeaal 1999) we can were obtained for the coordinates of the maximum (MV and
consider each line, and calculate its polynomialffiorents  TMV) with practically no diference among years. Finally,
and its three characteristic values. This strategy, whesipo the high value ofR2 (0.93 in both sexes) indicates a good fit
ble, is certainly the best since it provides some insightiéboto a quadratic reaction norm.
genetic variability among lines and permits further anedys  With the two other methods, we could compare only the
and comparisons (e.g. ANOVA between years). It turns oyhean values. A general and satisfying conclusion is that the
that, sometimes, a convenient adjustment is not possible fgiree diferent techniques provided almost identical means
alllines; for example, an estimated maximum value falls outor polynomial codficients and characteristic values. There
side the normal thermal range (Moretegtal. 2003; Gibert s however an exception concerniRg which is much lower,

et al. 2004b). In such a case, the abnormal lines can be exhen the calculations are made on the whole matrix.
cluded. But it is also possible to consider only a single re-

action norm for the whole data set. In this case, two possReaction norms of wing length: As for the thorax, polynomial

ble techniques can be implemented witlfelient statistical adjustments gave plausible results for each isofemale line
procedures. One possibility is to consider the matrix of thEor the sake of simplicity, we present here only the mean
whole data set (210 values for 30 lines at seven temperaturesalculations done separately on each line (table 4). There
and calculate the polynomial cieients and characteristic is, however, a problem concerning the degree of the polyno-
values. The other possibility is to calculate the mean valumial adjustment to be chosen. Considering the shape of the

Table 3. Results of quadratic polynomial adjustments on reactiommsoof thorax length. Results of three analytical procesiane
shown. First, calculations were made separately for eaxfarisale line, and mean values are given for each year sarSplaples are
compared by ANOVA, and the CVs (among lines) are also givesedond method is to consider the whole data set, and twogilasess
are shown. One is to consider the whole matrix of isofemaleslidata, corresponding to 210 mean values (30 knésemperatures).
The other is to consider only the seven values of the overadimeurve. o, 91, g2 are the polynomial cdcients; MV (maximum value)
and TMV (temperature of maximal value) are the coordinafésemaximum. The goodness of fit is appreciatedpy

Isofemale lines analysis Total set
Whole matrix Overall mean
1992 =10) 1997 =10) 1999 0=10) Meanfi=30) CV  ANOVA (n=210)  curve @=7)
g P 7136+187 7508+239  6112+222  6919+163 129 ok 69.29+1.76 6965+ 4.37
3 6854+2.36 6931+ 252 6051+ 2.45 6612+155 1284 * 66.12+1.67 6616+ 5.97
01 @  4058:0165 3751+0231 4942+0229 4250+0.150 1339 * 4.241+0.177 4203+0.441
& 3330+0230 3304+0.228 4020+0.238 3551+0.143 2209 ns 3551+ 0.168 3545+ 0.601
o2 ? -0.100+0.004 —0.095+0.005 —0.120+0.005 —0.105+0.003 1743 *x —-0.105+0.004 -0.104+0.010
& -0.089+0.005 —0.090+0.005 —0.104+0.005 —0.094+0.003 1827 ns —0.094+0.004 -0.094+0.014
MV @ 1124+0789 1121+0610 1120+0514 1122+0.363 177 ns 1120+ 0.224 11200+ 0.56
& 9958+0331 9983+0323 9926+0.482 9956+0.219 120 ns 9%65+0.201 9948+ 0.73
TMV @ 2025:+0218 1965+0274 2055+0.112 2015+0.137 372 * 20.17+0.108 2016+0.27
&  1848+0277 1832+0269 1914+0273 1865+0.166 481 ns 1879+ 0.146 1879+ 0.53
R 9 0946+0013 Q940+0.007 Q908+0.012 Q931+0.007 469 * 0.794 Q970
& 0963+0007 0923+0.007 Q907+0.018 Q931+0.009 550 * 0.852 Q959

ns, Nonsignificant;P < 0.05; **P < 0.01; **P < 0.001.
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derivative curves (figure 2), we implemented three kinds adver, practically disappears when all temperatures amntak
calculation: (i) a quadratic adjustment using the data bof ainto account. With the cubic adjustment, the variability of
temperatures; (i) a quadratic adjustment using only tke lopolynomial codficients among lines is also very high (aver-
temperatures (12 to 2€C), which correspond to the linear age CV=412+25,n=8).

decreasing part of the derivative; (iii) a cubic adjustmesit

ing all temperatures. Calculations are given in table 4 and s
illustrated in figure 4.

A general observation is that, for the polynomial coef-
ficients, the three methods sometimes produced vefgrdi
ent results. This can be seen by considering the variability
between adjustments, expressed as a CV (last column in te
ble 4) which has an average value of %2 5.26 (n = 6).

For examplayp, which indicates the value of the trait @
would be close to 3 mm with the first method, but close to 20
1.0 with the two others. Part of thigfect arises from dier-

ences among, (curvature cofficient). A stronger curvature 00 I e 3 5 o 55 -
(proportional to the absolute value @f) decreases the value Growth temperature (°C)

of go. Itis interesting to note that the first method (quadratic,

all temperatures), which assumes an overall linear deereasgure 4.  Results obtained with three methods of polynomial
of the derivative (figure 2), gives the lowest curvature,le/hi adjustment of wing length reaction norms. The filled circhesl
the cubic adjustment provides the strongest curvature. ~ squares are the experimental points; red curves, quadmajlist-

The variability ofgo, g1, g» among lines is significantly ment on all temperatu_res; green curves, quadratic adjnstfoe
less in the first adjustment (all temperatures) than in tf{?erpaﬂﬁrrztsures 12 to 2€; blue curves, cubic adjustment on all tem-
second one (low temperatures only) with average CVs of
225+ 58 and 477 + 6.1 respectivelyif = 6 in each case).

The high variability among polynomial cficients, when It is also interesting to note that the heterogeneity be-
only low-temperature data are used, is explained, at leasttiveen lines and between adjustments strongly decreases
part, by a heterogeneity among year samples (ANOVA nethen MV and TMV are calculated. Average CVs between
shown) and can be seen in figure 1. The heterogeneity, holines are 439 + 1.62 and 1186 + 4.71 for MV and TMV

300

280

100)

female
260

240

wing length (mm

male

Table 4. Analysis of wing length reaction norms using three kinds olfypomial adjustments: a quadratic adjustment using all
temperatures, a quadratic adjustment using only the fautéonperatures, a cubic adjustment using all temperatiash value is
the mean £ s.e.) for the pool of 30 isofemale lines, CV is the fiméent of variation among linesRE, codficient of determination;
0o—Us, polynomial coéficients; MV, maximal value; TMV, temperature of MV.)

Quaderatic (all temperatures) Quadratic (12 te@)L Cubic (all temperatures)
Variability between
m+ s.e. Ccv m+ s.e. Ccv m+ s.e Cv adjustments (CV)
% @ 2479+3.802 840 1192+1273 585 12518+1107 484 445
& 2484+3876 855 9987+ 1338 734 9541+8734 501 620
01 ?  6457+0.323 274 2273+ 1558 375 2574+1.730 368 561
& 3.641+0.301 453 2216+1.674 414 2867+ 1.754 334 715
0 Q@ -0.218+0.009 175 -0.710+0.047 364 -1.160+0.084 395 67.7
& -0.157+0.008 281 -0.719+0.051 391 -1.389+0.085 337 817
6 9 - - - - 00146+ 0.0013 491 -
3 - - - - 00190+0.0013 382 -
MV @  2963:12 222 3014+ 1.117 203 30014+ 1.647 300 092
& 2707+23 475 2710+ 1.061 214 27917+ 6.228 122 176
T™MV @  1452+036 134 1594+ 0.107 367 1568+ 0.190 662 415
& 1125+069 337 1530+ 0.106 381 1486+ 0.216 795 161
R 9 0955+0006 369 0951+0.011 614 0972+ 0.006 315 116
3 0.952+0.006 342 0960+ 0.008 478 0976+ 0.004 245 127
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respectivelyii = 6 in each case). Also, the variability amongculated either on the whole data set or on the overall mean
the three methods is small, except in the case of male TM\¢urve.

Finally, R? values were all very high, in all cases greater The results of the two methods are coherent. The inflec-
than Q95, and the three methods all apparently provided aion point is around 19C in females and I'C in males, as
excellent fit between calculated and observed values. krothllustrated in figure 5. The overall norm of males is slightly
words, considering? is of little help for choosing a method shifted to the left with respect to that of females, but the tw
and the main question remains ‘What is the best adjustmeriirves are very close.
for the reaction norm of wing length?’.

The comparison of characteristic values in table 4 reveals
a major discrepancy between the methods, which is the lon 4,
value (1125°C) of male TMV after a quadratic adjustment 5
made on all temperatures, accompanied by a big heterogene , ,,
ity among lines (CV of 33). In fact, six lines could be con-
sidered as abnormal, that is providing nonplausible TMVs, € , 4,
either below 7C or above 24C. 255

We eliminated these six lines, but the average TMV was = , 5, u
not much changed (19°C) although the CV was reduced al- 245
most by half (1%). We also analysed the whole data matrix 549

2,65

wing/thorax ratio

with this method, but the TMV remained very low (08°C). 235
Looking at the experimental data (figures. 1, 3, 4) we " 14 17 20 23 26 29 32
consider that the true average TMV for male wing is close Growth temperature (°C)

to 15°C. In other words, a quadratic polynomial is not satis-

factory. A cubic polynomial should be preferred since plaugigure 5. Average reaction norms (cubic adjustment) offWatio
sible estimates of MV and TMV were obtained in all linesin males @) and femalesd().

and for both sexes. A cubic adjustment provides convenient

values of the coordinates of the maximum. It is however not

possible to estimate an overall curvature, siggef a cubic
polynomial is not equivalent tg, of a quadratic one.

The goodness of fit to the cubic polynomial may be
appreciated by the céicient of determinationR?. It is
interesting to mention that all individual adjustments-pro
Reaction norms of WT ratio: Because of the curvilinear shapevided very highR? (average over 0.98) and that aberrant
of the derivative (figure 2), which suggests a sigmoid ddines also gave very high values. Again a high is
creasing norm for the ratio, we first used a cubic polynomialot an indication of a convenient adjustment. Since the
adjustment. This procedure, however, when applied to eackaction norms of all lines were monotonically decreas-
isofemale line, produced numerous (seven for females, 18y and not very dferent from a straight line, we also
for males) inconsistent results, such as a temperature of imade linear adjustments (table 6) for the individual lines
flection point exceeding 3C. We think these aberrant linesand for the total data set (two methods). In all cases,
were too numerous for being excluded from the calculation&? values greater than 0.90 were obtained, and the mean
So we provide (table 5) only the characteristic values cal@alues provided by the three methods were very similar.

Table 5. Analysis of the reaction norms of W ratio with a cubic adjustment, using twaffdirent methods applied to the whole
data set. (PIP, Phenotype at inflection point; TIP, tempegatf inflection point; maxP, maximum phenotype; minP, minn
phenotype; TmaxP, maximum temperature; TminP, minimunpeeature R2, coeficient of determination.)

Female Male
Trait Whole matrix 6 = 210) Average curven=7) Whole matrix 6 = 210) Average curven=7)
PIP 2616 2616 2667 2662
TIP (°C) 1910 1909 1668 1678
Slope at IP —-0.026 -0.027 —-0.029 —-0.029
maxP 2829 2831 2917 2918
minP 2404 2401 2418 2407
TmaxP (C) 7.07 694 377 368
TminP ¢C) 311 312 296 299
R? 0.939 Q996 Q938 0992
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Considering the individual lines, we see that the slopexample by Noackt al. (1996). It is, however, more conve-
was much more variable than the intercept. The relatiomient to consider a relative measure, thefiioent of varia-
ship between slope and intercept (figure 6) reveals a strotign (CV), which allows a comparison of traits withfiéirent
negative correlation between the two parameters, which isnaean values.

general property of polynomial adjustments. From a biolog-
ical point of view, and for comparing the lines, it is better t
consider the mean phenotype not &€Qbut at the average
experimental temperature of Z1. In that case, the negative
correlation with slope practically disappears (figure 6).

The logarithmic transformation: Biometrical data are often
transformed into logarithmic values (Sokal and Rohlf 1995)
This procedure has the advantage of providing more cor-
rect statistical analyses, especially when the variandelan
mean are correlated. Here we asked the question: how doe
this transformation modify the shape of a reaction norm and
its characteristic values?

As an example, we present (table 7) the results obtainec
for the characteristic values of wing and thorax lengthrafte
quadratic or cubic adjustments. As expected, the maximurr
values are completely fierent, owing to the log transfor-
mation, and the same conclusion applies to the polynomial ¢
codficients (not shown). However, the temperatures of max- &

intercept (g0)

imum values are very close to those calculated with the non-?n '

transformed data (see tables 3 and 4). In other words, if we 3
consider Eqn 2, the log transformation changes MV gnd °
but not TMV, which is the position of the maximum along the
temperature axis, and a most interesting bit of information
phenotypic plasticity.

Analysis of variability parameters

With an isofemale line design, the total phenotypic var&anc

3,20

3,16

® female
H  male

-0,024

r=0.12

2.50

-0,022

-0,020 -0,018 -0,016

slope (g1)

-0.027 -0.025 -0.023

-0.021

slope (g1)

-0.019 -0.017 -0.015

Figure 6. Results of a linear adjustmeny & go + g;t) on WT
ratio in females €) and males ). Each value is the mean of an

can be split into two components: the within-line variancesstemale line. For each sex, ellipses of 95% confidencerarerd

and the between-line variance (Dawtal. 2005). The for-

Upper graph: relationship between slogg)(and intercept do);

mer mainly reflects environmentaffects, while the latter the two codficients are negatively correlated. Lower graph: rela-

corresponds mostly to a genetic component (Dastichl.
2005). It is interesting to consider the variance itself an@
to see how it is influenced by the environment, as done for

tionship between slope and average value ¢T\Mtio (the value
alculated for a temperature of°Zl); the correlations become non-
ignificant).

Table 6. Results of a linear adjustment on theWatio. Comparison of three methods is shown:
individual adjustment on each isofemale line, and geneljgkément on the whole matrix (210 values)
or on the average curve (7 values). Mean phenotype is tfierlio for the mean temperature of the
environment (21C); CV is the coéficient of variation among lines.

Individual lines 6 = 30) Whole matrix Average curve
m+ s.e cv m+ s.e m+ s.e
Intercept ¢o) ? 3.027+0.011 190 3027+ 0.009 3028+ 0.031
%) 3.031+0.009 155 3031+ 0.011 3031+ 0.049
Slope @1) ? —0.0210+ 0.0004 904  -0.0210+0.0004 -0.021+0.0014
3 -0.0216+0.0003 734  —0.0216+0.0005 —-0.022+0.0021
Mean phenotype Q 2575+ 0.005 102 2583+ 0.003 2583+ 0.058
2.567+0.005 100 2575+ 0.003 2575+ 0.060
R? Q 0.961+0.006 320 0923 Q978
a 0.932+0.009 504 0900 Q952
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Table 7. Results of a logarithmic transformation of wing and
thorax length characteristic values (MV, maximum value;\VfM
temperature of maximum value are given, as welRgs

ily means (see Davidt al 2005). For each sex and temper-
ature, we have 30 observations only, and we calculated the
variance from these data. It turned out that results between

N
[$;]

MV ™V R2 sexes were quite variable and that the best way to increase
Wing ? 2471 1511 0901 -
(quadratic) a 2426 1198 0921 o
Thorax ? 2050 2016 0796
(quadratic) a 1998 1879 0860 845
Wing (cubic) ? 2474 1570 0910 5 35
é 2427 1472 0935 -
£

-
(9]

The within-line variability: We first considered the within-line

. . . ; . . thoraxt’f:':::_:
variance, and the results obtained for wing and thorax kengt | A *

of the 30 lines are illustrated in figure 7. A statistical gnal 5 11 14 17 20 23 26 29 32
sis revealed for both traits significant variations acaogdd growth temperature (°C)

temperature. Looking at the graph, we see that greatervalue
are observed at extreme temperature, and a minimum arourigure 7. Variation of the within-line variance for wing and thorax
21°C, which is easier to detect after a quadratic polynomi::ttj*”gth in females«) and males 4). Each point is based on 270

. egrees of freedom. Data are adjusted to quadratic polyalemi
adjustment.

A major feature of figure 7 is that the variance of thorax
length is more than five times less than the variance of wing
length. This is due to a scalingfect, that is the smaller size
of thorax compared to the wing. To get rid of this scaling ef-
fect, we use the CV. The results are presented in figure 8 for

3,00
2,80
2,60

3 240
wing and thorax length, and also for the/T#atio. In each E 2,20
case, an almost symmetrical increase of the variabilityis o £ 200
served at extreme temperatures, with a minimum at interme- > 120
diate temperature. For each trait, the data can be adjusted t 160
a quadratic polynomial (see figure 8) which describes the re- a0
action norm of the within-line CV. Two interesting observa- L P A s
tions can be made. Firstly, thefitirence between wing and Ll el
thorax disappears: both traits have the same relativebibria Arate
ity. Secondly, the variability of the YV ratio is less than that 3,00
of the traits. This is a classic observation explained by the 2.80 -
positive correlation between the two traits. 2,60 female
We tried to get a better analysis of the reaction norms of S 240
the CVs. At the level of each line, CVs were, as expected,
so variable that we could not, in most cases, obtain a conve- é .30
nient quadratic adjustment. Such an adjustment was however £
. . . 2 1,80
possible when the 10 lines corresponding to each year of col- ’
lection were pooled into a single sample. The parameters of ~ "°
the reaction norms for the CVs of the three traits are given in 140
table 8. ANOVA (not shown), applied to these data, failed to 1:20

11 14 17 20 23 26 29 32

show any significant dierence due to either year, sex or trait,
growth temperature (°C)

for TminV (temperature of minimum variation in this case)
org,. The overall average values_ are TMV21.25+0.23°C Figure 8. Variation of the within-line CV according to growth tem-
andg, = 0.0077+ 0.0010 @ = 6 in each case). There wasperature in the three traits investigated. In each caseactioa
however a significant elierence for TminV between Y¥  norm is drawn from a quadratic adjustment.

ratio (average B4 + 0.11) and the two size traits (average

1.80+ 0.05).
) the precision of the analysis was to pool the female and male

The between-line, genetic variabilityWith a full-sib design, data. As previously, the variance was scaled to the mean,
we can calculate a genetic variance which is slightly leas th and the variations of the genetic CV, also called evolvgbili
the between-line variance, calculated directly from thm-fa (Houle 1992), are shown in figure 9 (upper part).
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Table 8. Analysis of the reaction norms of the within-line CV, afteq@adratic adjustment. Characteristic values are giveredch
year, and also thB? parameter. (MinV, minimum value; TminV: temperature of iminm value;g,, curvature; mean is the mean of
the three years; s.e., standard error.)

Wing length Thorax length W ratio
MinV  TminV o R? MinV  TminV O R? MinV  TminV o R?
1992 Q@ 1752 2439 00034 0891 1574 2169 00068 0732 1195 2364 00044 (0944
& 1718 2236 00063 Q775 1781 2109 00060 0594 1181 2205 00043 Q756
1997 ? 1815 2116 00072 0593 1843 2081 00084 0733 1237 2086 0089 0656
& 2060 1985 00059 0697 1784 2044 00110 Q950 1483 2092 00045 0627
1999 @ 1747 2200 00106 Q796 1638 2070 Q0177 Q966 1221 1996 00103 0697
& 1992 2139 00068 0659 1882 2040 00113 0780 1674 2218 00038 0364
@ 1771 2251 00070 Q760 1685 2107 00110 0810 1218 2149 00079 0766
mean & 0028 Q353 Q0429 0175 Q108 0118 Q0563 0190 00194 0413 (00348 0178
& 1923 2120 00064 Q710 1816 2064 Q0094 Q775 1446 2172 00042 0582
s.e. 0131 Q0275 Q0053 0070 Q043 Q085 Q0304 0202 Q2070 0149 Q0059 0262
trait, the curvature parameter was never significantffedi
220 ent from zero. In other words, each reaction norm could be
son] e e e ) drawn as a horizontal line. There is a majoffelience be-
- tween the traits. The average genetic CV is much less for the
S . thorax (147 + 0.044,n = 7) than for the wing (B7 + 0.048,
g1 n = 7) and still lower for the WT ratio (114+0.033) h=7
5 e : in each case).

We also calculated the intraclass correlationfiioent
(ICC), which is akin to the heritability (Daviét al. 2005),
e and results are given in table 9. ANOVA (not shown) failed
1012 08 06 1820 2 24 26 2830 % = Thorax to reveal any sex or temperaturgest. There is however a
AR significant diference among traits: the ICC is higher for the
wing (0.45) than for the thorax (0.31) or the/Watio (0.33).
3,50 Finally, we also considered the total phenotypic variabil-
ity, still by calculating a CV, and the reaction norms are-pre

[=3 ™

S <]
)’
>

3,30

3,10 sented in figure 9 (lower). For each trait, significantly con-
2,90 vex reaction norms are observed. The overall shape is most
g2 influenced by the within-line variability, which has 270 de-
5 250 grees of freedom against 29 for the between-line varigbilit
> 230 The mean values are higher than those found either for the
210 within-line CV or the between-line CV, owing to an over-
1,90 e 3 = i all increased variability. The calculated minimum values a
170 293+ 0.10, 269+ 0.16 and 204 + 0.094 for wing length,
180 thorax length and W ratio respectivelyr{ = 7).

10 12 14 16 18 20 22 24 26 28 30 32
growth temperature (°C)

Discussion

Figure 9. Upper: Variation of the genetic CV (pooled data of both
sexes) according to growth temperature; notice the maftardince

between wing and thorax; quadratic adjustments (eithecananor  \With modern techniques, it is possible to make numerous cal-
convex) are shown, but the curvatures are not significaneto ¢, ations on a data set which by itself is not huge (2100 flies
Reaction norms of the total phenotypic CV for the three drait - . . .
vestigated; significant quadratic adjustments are shown. of eac_h Sex). In_ t_h_'s_ pape_r, we have tried to 'IIUSt_rate \LEH10
analytical possibilities, without however presenting &xé-
Curvilinear adjustments were made for the three traitsive results. Here we summarize the main conclusions.
Both wing and thorax length gave concave reaction norms, A reaction norm is the variation of a trait along an envi-
while a convex shape was observed for th&Watio. How- ronmental gradient, in the present case temperature. A&s see
ever, a multiple-regression analysis revealed that, foheabelow, the reaction-norm approach may be applied not only

Methodology
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Table 9. Codficient of intraclass correlation (ICC), calculated on thedlgldata set of 30 lines at each experimental temperature.

12C 14C 17C 2rC 25C 28C 3rc Mean+ s.e.
Wing ? 0.38 048 047 044 054 048 041 046+0.02
length 3 0.33 047 054 046 Q46 Q35 040 043+0.03
Thorax ? 0.26 034 042 031 039 031 024 032+0.03
length 3 0.26 031 036 026 Q35 Q26 023 029+ 0.02
wW/T ? 0.33 032 035 043 044 034 017 034+0.03
ratio ) 0.21 039 040 037 026 025 034 032+0.03

to mean values but also to the variance parameters. justments permit calculation of characteristic valuesicivh

For choosing a mathematical model, the first step is tbave a clear biological meaning. The reaction norm ¢t W
consider the overall shape of the average curve. Polynomiaitio is characterized by the slope and the mean value. The
adjustments, of various degrees, seem to be a general, aflaction norm of thorax length is characterized by the ceord
purpose method (Daviet al. 1997) although other possibil- nates of the maximum (MV and TMV), and also by a curva-
ities may be considered, for example a logistic curve (Gibeture parameter. For the cubic adjustment of wing length, we
et al. 1998b). Itis well known that the precision of an adjustalso calculate the coordinates of a maximum, but a curvature
ment increases with the degree of the polynomial, while thgarameter is not available.
biological significance tends to disappear among too many Finally, we compared the real data with their log trans-
codficients. Practically, only first-order, second-order anéormation. As expected, mean values were completely mod-
third-order polynomials seem to be biologically convenienified, but the TMVs did not exhibit a major change. A practi-
The validity of an adjustment may be appreciated®ybut  cal conclusion is that logs should not be used when analysing
this may be misleading: it is often possible to obtain a higthe shapes of reaction norms.

R? for a very implausible result such as a temperature of max-

imum value above 10C. Attention must always be paid Reaction norms of trait values

to the plausibility of the results. For determir_ling the éxacggih wing and thorax lengths are related to body size, and
shape of a reaction norm, the best procedure is to analyse )8 often considered as substitutes, for example when in-
shape of the derivative curve, when this is possible (for €Xjegigating latitudinal clines (Capst al. 1993; Giberet al.
ample with isofemale lines). We did this for the three trait$ 445y Our data, however, demonstrate clearly that the two
investigated, but with mixed results. For thorax length, W& it are not equivalent. Not only are the shapes of the aorm
obtained a monotonically dec_reasmg curve, which howe‘,’?&uadratic or cubic) dierent, but the TMVs also arefetr-

was somehow bent and not linear. The departure from I|r.(1_',-m, around 15 for the wing and 1%°C for the thorax. The
earity was however not too much, and we could use, for thig, hetic hasis of this fierence is not known but it seems to be
trait, a quadratic polynomial adjustment which impliesra. li 5 quite general property amoBgosophilaspecies (Davit

early decreasing derivative. For wing length, the shapbef t al. 1997 2004- Azevedet al 1998: Kararet al. 1999 Morin
derivative was unusual, and clearly biphasic: a rapid lineg, 5 195')9). ’ ’ '

decrease at low temperatures, then an almost horizongal lin- |, many investigations, wing length, wing area or wing
above 18C. We tried to make a biphasic adjustment, but they,,ne s considered as an estimate of size, and numerous
results of a quadratic polynomial between 12 and2ave |4titdinal clines are based on wing variation (Azevesdo
some implausible data (figure 4 and table 4). So the best COY)- 1998: Karanet al. 1999: Gilchristet al. 2000: Hueyet
clusion is that, for calculating characteristic values anti- al. 2000). As seen from our data, wing length is a mono-
mating the coordinates of the maximum, a cubic polynomigl,ica 1y decreasing function of temperature fronf@5up
adjustment is preferable. For the/Wratio, we clearly ob- to 31°C. As a simplification, it is often said that a paral-
tained a quadratic derivative (figure 3) with a minimum (thgjis exists between phenotypic plasticity and clines: in
inflection point) at an intermediate temperature. This show .. cases, smaller flies are observed at warmer tempera-
that the trait follows a decreasing sigmoid norm (figure S), o5 (Atkinson and Sibly 1997). This parallelism is often
We then tried to adjust each line to a cubic polynomial byfyen a5 an adaptive argument, demonstrating that it is bet-
several lines produced implausible results, leading ug+to "ter to be smaller in warmer environments. even if the pre-
ject this model. Moreover, as seen in figure 5, the overglise mechanisms remain to be identified (Pétetvgl. 1997;
shape of the norms is not far from linearity, so that a lineax ;o edoet al. 1998; Bochdanovits and de Jong 2003a,b:
regression proved to be a convenientapproximation. . gjanckenhorn and Demont 2004). In most allometric inves-

_So, for the three traits investigated, we suggest a linegf a1ions, hody weight is considered as the best estimate of
adjustment for the W ratio, a quadratic adjustment for tho- body size (Peters 1983; Reiss 1989: Harvey and Pagel 1991).
rax length, and a cubic adjustment for wing length. These agl Drosophila however, weight is diicult to estimate and

20 Journal of Genetics,Vol. 85, No. 1, April 2006



Body size plasticity in Drosophila

varies according to age and feeding conditions (Cetpgl.  or in its genetic component, and its capacity to change un-
1993; Kararet al. 1999). Weight seems however more akirder stress conditions (Bijlsma and Loeschcke 1997ffHo
to thorax size than to wing size (Barker and Krebs 1995nann and Parsons 1997; fimann and Hercus 2000). With
Karanet al. 1998). We thus suggest that thorax length isn isofemale line design, we could estimate the between-
a better estimate of body size than wing length. Under thigne (genetic) variance, and the within-line variance, abhi
assumption, we cannot say that body size decreases rggulaniainly expresses an environmental component (Datil.
with temperature, and hence the temperature—size rule is 2005). Since there is a relationship between mean and vari-
valid. Since the maximum size is observed at an intermediaésce, all measurements were scaled to the mean by calcu-
temperature, close to the middle of the thermal rangeGp1 lating a CV. At the within-line level, which is more precise
a better adaptive interpretation would be that size is masince it is based on more numerous observations, we found
imum under optimal physiological conditions and exhibitghat using a CV suppressed théfeience between wing and
deleterious fiects of colder or warmer temperatures, resultthorax length. For the W ratio, the CVs were clearly less,
ing in a cold or heat stress, and finally 100% mortality beas expected for a ratio of two variables that are positively c
low 12°C or above 32C (Pétavyet al. 2001). Such an opti- related. But the main result is that CVs are variable among
mum interpretation also seemed evident for ovariole numbesnvironments and, in this respect, exhibit a specific convex
which is directly related to fithessffspring production) and reaction norm, with a minimum at an intermediate temper-
is at a maximum at 2T (Delpuectet al. 1995). ature. It is especially interesting to notice that the terape
Why the maximum wing length is observed at a muchure of minimum variability (TminV) is the same for the two
lower temperature is not clear, but we also have an adaptigexes and the three traits investigated (table 8), with an av
interpretation, first proposed by Stalker (1980) for gerati erage value of 225+ 0.23°C. Clearly, trait values and vari-
seasonal variations, and extended by Pé&ial. (1997) for  ability are disconnected and, in the case of variabilitys it
plasticity. The almost linear decrease of thélWatio with  easy to argue that the minimum corresponds to a physiologi-
growth temperature implies a linear increase of wing logdincal optimum.
(Pétavyet al. 1997). The phenotypic plasticity might be se-  The analysis of genetic variability (genetic CV), based
lected not directly on size, but on wing loading. Higher wingon a smaller number of observations, failed to show any sig-
loading must be accompanied by faster wing beat, which rsficant dfect of temperature. We are aware of only one
possible only in a warm environment (Pétaetyal. 1997). publication (Noachet al. 1996) in which two populations
Under cold conditions, wing beat is possible only at a loweof D. melanogastefrom Europe and Africa were compared
frequency, and flight ficiency is favoured by decrease inwith respect to phenotypic plasticity with an isofemaleelin
wing loading. In the case dd. melanogasterwe know the design. The authors found a strong curvature (a convex
direction of evolution, from tropical Africa (ancestralpo  norm) for the genetic variance of wing and thorax length,
lations) to temperate countries (David and Capy 1988). Duwith a minimum around 23-2€, but in the African popula-
ing the conquest of colder places, selection acted to imgrovtion only. Curiously, the within-line, environmental vanice
flight in the cold. This was realized by increasing wing areavas not strongly fiected by temperature. There is a possibil-
Owing to a positive genetic correlation between wing areiy that this discrepancy is due to the geographic origimg&i
and body size, this phenomenon resulted in the latitudint#tie European population investigated by Noathl. (1996)
size cline presently observed. failed to show a significant variation of its genetic varlepi
Latitudinal variations are not only seen for size traitg, bualong the temperature gradient.
also for shape of the reaction norms. It is now quite clear Since in our study the environmental and genetic vari-
that, in several species and fofférent traits, TMVs have a ance reacted tferently to temperature, we should observe
higher value in tropical populations (Delpueehal. 1995; a decrease of heritability, or of the intraclass correfatid
Morin et al 1999; Moreteaet al. 2003). In other words, the extreme temperatures (fmann and Merila 1999). We did
thermal optimum is higher when populations are adapted twt, however, find a significantfect, presumably owing to
warmer conditions. the fact that the observedftérences remained quite small.
The fact that genetic CV of thorax length is much less than
that of wing length accounts for the lower heritability ofish
Most evolutionary investigations have thus far considéned trait (Davidet al. 2005).
mean values of the traits. The variance among individuals, The relationship between environmental stress and ge-
which is notoriously less precise than the mean (Sokal amtic variability is a hotly debated topic. Several invgati
Rohlf 1995), has remained relatively neglected, except féors have argued that, under stressful conditions, a arypti
calculating parameters which, like heritability, may go#d genetic variability could be unravelled, leading to thegros
the response to selection (Falconer and Mackay 1996).  bility of a faster adaptive response (Bijlsma and Loeschcke
There is, however, a recent and renewed interest in tH®97; Hdfmann and Parsons 1997; Rutherford and Lindquist
variance, either in its nonheritable environmental congmn 1998; Gibson and Dworkin 2004). Experimental results on
(Debat and David 2001; Polak 2003; Zhang and Hill 2005yenetic variability, however, seem quite variable, actd

Reaction norms of variability and CV
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to the trait, the stress or the species investigated (Invasfte  Latitudinal variation of wing : thorax size ratio and wingpect
al. 2000; Pétaviet al. 2004). A more general conclusion is  ratio in Drosophila melanogaster. Evolutid®, 1353-1362.

the increase in the phenotypic and nongenetic variancerundg@rker J. S. F. and Krebs R. A. 1995 Genetic variation andipigs
P yp 9 of thorax length and wing length iDrosophila aldrichiandD.

stressing conditions (Delpuedt al 1995; Imashevat al buzzatii. J. Evol. Biol8. 689—709

1997; Pétaviet al. 1997; Moreteaet al. 2003). Bergmann C. 1847 Uber die Verhaltnisse der Warmeokoaatai
Thiere zu ihrer Gross&ott. Stud3, 595-708.

Sampling and analysing natural populations Bijlsma R. and Loeschcke V. 19%hvironmental stress, adaptation

L . . and evolutionBirkhauser, Basel.
Latitudinal clines for wing and thorax length have been doggjanckenhorn W. U. 2000 The evolution of body size: what keep
umented in numerous populations@fmelanogaste(Capy organisms small®). Rev. Bial 75, 385-407.

et al 1993). However, there was a broad variability of thelanckenhorn W. U. and Demont M. 2004 Bergmann and Converse
populations around the regression line. There are two pos-Befg,[ﬁan” latitudinal clines in arthropods: two ends of aticen
sible interpretations: either these variations were dugeto __Uum?Integr. Comp. Bial44, 413-424.

. Y L Bochdanovits Z. and de Jong G. 2003a Temperature dependence
netic drift in the laboratory, or they truly reflected sigoiit of fitness components in geographical populationBrosophila

differences among populations from similar latitudes. There melanogasterchanging the association between size and fitness.
is yet no definitive answer to these alternatives. Our rgsult Biol. J. Linn. Soc80, 717-725.

concerning three independent year samples from the samef@chdanovits Z. and de Jong G. 2003b Temperature deperatent |
cality, point however to a genetic stability in a given platfe val resource allocation shaping adult body sizeDimsophila

this phenomenon was confirmed, it would be better to sang. me'?,m%,?;tg' Jérlijvolga%'iglﬁ’ lé591_9191367F;henotypic and genetic

ple repeatedly in the same place instead of keeping a set O(’%\E)ei/riability of morphometrical traits in natural populai® of

isofemale lines over years. We also investigated, with the Drosophila melanogasteand D. simulans I. Geographic vari-

same procedure of isofemale lines, two populations from the ations.Genet. Sel. EvoR5, 517-536. _

vicinity of Paris, about 500 km from Bordeaux (Pétatyal ~ Cavicchi S., Guerra D., Giorgi G. and Pezzoli C. 1985 Tentpeea

2004). The mean trait values (at°Z5only) were very simi- related divergence |n_exper|mental populatlons_Dnbsophlla_

lar to those of the Bordeaux population. In other words, we melanogasterl. Genetic and developmental basis of wing size
= L R and shape variatiofzenetics109, 665-689.

suggest that, for quantitative traits, all French popafiare Coyne J. A. and Beecham E. 1987 Heritability of two morpho-

similar and submitted to the same kind of (unknown) stabiliz logical characters within and among natural populations of

ing selection. We are, however, aware (unpublished rgsults Drosophila melanogaster. Genetit&7, 727-737. _

of populations living in diferent places but at the same lat-Pavid J. R. and Capy P. 1988 Genetic variationubsophila

. L melanogastenatural populationslrends Genet, 106-111.
itude, close to the Equator, that exhibit significant momhq)avid J. R. and Clavel M. F. 1965 Interaction entre le gépety

logical differences. Such fierences suggest that phenotypes et |e milieu d’élevage. Conséquences sur les caratitres du
are not selected by climatic conditions only. This problem développement de la DrosophiBull. Biol. Fr. Belg.99, 369—
obviously deserves further investigations in specific gbac  378. _ S

using the same protocol as in Bordeaux, that is isofemaR@Vid J. R. and Kitagawa O. 1982 Possible similarities iraeth
lines in their second laboratory generation. Of course, thi ?Aggﬁ;eelgzgglggttg;j'?sr".V;rgggg; zgtl’\é%?mwph”a virilis
means a long-term investigation and a large amount of dafgyiq 3. R., Moreteau B., Gauthier J. R., Pétavy G., Stozkahd
On the other hand, we have shown that a rigorous experimen{masheva A. 1994 Reaction norms of size characters in oelati
tal design, and use of a convenient highly nutritive rearing to growth temperature iBrosophila melanogastean isofemale
medium, provide stable data at least in the laboratory. We lines analysisGenet. Sel. EvoR6, 229-251.

suggest that, in the future, morphometrical data should §&id J. R., Gibert P., Gravot E., Pétavy G., Morin J. P.,aeb.

- L and Moreteau B. 1997 Phenotypic plasticity and developatent
collected in a way that would be exactly the same ifiedt temperature ilDrosophila analysis and significance of reaction

ent laboratories, permitting the creation of a large da&@ba  norms of morphometrical traitd. Therm. Bial22, 441-451.
accessible to all interested investigators. David J. R., Gibert P. and Moreteau B. 2004 Evolution of neact
norms. InPhenotypic plasticity: functional and conceptual ap-
proaches(ed. T. J. DeWitt and S. M. Scheiner), pp. 50-63. Ox-
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