Eur. J. Entomol. 104: 39-46, 2007
http://www.eje.cz/scripts/viewabstract.php?abstract=1195
ISSN 1210-5759

Variation, selection and heritability of thermal reaction norms for juvenile
growth in Orchesella cincta (Collembola: Entomobryidae)

GEerArRD DRIESSEN, JacintHA ELLERS and Nico M. VAN STRAALEN

Department of Animal Ecology, Institute of Ecological Science, Faculty of Earth and Life Sciences, Vrije Universiteit,
De Boelelaan 1085, 1081 HV, Amsterdam, The Netherlands; e-mail: gerard.driessen@ecology.falw.vu.nl

Key words. Phenotypic plasticity, slope of reaction norm, growth rate, temperature, genetic variation, heritability, Entomobryidae,
Orchesella cincta

Abstract. Genetic variation for thermal plasticity plays an important role in the success or failure of a species with respect to the
colonization of different thermal habitats and the ability to deal with climatic change. The aim of this paper is to study the relative
contribution of the additive and non-additive components of genetic variation for the slope of the temperature reaction norm for
juvenile growth rate in the springtail Orchesella cincta. We present the outcome of an artificial selection experiment for steep and
flat temperature reaction norms and the results of a parent-offspring heritability experiment. There was a considerable phenotypic
variation for the slope of the reaction norm. The selection experiment and the offspring to parent regression analysis, however,
yielded no evidence for significant additive genetic variance. There were also no indications for maternal effects. The full-sib analy-
sis, on the other hand, revealed a significant broad sense heritability of 0.76. An unforeseen result was that the slopes of females
were steeper than those of males. This influenced the broad sense heritability of the full-sib analysis, since accidental female or male
biased broods inflate the estimate of heritability. A randomization test showed that the probability level of the observed “between
group” variance on the basis of the sexual differences alone was less than 107°. From this we conclude that autosomal genetic varia-
tion played its own separate role. In conclusion, the thermal reaction norm for growth in juvenile O. cincta is not very much deter-
mined by the additive effects of a large number of independent genes, but more likely based on a still unknown but mainly
non-additive, partially sex-related genetic mechanism, possibly including both dominance and epistatic effects. Hypotheses about the
role of phenotypic plasticity in processes of local adaptation and speciation should thus be alert to such a complex genetic architec-
ture.

INTRODUCTION 1996; Kingsolver et al., 2004). They may, for example, be
of similar shape but with different temperatures of
maximum performance, i.e., shifted horizontally along the
temperature axis (e.g., the ovariole number in the fruit fly
Drosophila ananassae, Yadav & Singh, 2005). They can
also be of similar shape but shifted vertically along the
performance axis, implying that some individuals perform
faster or bigger at all temperatures (e.g., egg size in the
tropical butterfly Bicyclus anynana, Steigenga et al.,
2005). Finally, reaction norms can also differ in shape,
for example steep reaction norms over a relatively narrow
temperature interval with a high maximum performance
versus flat reaction norms over a broad temperature range
with lower maximum performance (e.g., body size in
Drosophila melanogaster, David et al., 2006). It is note-
worthy to keep in mind that, in terms of plasticity, the flat
type is the least plastic, since its performance is least
influenced by temperature.

The nature of the genetic mechanism that determines
the position of a thermal reaction norm can have impor-
tant consequences for evolutionary processes. If growth
or development rates at different temperatures are geneti-
cally correlated, then the reaction norm itself can be con-
sidered as a trait “as a whole” that is potentially subject to
selection. As a consequence growth or developmental
rates at different temperatures cannot evolve independ-
ently. Clearly, this would have important consequences

Growth and developmental rates of plants and ecto-
thermal animals are plastic traits that are strongly affected
by environmental temperature. Below a particular lower
threshold temperature the metabolism of ectotherms is
practically idle and no growth or development occurs.
Above this threshold growth and developmental rates
increase more or less linearly with temperature up to an
upper limit after which further temperature increments
rapidly become detrimental, Gilbert & Raworth, 1996;
Trudgill et al., 2005). The pattern is based on long-
established empirical data and described for many animal
species (e.g., Bliss, 1926; Atlas, 1935; van Straalen &
Joosse, 1985; Leach et al., 1986) and many, often agricul-
tural, plant species (e.g., Summerfield et al., 1991; Qi et
al., 1999). The functional relationship between tempera-
ture and performance is called a thermal reaction norm. A
roughly linear relationship in the increasing part of the
temperature reaction norm is also rather common for
many behavioural and physiological traits (Angilletta et
al., 2002).

Thermal reaction norms can differ between species,
between populations, between individuals, between sexes
and between different developmental stages within an
individual (van Straalen, 1994; Stam, 1997; Li, 1998;
Jarosik et al., 2002), and they can vary in several ways
(Huey & Kingsolver, 1989; van der Have & de Jong,
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for the success or failure of a species with respect to the
colonization of different thermal habitats or adaptation to
climatic change.

In Collembola (springtails) several studies have
measured temperature reaction norms for a variety of
life-history traits: egg size, egg development rate,
fecundity, moulting rate, age at maturity and others (e.g.,
van Straalen & Joosse, 1985; Stam, 1997). Van Straalen
(1994) found a considerable variation in the slope of the
thermal reaction norm for egg development rate in a
group of 34 collembolan species. In the present study we
are primarily interested in the genetic nature of the
variation for steep (most plastic) versus flat (least plastic)
thermal reaction norms for juvenile growth rate at the
within species level in the collembolan Orchesella cincta
L.

Juvenile growth rate is an important life-history
character especially for ectotherms that live in a seasonal
environment, since it can play a role in the
synchronization of the reproduction in a population.
Additionally, growth rate affects the degree of exposure
to predation during the more vulnerable juvenile stages. If
the thermal reaction norm is “a trait as a whole” and the
genetic variance is mainly additive it must be possible to
select for steep and flat reaction norm slopes. Here, we
will present the outcome of such an artificial selection in
O. cincta and the results of a parent-offspring heritability
experiment intended to reveal the relative contribution of
the additive and non-additive components of genetic
variation for slope.

MATERIAL AND METHODS

Animals and experimental populations

Orchesella cincta L. is a surface-dwelling collembolan (adult
size 3—4 mm). It occurs over large part of Europe and Asia and
around the Mediterranean and can be found in very different
types of thermal habitats, from fairly temperature stable dense
pine forests to highly exposed moors and coastal dune areas,
where it lives in small isolated populations. In the Netherlands
O. cincta has two generations a year. Juveniles pass through
around 11 non-reproductive moults before they are mature. In
the adult stage reproductive and non-reproductive periods
alternate separated by moults. In a reproductive period female
O. cincta lay their eggs after taking up one single
spermatophore deposited on the substrate by a male (Gols et al.,
2004).

For the selection experiment animals were sampled from four
natural populations, one in Poland (Pilica: 50°29.1'N,
19°39.6'E), one in Sweden (Ringarum: 58°21.5'N, 16°13.7°'E)
and two in the Netherlands (Roggebotzand: 52°34.4'N,
05°47.9°'E and Amsterdamse Waterleidingduinen: 52°1.5'N,
04°33.1°'E). This was done in order to increase the level of
genetic variation and motivated by the fact that Stam (1997)
reported a significant phenotypic variation between Italian, Nor-
wegian and Dutch populations for egg development, moulting
and maturation rate. Of each of the four sampled populations 20
individuals from the first laboratory generation produced by the
field-collected animals were mixed and allowed to reproduce for
two generations. This was repeated two times in order to create
three replicate selection experiments (I, II and III). The off-
spring of the second generation is referred to as the initial FO
generation in the selection experiment. In a preliminary experi-
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ment that served to check the intercrossing capacity of the popu-
lations, all possible combinations of mating pairs readily pro-
duced offspring. The heritability experiment was carried out
seven months after the start of the selection experiment with
animals from replicate population II. By that time the original
populations had been mixed for at least five generations, under
rearing conditions of 20°C, RH = 80% and 12L : 12D.

Measurement of the slope of the thermal reaction norm for
growth rate

A simple two-parameter linear model is often used to describe
the increasing part of reaction norms for growth and develop-
ment. This application of a linear approximation to thermal
reaction norms has been considerably successful in predicting
developmental times in numerous plants and animals (Atkinson,
1996). The slope of the reaction norm for growth was therefore
defined as (ri:c—2°c)/10, where r2:c and r»ec denote the expo-
nential growth rate parameters at 12°C and 22°C, respectively.
In order to measure rioc and raec, freshly emerged juvenile
springtails (~5 days old at 20°C) were weighed on a microbal-
ance (Mettler Toledo UMT2, precision 1 pg). After weighing
they were stored individually in small plastic vials (2 cm in
diameter, 3 cm high) with a bottom of plaster of Paris and incu-
bated at 12°C (RH = 80%,12L : 12D). Small pieces of bark
overgrown with green algae (Desmococcus sp.) served as food.
Food availability was regularly checked and always kept in
excess. After two weeks of incubation at 12°C the animals were
weighed for a second time and subsequently transferred to 22°C
(RH = 80%, 12L : 12D) for another week. They were then
weighed for a third time. Acclimation of growth rate to tempera-
ture change is practically immediate in O. cincta; growth rates
during the first day after a temperature change are the same as
on later days (G. Driessen, unpubl. data). After the third weight
measurement the springtails were stored at 20°C until maturity.
A two-week exposure to 12°C and a one-week exposure to 22°C
was chosen because we expected a roughly similar number of
moults and mean proportional weight increase using these peri-
ods.

With the three weight measurements the growth rates of each
individual juvenile springtail could be calculated at both 12°C
and 22°C. Growth of juvenile O. cincta is nearly exponential up
to around 600 pg (Janssen & Joosse, 1987). Therefore, we
defined the juvenile growth rate r at temperature 7 as:

rr=2InSt (i=1,2),

where w; is the fresh weight (in pg) at the i measurement, and
At is the time (in days x10') between the two successive
weightings. The reason for choosing 12°C and 22°C was that at
8—-10°C juvenile growth is almost zero (J. Ellers, unpubl. data),
while 25°C is just above the temperature of maximum growth
(G. Driessen, unpubl. data) and maximum egg development rate
(van Straalen, 1994). Only juveniles (<~600 png) were used for
growth measurements.

Selection experiment

The following selection procedure was carried out. To begin
with, 140 freshly emerged juveniles (~50 pg) were randomly
selected from each of the three founding replicate populations
and their growth rates at 12°C and 22°C were measured
according to the procedure described above. Of these animals
78, 69 and 89 individuals survived respectively until adulthood,
and of each group those 20 springtails with the steepest and
those 20 with the flattest slopes were allowed to reproduce.
From the point of view of risk spreading, this was done in two
subgroups of 10 individuals that were incubated together at
20°C (RH = 80%, 12L : 12D) in one vial (5 cm in diameter, 3
cm high, with a bottom of plaster of Paris and algae as a food



source). Because sexing of individuals is time consuming and
inducing an extra mortality risk due to handling, the animals
were not sexed.

This first selection round resulted in a “steep” and a “flat”
line within each replicate experiment. Each subsequent genera-
tion between 70-90 juvenile springtails were measured in each
of the three “steep” and “flat” lines. In the steep lines the 20
steepest and in the flat lines the 20 flattest animals were selected
to produce the next generation (again in two groups of 10 ani-
mals). In total four selection rounds were carried out.

Heritability of the slope of the reaction norm

Freshly hatched juveniles (~50 pg) were randomly selected
from the lab culture of founding population II and their growth
rates were measured at 12°C and 22°C (see above). This experi-
ment started seven months after the start of the artificial selec-
tion, which implies that the had been mixed for al least five
generations since they were collected in the field. For logistic
reasons the measurements were done in two separate and subse-
quent series (A and B) each starting with 150 animals. After the
animals had developed to adulthood they were sexed. Males and
females were randomly paired, incubated in small vials and
checked regularly for eggs and juveniles. Due to mortality, loss
or deficiency to reproduce 27 and 25 parent pairs were obtained
ultimately, for which we had growth measurements at 12°C and
22°C and which reproduced enough to measure the growth rates
of offspring.

The rr -values for O. cincta turned out to be somewhat posi-
tively related to the initial weight. This is probably due to the
fact that growth is not strictly isometric, as is also found for
many other insects (Kingsolver et al., 2004). To allow pooling
of the results of series A and B we transformed the 77 -values in
the following way. For each series A and B separately, the
growth rates at each temperature (calculated with eqn 1) were
regressed on the first weight measurement for that temperature.
The standardized residuals of these regressions where then
pooled per temperature to produce the data set for the analysis.
Therefore the mean growth rate at a particular temperature is
zero, while the growth rates themselves are expressed in units of
standard deviation. Growth rates of five offspring of each pair
were obtained at 12°C and 22°C by the same procedure and
transformation as for the parents (see above). All transformed
data fitted well to a normal distribution (all P > 0.20,
Kolmogorov-Smirnov one sample test). The slope of the tem-
perature reaction norm of an individual was calculated from the
difference between the transformed growth rates at 12°C and
22°C divided by 10.

Not all offspring survived until the third weighing and occa-
sionally the mean offspring value was based on less than 5 ani-
mals. Still, on average 4.46 offspring per pair were measured
and therefore no correction for unequal family size was consid-
ered to be needed. The confidence intervals of the heritabilities
were calculated according to Falconer (1989), using an REML
procedure to estimate intra class correlation.

RESULTS

Artificial selection

Fig. 1 shows the reaction norms for growth rate of the
individuals in the three initial populations from which the
artificial selection was started. The frequency distribu-
tions of the slopes did not differ significantly from a
normal distribution (minimum P > 0.20, Kolmogorov-
Smirnov one-sample test) and not from each other
(minimum P > 0.10, Kolmogorov-Smirnov two-sample
test). There was a considerable phenotypic variation in
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Fig. 1. Slopes of the thermal reaction norms for juvenile
growth rate in O. cincta in the three replicate founding (F0)
populations (I, II and III) of the artificial selection experiment.

slopes and the highest classes were 6 to 10 times steeper
than the lowest classes (Fig. 1). Means of the slopes were
0.0131, 0.0126 and 0.0121 for population I, I and III
respectively with standard deviations of 0.0047, 0.0054
and 0.0042.

In each generation the 20 springtails with the steepest
and the 20 animals with the flattest reaction norms were
selected to generate the next generation. The average
selection differential (defined as the percentage difference
between the mean slope of the group that was selected to
establish the next generation and the population mean)
over all selection rounds was 43.4% (s.d. 4.7%) in the
steep selection lines and 39.1% (s.d. 11.1%) in the flat
selection lines.

Fig. 2 shows the means, standard errors and 95% confi-
dence intervals of the means in the four successive gen-
erations of the artificial selection experiment for each of
the three replicates. The changes in the first generation
were considerable; in all three replicates the slope values
decreased dramatically. Moreover, the responses to selec-
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Fig. 2. Means (dots), standard errors of the means (boxes) and
95% confidence intervals of the means (whiskers) of the slopes
of the thermal reaction norms for growth in O. cincta in succes-
sive generations (FO to F4) in the replicates, I, II and III, of the
artificial selection experiment. Solid arrows connect steep selec-
tion lines, interrupted arrows connect flat selection lines. An
asterisk indicates significant differences between steep and flat
populations.

tion were not consistent. Selection for steep slopes (solid
arrows) should lead to relative higher population means
compared to the flat lines, whereas the reverse would be
expected in the selection for flat reaction norms (dashed
arrows). In fact this pattern was only found in replicate
III. The reverse pattern was found in replicate I and no
difference in replicate II (significant differences between
flat and steep lines within each generation and replicate
are indicated by an asterix in Fig. 2).

In the second generation and third generation the
overall value of the slopes gradually increased to levels
comparable to the initial FO population. As for the differ-
ences between the flat and steep lines the patterns were as
expected in replicate I and II in the F2 generation, but dif-
ferences disappeared in replicate III. In the F3 generation
the order of the lines in replicate I reversed and remained
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Fig. 3. The mean growth rates of the flat lines minus the mean
growth rates of the steep lines in the replicates, I, IT and III, of
selection experiment at the two temperatures 12°C (a) and 22°C
(b). Means significantly different from zero are indicated by an
asterisk.

the same in replicate II. In replicate III differences
remained not significant.

In the fourth generation the overall value of the slopes
decreased again in all replicates. In replicate I the order of
the selection lines reversed again into the expected direc-
tion, and in replicate III, differences became significant in
the expected direction. In replicate II the differences dis-
appeared.

All in all, the mutual dynamics of the selection for steep
and flat lines were rather different between replicates: flat
and steep selection lines irregularly swapped relative
position and apparently stable differences sometimes sud-
denly disappeared. After four generations there were sig-
nificant differences in reaction norm slopes in the
expected direction in two out of the three replicates (I and
IIT), but given the erratic patterns in the preceding genera-
tions no firm conclusions can be drawn.

The differences in the slopes in I and III by the fourth
generation could have come up in two different ways: one
is through a negative correlation between the growth rates
at 12°C and 22°C, or secondly through an increase or
decrease of the growth rate at one temperature in combi-
nation with no change at the other. Fig. 3 gives the
answer to this question. In this figure the mean growth
rates of the flat lines minus the mean growth rates of the
steep lines at the two temperatures 12°C (Fig. 3a) and
22°C (Fig. 3b) are plotted. If the differences in slopes are
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Fig. 4. Means (dots) and 95% confidence intervals of the
means (whiskers) of the slopes of the thermal reaction norms for
juvenile growth in O. cincta of each family of full-sibs in the
offspring generation of the heritability experiment. Note that the
slopes are based on standardized growth rates; negative values
correspond to flat slopes, positive values to steep slopes.

caused by a negative correlation between growth rates
then the points are expected to gradually move up to
above the X-axis in Fig. 3a, and to move down to below
the X-axis in Fig. 3b. We see indeed that by the fourth
generation there was a general trend in this direction.
More specifically, in replicate I, the steep line grew sig-
nificantly slower at 12°C (P = 0.009, #-test, n = 92/84,
Fig. 3a) and significantly faster at 22°C (P = 107, t-test, n
= 92/84, Fig. 3b). Similar results were found in replicate
IIT but significance was only detected at 22°C (P = 0.046,
t-test, n = 85/91, Fig. 3b).

Heritability experiment

The broad sense heritability estimate, 4%, of the slope of
the thermal reaction norm according to the full-sib
analysis was equal to 0.76 and significantly different from
zero (95% confidence interval not including zero, Table
1). This is illustrated in Fig. 4 where a large among
family variation in slope can be observed. Note that the
slopes are based on standardized growth rates, which
means that negative values in Fig. 4 correspond to flat
(but not necessarily negative) thermal reaction norm
slopes and positive values to steep slopes.

Fig. 5a shows the mean offspring on midparent regres-
sion of the slopes in the heritability experiment. The
narrow sense heritability that could be estimated from this
regression was equal —0.082 and was not statistically dif-
ferent from zero (Table 1). Hence, parents were bad pre-
dictors for their offspring with respect to the slope of the
thermal reaction norm. Similar results appeared when off-
spring was regressed on mothers (Fig. 5b), or fathers
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Fig. 5. Mean offspring to midparent regression (a) and mean
offspring to mother regression (b) for the standardized slopes of
the thermal reaction norms for juvenile growth in O. cincta in
the heritability experiment.

separately (Table 1), indicating that there were no
maternal or paternal effects.

An unforeseen result revealed by the parent population
in heritability experiment was a sex-related component in
reaction norm slope. At 12°C the growth rates of mothers
and fathers were not significantly different (P = 0.227,

TasLE 1. Heritability, 4%, of the slope of the thermal reaction norm for growth, standard errors, and 95% confidence intervals,
determined by different methods (for calculations see Falconer, 1989, n = 4.46, N = 52, ¢ based on REML, no correction for unbal-

anced design).

Method h? s.e.(i?) 95% confidence interval of A
Full-sib analysis 0.761 0.284 0.477 < i* < 1.044
Offspring on midparent —0.082 0.142 —-0.360 < #*<0.195
Offspring on mother 0.097 0.200 —-0.296 < * <0.489
Offspring on father 0.199 0.200 -0.193 < <0.591
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t-test, n = 52). However, at 22°C the “raw” (not standard-
ized) growth rates, r, of the females were around 10%
higher than those of the males (P = 0.009, -test, n = 52,
test on pooled transformed data). These two findings
make that females had steeper slopes than males, and also
higher overall growth rates (P = 0.026 and P = 0.007
respectively). This causes a problem for the full-sib
analysis above. The fact that some families of sibs have
steeper or flatter slopes than others (Fig. 4) may thus
partly have been caused by accidental sex ratio differ-
ences between these families. The maximum family
sample size was 5; hence the occurrence of all male or all
female broods was not very unlikely.

Unfortunately, the offspring in the heritability experi-
ment was not sexed. Therefore a randomization procedure
was applied in order to estimate the probability of finding
the observed ratio of “between group” to “total” variance
if only accidental sex ratio bias had been the cause of the
heritability (i.e. between group variation). In each simula-
tion run 52 families were created (of the same size as in
the experiment) with a random number of male and
female sibs (sex ratio is 50% in O. cincta). It was
assumed that the difference in slope between male and
female sibs was of the same order of magnitude as in the
parent population. This is justified because all the meas-
urements were standardized residuals in both parent and
offspring populations. Next, slopes from the mother
population were randomly assigned (with replacement) to
each female offspring, and slopes from the father popula-
tion to each male offspring. After each of the 52 families
had been formed this way, the ratio of the “between
group” to the “total” variation was calculated for that run.
The ratio is thus based on the effect of sex only, while all
other possible genetic effects are randomized. After
100,000 runs there was not one ratio greater or equal than
the observed one. Hence, the probability level of finding
the observed heritability as a result of only the difference
between the sexes was less than 107°. From this we con-
clude that other, autosomal genetic effects must have
attributed too to the significance level of heritability. The
between group variation in the simulations amounted on
average 22.4% of the total variation, whereas this was
50.9% in the observed families. This implies that around
45% of the observed among family variation in the above
full-sib analysis is explained by the sexual composition of
the families.

DISCUSSION

With respect to measuring phenotypically plastic traits
in insects it is often not possible to quantify the trait
values in the different environments on the same individ-
ual. This study is an exception to this “rule”, although it
was not feasible to measure in more than two environ-
ments. We found a considerable phenotypic variation for
the slope of the thermal reaction norm for growth rate in
juvenile Orchesella cincta. Total phenotypic variance
results from genetic factors (additive genetic variation,
dominance effects and epistasis), maternal effects and
environmentally induced variation (Falconer, 1989; Roff,
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2002). The most important environmental factors for
growth and development in Collembola are temperature,
humidity and food. We have carefully tried to keep these
factors constant and we found no indications in our com-
puterized temperature and humidity registrations that any
of these factors varied in such a way that it could have
explained our results. All animals were raised individu-
ally and their positions in the climate rooms were regu-
larly changed. Food was never observed to have been a
limiting factor. The offspring to mother regression sug-
gested no indications for maternal effects. A negative
maternal effect on age at first reproduction in O. cincta
has been reported by Janssen et al. (1988). However, this
result could not be confirmed in a later study by Stam et
al. (1998). Therefore, we conclude that the observed dif-
ferences in plasticity must have mainly resulted from
genetic variance. If the genetic contribution to the reac-
tion norm variability in this study had been mostly addi-
tive, we should have found a gradually increasing
difference between the steep (plastic) and flat
(less-plastic) selection lines in the selection experiment
and a significant and positive heritability for slope in the
offspring to midparent regression. Although the selection
differentials were substantial in the artificial selection
experiment, the response to selection was not very consis-
tent and only by the fourth generation a weak divergence
between lines could be detected. Furthermore, the esti-
mate of the heritability of the slope of the reaction norm
was negative and not significantly different from zero.
Thus far, these results do not support a straightforward
additive genetic mechanism in juvenile O. cincta.

It could be argued that the erratic patterns in the selec-
tion experiment result from a relatively large linkage dise-
quilibrium in the initial population that had not yet been
able to decay. From this point of view it would have been
better to start the selection experiment after three to four
generations in the lab instead of two. However, the herita-
bility experiment was carried out with animals that had
been mixed for at least five generations and although
linkage disequilibrium in this population had thus greatly
been able to brake up, there was no evidence for additive
genetic variability in this experiment either. In contrast, in
the absence of a parent-offspring correlation, the signifi-
cant heritability in the full-sib analysis suggests a mostly
non-additive genetic component to temperature plasticity,
even after controlling for the inflating effects of sex-
related differences.

The following considerations may give some further
support to the existence of a complex, non-additive
genetic architecture. First, there is a remarkable syn-
chrony in the overall variation of the reaction norms in
the successive generations of the selection experiment
(Fig. 2). Given the magnitude of the variation it is diffi-
cult to imagine that some common, unnoticed environ-
mental factor has been the cause of it. Moreover, for
logistic reasons the measurements were commonly spread
over periods of 5 to 10 days. The synchrony therefore
might be the result of some intrinsic feature of the genetic
mechanism. Second, the finding in this study that females



and males have different growth rates at 22°C, and dif-
ferent reaction norms slopes indicates a partially sex-
related basis. Orchesella cincta, like many other
Collembola, has XX/XO sex determination, where XO
determines the male sex. Third, the fact that 8 out of the
12 steep/flat comparisons in the F1 to F4 generations of
the selection experiment were significant (albeit in dif-
ferent directions) can hardly be attributed to stochastic
variation only (Fig. 2). The probability of 8 type I errors
out of 12 tests is < 107'°.

All in all, the slope of the thermal reaction norm for
juvenile growth rate in Orchesella cincta does not seem
to have a strong additive component caused by a large
number of independent genes, but is more likely based on
a still unknown but mainly non-additive, partially sex-
related genetic mechanism, possibly including both domi-
nance and epistatic effects. In a review on artificial
selection experiments on plastic traits, Scheiner (2002)
concluded that although plasticity can be a heritable and
evolvable trait, the genetics generally create complex evo-
lutionary dynamics. The results of this study are clearly in
line with this conclusion.

Life-history traits frequently show lower heritabilities
than morphological, behavioural and physiological traits
(Mousseau & Roff, 1987) and generally have relatively
large non-additive variance components (Roff, 1997).
Many studies have reported on genetic variation in life-
history traits of insects in relation to temperature. Traits
that often have been studied in this respect are develop-
mental rate, diapause, survival, age at maturity, adult size
and fecundity. Genetic variation for growth rate,
however, has received relatively little attention. This is all
the more surprising since growth rate and its dependence
on temperature is an important life-history variable espe-
cially for organisms that live in seasonal environments
(Abrams et al., 1996). Simons et al. (1998) found genetic
variation for juvenile growth rate in the cricket Gryllus
pennsylvanicus when rearing offspring of field-caught
individuals. Similarly, Ballabeni & Rahier (2000) found
genetic variation for growth rate in the leaf beetle Oreina
elongata and Davidowitz et al. (2004) in the tobacco
hornworm Manduca sexta. Kingsolver et al. (2004) esti-
mated broad-sense heritabilities for thermal sensitivity of
growth rate of caterpillars of the cabbage white butterfly
Pieris rapae. They measured growth rates over a range of
temperatures and found that genetic variance for growth
rate increased with temperature. They also found a nega-
tive correlation between growth rates at 35°C and 40°C
suggesting a genetic trade-off at these temperatures.
Unfortunately, none of these studies included a parent —
offspring experiment, so it is difficult to separate the
additive from the non-additive components of the genetic
variance.

To determine whether the thermal plasticity for growth
rate in O. cincta is a “trait as a whole”, or the result of
different genes operating at different temperature ranges,
the best method would be to split strains in a number of
lines and subsequently rear the lines at different tempera-
tures. If, after a number of generations, the performance

of these lines at temperatures other than their own rearing
temperature has changed, that would be good evidence
for the “a trait as a whole” hypothesis. However, the
broad sense heritability found in this study can also be
interpreted as supportive for this hypothesis.

A general problem when studying growth rates is that
multiple measurements over time on the same individual
are unavoidable. This could create a problem since errors
in w; can potentially have a large influence on estimates
of rr (see eqn 1). Nevertheless, we have several argu-
ments to have good faith in our measurements. First, the
impact of the influence strongly depends on the ratio
wi+i/wi. Especially when this ratio is large, errors in w;
will have a large impact. In our experiments, however,
the w;.,/w; ratio varied between 2 and 4. Second and most
importantly, the measurements did detect the relatively
small differences between female and male growth rates
in the two independent parts of the heritability
experiment. Therefore, we believe that the measurements
of w;were sufficiently accurate.

In conclusion, the non-additive nature of the genetics
underlying the thermal reaction norm for growth of juve-
nile O. cincta was most probably the cause of the variable
responses to selection and only by the fourth generation
in the selection experiment some differentiation might
have started to come to light. Adaptation to a different
thermal environment by O. cincta under natural selection
may therefore be limited by the genetic architecture and
may take many generations. The effect of temperature
change on the performance of organisms receives a lot of
attention these days. The results of this study underline
that hypotheses about the role of phenotypic (in casu
growth rate) plasticity in processes of local adaptation
and speciation should be alert to the fact that the genetic
background of plastic traits may have a considerable non-
additive and sex-related nature.
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