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Summary

1. Life history theory generally predicts a trade-off between short juvenile development
and large adult size, assuming invariant growth rates within species. This pivotal
assumption has been explicitly tested in few organisms.

2. We studied ontogeny in 13 populations of Omocestus viridulus grasshoppers under
common garden conditions. High-altitude populations, facing short growing seasons
and thus seasonal time constraints, were found to grow at a similar rate to low altitude
conspecifics.

3. Instead, high-altitude grasshoppers evolved faster development, and the correlated
change in body size led to an altitudinal size cline mediating a trade-off with female
fecundity.

4. Anadditional juvenile stage occurred in low- but not high-altitude females. This dif-
ference is probably due to the evolution of lowered critical size thresholds in high-altitude
grasshoppers to accelerate development.

5. We found a strikingly lower growth rate in males than females that we interpret as the
outcome of concurrent selection for protandry and small male size.

6. Within populations, large individuals developed faster than small individuals, sug-
gesting within-population genetic variation in growth rates.

7. We provide evidence that different time constraints (seasonal, protandry selection)
can lead to different evolutionary responses in intrinsic growth, and that correlations
among ontogenetic traits within populations cannot generally be used to predict life his-
tory adaptation among populations. Moreover, our study illustrates that comparisons
of ontogenetic patterns can shed light on the developmental basis underlying pheno-
typic evolution.
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Introduction

Populations within a species experience seasonal time
constraints on their life history if a relatively short
available growing season restricts the reproductive life
span. Life history models predict that populations fac-
ing seasonal time constraints should evolve accelerated
development (earlier maturity) to ensure an appropriate
reproductive period (Roff 1980, 2002; Rowe & Ludwig
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1991; Abrams et al. 1996). Indeed, a number of empir-
ical studies document faster development in high lati-
tude or altitude ectotherm populations that experience
relatively short growing seasons (e.g. Berven & Gill
1983; Dingle, Mousseau & Scott 1990; Blanckenhorn
& Fairbairn 1995; Laugen et al. 2003; Berner, Korner
& Blanckenhorn 2004). A common assumption of life
history models dealing with time constraints is a con-
stant, maximal or at least optimal intrinsic growth rate
within species. As a consequence, accelerated develop-
ment (and thus a shorter growth period) results in
smaller size. The decline in body size along gradients
of declining season length (the converse to Bermann’s
Rule; Park 1949; Mousseau 1997; Blanckenhorn &
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Demont 2004) found in some insects lends support to
this view (Masaki 1967; Mousseau & Roff 1989; Orr
1996; Telfer & Hassall 1999).

An analogous argument applies to protandry, the
faster development of males relative to females. In
arthropods, protandry is generally viewed as the outcome
of sexual selection on males to mature first to maximize
matings (reviewed by Morbey & Ydenberg 2001). Sim-
ilar growth rates among the sexes assumed (Thornhill
& Alcock 1983; Zonneveld 1996), protandry implies a
shorter male growth period that leads to sexual size
dimorphism with males smaller than females, a common
pattern in arthropods (e.g. in many butterflies: Wiklund
& Forsberg 1991). Hence, both seasonality and sexual
selection might impose time constraints on the life his-
tory that lead to adaptive divergence in developmental
timing between populations of a species as well as
between the sexes. These changes in development time
typically entail correlated changes in body size (time—
size trade-off).

However, the general assumption of constant growth
rates within species that underlies the above reasoning
might not be true. For instance, northern butterfly popu-
lations facing relatively short growing seasons exhibit
faster development, but buffer body size change through
faster intrinsic growth (Ayres & Scriber 1994; Nylin
1994). Similarly, accelerated growth in males sometimes
allows protandry without concurrent female-biased size
dimorphism (e.g. Wiklund & Forsberg 1991; Nylin e? al.
1993; Lounibos et al. 1996). Furthermore, growth rate
has been found to respond to artificial selection in
laboratory populations (Bradshaw & Holzapfel 1996;
Prasad et al. 2000; D’Amico, Davidovitz & Nijhout
et al. 2001). An important issue emerging from these
studies is that intrinsic growth rate, because it mediates
the relationship between development time (or time to
maturity, a fitness component) and body size (a pivotal
morphological character generally correlated with many
fitness components; Peters 1983; Blanckenhorn 2000;
Roff 2002), should itself represent an adaptively flexi-
ble trait optimized by natural selection (Abrams ef al.
1996; Arendt 1997). Despite its importance to life
history theory (Stearns 1994; Higgins & Rankin 1996;
Cueva del Castillo & Nuifiez-Farfan 1999; Roff 2000),
this hypothesis (or assumption) has received very limited
attention to date, and thorough empirical tests are
restricted to some temperate butterflies (Nylin ez al.
1993; Nylin 1994 and references therein; Fischer &
Fiedler 2001). Moreover, these studies emphasize that
the role of growth rate for life histories should be explored
by adopting an explicitly ontogenetic approach that
integrates development time, growth rate and body size
(Higgins & Rankin 1996).

The prime objective of our study was to explore the
evolution of growth rates and body size in relation to
time constraints in the grasshopper Omocestus viridulus
(L.). In particular, we evaluated the conflicting views
that growth rates are constant within species (causing a
time-size trade-off), or that growth rates are flexibly

adjusted by selection. The chosen species is particu-
larly suited for this task because two different types of
time constraints occur. On one hand, a recent study has
documented adaptive divergence in development time
in response to seasonality (Berner et al. 2004). Popula-
tions occurring at high altitude face a substantially
truncated growing season and consequently display
accelerated intrinsic development rates relative to low-
altitude populations. It is unknown, however, whether
the strongly time-constrained high-altitude grass-
hoppersalso evolved relatively faster growth that would, at
least in part, buffer concomitant body size reductions.
On the other hand, O. viridulus males develop faster
than females (Berner ez al. 2004). This protandry is
very probably the direct result of sexual selection: in
this species, female reproductive quality declines rela-
tively rapidly with age (Berner, unpublished data), a
condition favouring protandry (Morbey & Ydenberg
2001). Nevertheless, the relationship between develop-
ment time and body size among males and females
remains unclear because sex-specific growth has not yet
been explored in this or in any related species. A further
convenient property of our study system is that it
develops through discrete juvenile stages typical of
hemimetabolous insects. This permits the accurate
determination of the three-dimensional relationship
between time, growth rate and size over the whole develop-
mental period, a precondition for meaningful onto-
genetic comparisons (Klingenberg & Spence 1993).

Our investigation is based on a suite of common
garden experiments. Specifically, we included multiple
grasshopper populations from different altitudes to
study ontogenetic responses to seasonal time constraints
and sex-specific growth. This approach enabled us to
address a further important issue. There has been
long-standing interest and controversy as to whether
among-population (or higher-level) evolutionary diver-
gence reflects corresponding within-population trait
correlations (Sokal 1978; Houle 1991; Armbruster &
Schwaegerle 1996; Phelan ez al. 2003; Bégin & Roff
2004). For this reason, we not only compared develop-
mental variation among O. viridulus populations (and
the sexes), but also among individuals within popula-
tions, expecting congruence in ontogenetic patterns. For
instance, a positive correlation between development
time and body size (due to fixed growth) among popu-
lations should mirror a positive time-size correlation
among individual grasshoppers within populations.

As described above, life history adaptation in
response to seasonality often involves divergence in
body size between populations. This might cause
another life history trade-off if body size itself is corre-
lated with fecundity (Schluter, Price & Rowe 1991; Roff
2002). In relation to seasonal time constraints, this trade-
off has rarely been scrutinized (but see Blanckenhorn &
Fairbairn 1995). We therefore additionally examined
the relationship between body size and fecundity
characters (clutch size, offspring size) in grasshopper
females.
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Materials and methods

STUDY ORGANISM AND SOURCE
POPULATIONS

Omocestus viridulus (Orthoptera: Acrididae) is an
annual grasshopper widespread in central Europe.
The literature indicates four nymphal (juvenile) stages
(Ingrisch & Kohler 1998; Berner et al. 2004), but five
stages can occur in females (see Results). All our exper-
iments were carried out with F, progeny of grasshoppers
sampled from 13 field populations in north-eastern
Switzerland in one of 3 consecutive years. The sampling
sites cover an altitudinal gradient of 2000 m (Table 1;
details in Berner et al. 2004). At each site, ¢. 14 adults
per sex were caught at the onset of the reproductive
period. They were kept in groups in cages in the green-
house (three cages per population), fed field-cut grass
and allowed to reproduce during 4—5 weeks. Because
the grasshoppers were kept in groups, it was not possible
to attribute the produced egg pods to the corresponding
females. Nevertheless, because few females were kept in
a single cage, and due to relatively long clutch-laying
intervals in the species (2—4 days), it was possible to
verify that all females produced roughly equal number
of clutches. Egg pods were collected twice a week as
they were laid, put individually into plastic tubes con-
taining moist vermiculite, and incubated at a constant
25 °C for 35 days followed by 4 months at 5 °C (egg dia-
pause). Subsequent incubation in a climate chamber
with a 14-h light period at 27 °C and 8 °C night tem-
perature yielded grasshopper nymphs for experiments.
Hind femur length, henceforth body size, of field
animals from all 13 populations was measured under
a stereomicroscope and analysed as a general linear
model (GLM) with sex as a fixed factor and altitude of
origin (= population) as continuous covariate. All
statistics were performed with SPSS version 11-5.

GRASSHOPPERS REARED IN CLUTCH GROUPS

Newly hatched nymphs were immediately put into
rearing containers of 19 cm height and 8 cm diameter

and transferred to a climate chamber set to a light
period of 16 h at 32 °C and night temperature of 10 °C.
Day temperature was chosen taking into account the
high temperature requirements of grasshoppers (Begon
1983; Ingrisch & Kohler 1998). The nymphs were kept
in clutch groups of up to six individuals. Water-filled glass
vials containing a standardized grass mixture grown in
the greenhouse provided food. They were replaced every
third day. First-stage nymphal exuviae (shed skins) were
collected once the nymphs had moulted to the second
stage, dried for 24 h at 45 °C, and weighed to the nearest
microgram using a microbalance (M X3, Mettler Toledo,
Greifensee, Switzerland). First-stage exuviae consist
entirely of maternally invested tissue. They thus represent
anappropriate measure of offspring (oregg) size (Kohler,
personal communication) and are hereafter referred to
as such. To study its relationship with female size among
the 13 populations, mean offspring size based on clutch
medians (n = 21-36 per population) was regressed
against average body size of parental females.

At the end of nymphal development, the rearing
containers were inspected twice daily. Adults were
removed from the experiment continuously, their total
development time noted, and adult body size determined.
(Unfortunately, development time was not recorded
for the 2001 populations 6, 8 and 12.) The relationship
between laboratory (F;) adult size and altitude was
investigated as for the field animals, although here
clutch averages (n = 10-27 per population and sex)
were used instead of individual values. Moreover, study
year was introduced as an additional blocking factor to
account for potential differences in climate chamber
conditions. Growth rates, expressed as adult size divided
by total juvenile development time, were analysed both
among populations and among individuals within
each population. In the former case, population mean
adult size was treated as response variable in a GLM
with sex and study year as fixed factors and average
development time as covariate. In the latter case, clutch
average body size was entered as response variable, sex
as a fixed factor, population as a random factor, and
development time as covariate. Here, sample size per
population and sex was 10-22.

Table 1. Localities of origin, altitude, geographical situation, and sampling year of the studied grasshopper populations

Number Locality Altitude (m) Latitude (N) Longitude (E) Year
1 Neerach 410 47°29'51” 8°28"38” 2002
2 Birchwil 540 47°27°34” 8°37723” 2003
3 Schonenberg 670 47°11'51” 8°38'08” 2002
4 Béretswil 830 47°20'57” 8°50"58"” 2002
5 Rothenthurm 910 47°06"58” 8°40'11” 2003
6 Bendel 1055 47°16"10” 9°1021” 2001
7 Nafels 1350 47°06'42” 8°59"30” 2002
8 Speer 1610 47°11'30” 9°07°06” 2001
9 Flumserberg 1850 47°04°21” 9°16'17” 2002
10 Elm 1860 46°55'32” 9°08"16” 2003
11 Gamserrugg 2060 47°09727" 9°20702” 2002
12 Pizol 2215 46°58’43"” 9°2520” 2001
13 Hornli 2440 46°46'15” 9°37'17” 2002
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GRASSHOPPERS REARED INDIVIDUALLY

In order to examine ontogenetic trajectories in detail
using data from all developmental stages (first nym-
phal to adult), a portion of nymphs from one low- and
one high-altitude population (populations 2 and 10,
respectively) were reared individually under otherwise
similar conditions. This experiment also allowed us to
explore the effect of rearing density (in groups vs.
singly) on individual ontogeny. Here, containers were
inspected twice daily throughout the experiment,
moults noted, and all nymphal exuviae collected for size
(i.e. hind femur) measurement. For each animal with
four nymphal stages, stage-specific growth rates were
calculated by dividing size increment by stage duration.
Growth rate, stage duration and body size of each stage
were analysed using GLM with population and sex as
fixed factors. Sample size was eight to 11 clutches per
population and sex. As above, growth was additionally
analysed within populations. Here, clutch mean adult
size was treated as response variable, population and
sex as fixed factors, and total development time as
covariate. Sample size was eight to 13 clutches per
population and sex.

For a comparison of growth rates between low-
altitude females (population 2) undergoing four and five
nymphal stages, the linear regression slope of body size
against development time across all developmental stages
served as an estimate of an individual’s growth rate.
This cruder procedure was chosen because here the
nymphal stages were not homologous across the two
developmental pathways. Direct comparison of stage-
specific data was thus inappropriate. Clutch means
(n = 4 for females with five stages) of growth rate,
development time and adult size were analysed with sex
and nymphal stage number as fixed factors.

FEMALE FECUNDITY

The influence of female body size on clutch size was
examined using individuals from the clutch group
growth experiment. Upon reaching adulthood, virgin
females selected at random from populations 1, 3, 4, 9,
11 and 13 were put individually into rearing containers
together with a random male from the same popula-
tion. Only one female from any clutch was used. Under
similar laboratory conditions as above, the grasshop-
pers were allowed to reproduce. All containers were
inspected every other day and new egg pods (clutches)
removed. They were dissected subsequently for egg count
under a stereomicroscope. The females were allowed to
produce up to three egg pods, but for each individual
only the clutch containing the highest number of eggs
entered the analysis (usually the first clutch). Clutch
size certainly represents an informative index of fecund-
ity in this system, as during years with unfavourable
climatic conditions high elevation grasshopper females
produce a few clutches at best (Berner et al. 2004).
Female body size was determined at the end of the

experiment. Clutch size was analysed using GLM with
the corresponding female’s size as covariate and
population as random factor. The sample comprised
47 females.

Results

COMPARISON AMONG POPULATIONS

We found a strong positive association between juve-
nile development time and adult size across O. viridulus
populations (F; ;5 = 283, P < 0-001, overall correlation
r = 0-85; Fig. 1). Additionally, given a similar develop-
mental time, females attained significantly larger size
than males (sex effect F| 5 = 52-5, P < 0-:001), indicat-
ing higher growth rates in the female sex. The regression
slopes did not differ statistically among the sexes and
years (all interactions P > 0-13).

A more detailed analysis of ontogenies based on
individual stage-specific data from two populations
confirmed these findings: within the sexes, high- and low-
altitude grasshoppers exhibited similar growth rates in
all stages (non-significant population effects, Table 2;
Fig. 2). However, high-altitude animals showed shorter
nymphal stages and reduced body size. As an exception,
nymphal size at first stage did not significantly differ
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Fig. 1. Relationship between total juvenile development time
and adult size in male and female Omocestus viridulus progeny
from 10 populations sampled in 2002 (filled symbols) or 2003
(open symbols). Shown are population averages based on
clutch means. The small numbers refer to the populations
from Table 1.
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Fig. 2. Growth trajectories of male and female grasshoppers
from low altitude (population 2, solid symbols) and high altitude
(population 10, open symbols). Grey symbols refer to lowland
females with five nymphal stages. Displayed are population
averages of clutch means for all developmental stages.



134
D. Berner &
W, U. Blanckenhorn

© 2006 British
Ecological Society,
Journal of Animal
Ecology, 75,
130-139

Table 2. Comparison of ontogeny among individually reared male and female grasshoppers from populations 2 (low-altitude)
and 10 (high-altitude), based on clutch means*. Results with P < 0-05 are shown in bold type. Population x sex interactions are

not shown, as all P were > 0-075

Trait Factor Development stage Fis P
Growth rate Population Ist 0-02 0-887
2nd 1-36 0-253
3rd 3-62 0-066
4th 0-18 0-678
Sex Ist 671 0-014
2nd 11-57 0-002
3rd 7894 <0-001
4th 29693 <0-001
Stage duration Population Ist 576 0-022
2nd 10-95 0-002
3rd 1674 <0-001
4th 27-14 <0-001
Sex Ist 0-22 0-646
2nd 4-61 0-039
3rd 6-85 0-013
4th 7-96 0-008
Body size Population Ist 3-80 0-06
2nd 11-90 0-002
3rd 21-81 <0-001
4th 5774 <0-001
Adult 44-86 <0-001
Sex Ist 3-80 0-06
2nd 19-31 <0-001
3rd 70-85 <0-001
4th 250-08 <0-001
Adult 542-68 <0-001

*All data from individuals with four nymphal stages.

between the two populations and sexes, indicating
comparable size at the onset of ontogeny. Females
displayed elevated growth rates in all nymphal stages
compared to males.

Unexpectedly, ¢. 30% (five of 17) of low-altitude
females included an additional (fifth) nymphal stage in
their juvenile development. These animals exhibited
growth rates similar to lowland females undergoing
the usual four stages (F\ , = 24, P = 0-155, Fig. 2). Asa
consequence, the insertion of an additional nymphal
stage prolonged development by 3-9 days (20%) on
average (Fyy = 77-7, P < 0:001) and led to a 12% larger
adultsize (F; o = 39-9, P < 0-001). These differences are
substantial. The occurrence of a fifth nymphal stage
was unknown in this species, but has been reported
for related grasshoppers (Ingrisch & Kohler 1998). As
in these species, O. viridulus females with five stages
inserted a pure growth stage (during which no visible
differentiation occurred) before the penultimate develop-
mental stage.

Resulting from uniform growth rates but differential
development time, an altitudinal body size cline was
evident for both field grasshoppers (F) 354 = 389-5, P <
0-001) and their laboratory-reared offspring (F) 45, =
203-4, P < 0:001; Fig. 3). The smallest high-altitude
field females were, on population average, 16% smaller
that the largest low-altitude females. In field males and
in both sexes in the laboratory, this difference was 12%.
Moreover, field grasshoppers attained larger size than
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Fig. 3. Altitudinal body size cline in 13 O. viridulus popu-
lations from the field (filled symbols, based on individual
values) and their laboratory-reared offspring (open symbols,
based on clutch averages adjusted for study year).

those raised in the laboratory, which can be attributed
to the direct developmental influence of somewhat
cooler average temperatures experienced by field ani-
mals (temperature—size rule, Van der Have & De Jong
1996; Atkinson & Sibly 1997).

GROWTH RATES WITHIN POPULATIONS

Contrary to the positive correlation of development
time and adult size observed among populations, rela-
tively large male and female grasshoppers reached
adulthood faster than small conspecifics within the 10
populations considered (effect of development time
on body size F) i, = 64-5, P < 0-001, overall mean
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Fig. 4. Adult size in relation to development time in females
from two populations, reared in groups (open symbols) and
singly (solid symbols). Shown are clutch averages for animals
with four nymphal stages.
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Fig. 5. Clutch size in relation to body size in O. viridulus females
reared in the laboratory.

correlation coefficient r = —0-454). The slopes did not
differ significantly between the sexes and populations
(all interactions P > 0-28). Data from two populations
(2 and 10) suggested that this ontogenetic pattern was
not dependent on rearing density, as a negative corre-
lation between development time and body size was also
expressed in grasshoppers reared singly (F; 3 = 6-95,
P = 0-012). For the sake of clarity, Fig. 4 displays indi-
vidual growth patterns of females from populations
2 and 10 only, reared both singly and in groups.

CLUTCH SIZE AND OFFSPRING SIZE

Clutch size in the laboratory increased as a function
of body size of grasshopper females (F, ; = 9-01, P =
0-005; Fig. 5). Clutches produced by the smallest indi-
viduals from high-altitude sites contained only half as
many eggs on average as those from the largest lowland
conspecifics. [As both the population effect and the
population X size interaction were non-significant (all
P> 0-36), the data are pooled in Fig. 5.] In contrast,
no phenotypic correlation could be detected between
average female size and offspring size among the 13
study populations (F;; = 0-26, P = 0-62; Fig. 6). [Regres-
sion against a population’s altitude instead of mean
female size also yielded no correlation (F; ;; = 0-:096,
P =0-76)]. Nevertheless, mean offspring size differed
by up to 15% between populations. Moreover, there
was considerable scatter within populations, resulting
in large standard errors.
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Fig. 6. Offspring size (expressed as first-stage exuvia weight)
in relation to maternal body size across 13 O. viridulus field
populations. Shown are population averages based on clutch
medians (n = 20—36 per population).

Discussion

GROWTH RATES AMONG AND WITHIN
POPULATIONS

A previous study demonstrated accelerated juvenile
development in high-altitude populations of O. viridu-
lus as an adaptive response to seasonal time constraints
(Berner et al. 2004). Is this fast development due to fast
intrinsic growth? Our results here clearly demonstrate
that this is not the case, as growth rates are largely
invariant among the studied grasshopper populations;
instead, the grasshoppers can grow larger only by means
of prolonging their development time. This species thus
exhibits a trade-off between development time and
body size. As a consequence, body size among popula-
tions decreases with altitude, providing an example of a
converse altitudinal Bergmann size cline (Mousseau
1997; Blanckenhorn & Demont 2004). Our findings
disagree qualitatively with the prediction that higher
growth rates should evolve in populations facing
seasonal time constraints (Abrams ez al. 1996). Rather,
the documented stasis in growth rate confirms a funda-
mental assumption of life history theory (e.g. Roff
1980; Rowe & Ludwig 1991). However, studies with
temperate butterflies showed that in this group adap-
tive divergence in growth rates in relation to seasonality
is frequent (Ayres & Scriber 1994; Nylin 1994 and re-
ferences therein). Whether the potential for intraspecific
evolution of growth rate is contingent on phylogenetic
affiliation thus seems an interesting question (Stearns
1994) that would, however, require comparable data
from many other taxa.

Based on the conserved growth rate found among
populations, we expected a similarly strong positive
association between development time and body size
among individuals within each population. Surprisingly,
we found an opposite pattern with large males and
females completing juvenile development faster than
small individuals of the same population. However,
this correlation is phenotypic and evolutionarily relev-
ant only if it mirrors an underlying genetic correlation
of the same sign (Reznick 1985; Roff 2000). Is there
an indication that this is the case in O. viridulus, or is
the trend attributable to environmental or maternal
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effects? On one hand, rearing density seems unlikely as
a confounding environmental factor because a negative
time-size correlation was evident in individuals reared
both in groups and singly (cf. Wall & Begon 1987). On
the other hand, relatively large offspring often grow
faster (Fox & Czesak 2000) and the pattern might thus
be ascribed to differences in offspring size, a maternal
effect (Wall & Begon 1987; Mousseau & Dingle 1991).
In order to test this possibility, we analysed ad hoc lin-
early estimated individual growth rates from popula-
tions 2 and 10 with population and sex as fixed factors
and offspring size as covariate. This analysis revealed
no relationship between offspring size and growth rate
(F\5,=1-64, P = 0-21). Maternal influence on growth
rate via offspring size is therefore unlikely.

In addition, and most importantly, phenotypic
correlations between development time and adult size
have been shown to generally represent reliable (albeit
conservative) estimates of underlying genetic correla-
tions (Roff 1996, 2000). For these reasons, our data
suggest genetic variation in growth rates among indi-
viduals of O. viridulus, as seen in some other systems
(Ueno 1994; Klingenberg & Spence 1997; Simons,
Carriere & Roff 1998). This result is intriguing in view
of the stasis in growth rate found among grasshopper
populations, because we would expect the rapid fixation
of alleles associated with fast growth in time-constrained
high-elevation populations. However, genetic variation
in growth detected in the laboratory might disappear
under more variable natural conditions (Simons &
Roff 1996), and therefore not be available to selection.
This issue clearly deserves further empirical treatment.
In any event, our data caution against the prediction of
among-population ontogenetic evolution based on the
association between time, size, and growth at the within-
population level.

DEVELOPMENTAL PATHWAYS AND
PROXIMATE CAUSE

An unexpected difference between high- and low-
elevation grasshopper ontogenies was the tendency of
some females to develop through five nymphal stages.
This alternative developmental pathway occurred in
low-altitude O. viridulus females but was absent at high
elevation. Although proved directly only for two
populations where individual ontogenies were tracked
carefully, inspection of body size patterns suggests that
this difference between low- and high-altitude females
might be general: adult females with five nymphal
stages are much larger than four-stage conspecifics.
Variance in female size should thus be greater in low-
altitude populations where both pathways exist. Such a
tendency is suggested in some field populations (but
absent in laboratory females where sample sizes were
variable; see Fig. 3). In further support, Telfer &
Hassall (1999) report an analogous latitudinal decline
in the occurrence of an additional nymphal stage in a
related grasshopper.

Variation within populations in the number of
developmental stages is generally interpreted as a plas-
tic ontogenetic response to the available season length
mediated by temperature and/or photoperiodic cues
(Tanaka & Brookes 1983; Bellinger & Pienkowski
1987, Telfer & Hassall 1999; Fischer & Fiedler 2001).
Nevertheless, we tested ad hoc for a possible relation-
ship between developmental pathway and offspring
size among females of the lowland population 2 and
obtained an interesting result: females undergoing five
stages were significantly smaller at hatching (5% on
average) than four-stage individuals (7-test: ¢,5 = 4-453,
P < 0-001, two-tailed). This strongly suggests that in
O. viridulus the insertion of an additional nymphal stage
is mediated by small offspring size. The developmental
pathway thus seems at least partly determined by
maternal influence.

Our finding that the five-stage pathway is probably
induced by small offspring size in low- but not high-
altitude populations is important. It may provide the
key to understanding the proximate mechanism
that underlies both the evolution of fast development
at high altitude and, the positive time-size correlation
among populations. Generally, arthropod moulting is
bound to stage-specific critical size (or weight) thresh-
olds during sensitive phases (Nijhout 1981; Tanaka
1981; Woodring 1983; Davidovitz, D’Amico & Nijhout
2003). These thresholds regulate the relationship between
development time and body size during ontogeny in a
pleiotropic fashion: lower critical size causes earlier
moulting at smaller size. Failure to reach a certain crit-
ical size can sometimes induce an additional juvenile
stage that permits further growth but prolongs deve-
lopment (Nijhout 1981; Tanaka 1981). Consistent with
this notion, our data indicate that some low-altitude
nymphs exhibited subcritical size during their second
stage and subsequently inserted an additional growth
stage. Given that similarly small hatchlings also occurred
at high altitude, the absence of the five-stage pathway
from high-altitude populations probably represents a
side-effect of reduced critical size thresholds. It is very
probable that such a decrease in critical size arose in
response to selection for fast development under sea-
sonal time constraints at high elevation. Owing to the
pleiotropic nature of size thresholds, body size thus
declines along with development time over the altitu-
dinal gradient, which explains the positive time-size
correlation among populations. Consistent with our
data, adaptive divergence in development time through
shifts in critical size thresholds does not require
changes in growth rates.

However, comparable evidence from other systems,
against which the proposed scenario of adaptive evo-
lution in critical size could be evaluated, is sadly lacking.
At least in partial support of our view, body size
evolution among laboratory populations of Manduca
sexta moths involved a shift in critical weight (D’ Amico
et al. 2003). Our analysis illustrates that comparisons
of ontogenetic patterns can provide insights into
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developmental mechanisms underlying adaptive diver-
gence, and thus link development, ecology and evolu-
tion (Amundson 2001; Brakefield, French & Zwaan
2003).

PROTANDRY AND SEX-SPECIFIC GROWTH

Protandry is necessarily associated with female-biased
size dimorphism if the sexes grow at similar rates
(Zonneveld 1996). However, there is often conflicting
selection for protandry and large size in males (Thornhill
& Alcock 1983; Wiklund & Forsberg 1991; Cueva del
Castillo & Nuiiez-Farfan 1999) promoting the evolu-
tion of faster growth in males than females. This has
been found in a number of species, including spiders
(Gunnarson & Johnsson 1990; Uhl ez al. 2004), flies
(Lounibos et al. 1996; Blanckenhorn 1998) and butter-
flies (Wiklund, Nylin & Forsberg 1991; Nylin et al.
1993; Fischer & Fiedler 2001). In striking contrast, O.
viridulus males grow considerably slower than females,
especially during the last stage, which causes pronounced
sexual size dimorphism. Slower relative growth in males
is uncommon (Fairbairn 1990; Bradshaw & Holzapfel
1996) and of particular interest because it suggests
selection against large male size, an issue that has received
relatively little attention so far (but see Blanckenhorn
2000). A possible explanation for slow male growth
in our species builds on the fact that small males have lower
metabolic demands than large males and may therefore
spend less time foraging (Reiss 1989; Blanckenhorn,
Preziosi & Fairbairn 1995). This allows increased mate
pursuit and courting activity. Our species is character-
ized by scramble competition for females (Ingrisch &
Kohler 1998; Berner, personal observation). Higher
mate search and courting effort by males thus probably
correlates with increased mating success. This suggests
that male O. viridulus experience both protandry selec-
tion and selection for small size. Probably, slow relative
growth in males is the outcome of simultaneous
optimization of development time and body size.

It is evident that extensive experimental work would
be needed to disentangle and quantify the different
selection pressures shaping male and female onto-
genies in this species. Nevertheless, our study lends sup-
port to the notion that sex-specific growth trajectories
enable the independent optimization of development
time and body size in both sexes. This finding contrasts
to the uniform growth documented at the population
level.

CLUTCH SIZE AND EGG SIZE

Development time and body size are correlated posi-
tively and decline with elevation across grasshopper
populations. Because small female size can limit repro-
ductive output, this raises the important question of
whether body size mediates a life history trade-off
between development time and fecundity (Schluter
et al. 1991; Roff 2002). Indeed, we found a positive

phenotypic correlation between female size and clutch
size in O. viridulus. Our result is not surprising, because
this is the rule in insects (Honek 1993). Similar positive
genetic correlations between female size and fecundity
are frequent and estimated reliably using phenotypic
data (Roff 2000). Hence, small body size incurs a sub-
stantial fecundity loss to high-altitude grasshopper
females, and altitudinal adaptation therefore involves a
real life history trade-off.

With regard to offspring size, general predictions
are rendered difficult by the fact that this trait is both a
maternal and offspring phenotype (Bernardo 1996).
On one hand, small female size might limit offspring
size. However, consistent with theoretical work (Parker
& Begon 1986), our data provide no indication of such
atendency. On the other hand, based on the assumption
that large offspring grow faster and attain maturity ear-
lier than small offspring (Fox & Czesak 2000), theory
predicts the evolution of larger progeny in populations
experiencing seasonal time constraints (Parker &
Begon 1986; Sibly & Monk 1987; Roff 2002). This idea
is supported by studies showing a positive correlation
between egg size and latitude among populations
(Ayres & Scriber 1994; Telfer & Hassall 1999). In O.
viridulus, we found no evidence for larger offspring in
time-constrained high-altitude grasshopper popula-
tions. A confounding influence of female age (offspring
size commonly increases with maternal age in Orthop-
tera; Fox & Czesak 2000; Cherrill 2002) is very unlikely
to affect our data set because we sampled grasshoppers
at similar phenological stages at all sites. We therefore
conclude that the fast development displayed by high-
altitude grasshoppers is certainly not attributable to
larger offspring.

IMPLICATIONS

We have presented a detailed analysis of grasshopper
ontogenies at the level of multiple altitudinal popula-
tions, the sexes and individuals. Three important issues
have emerged. First, the evolutionary response of growth
rate to different types of time constraints can differ
greatly. We found stasis in growth rate among grass-
hopper populations in the face of selection imposed by
seasonality, ultimately causing a life history trade-off.
In contrast, males and females evolved strikingly diver-
gent growth rates in relation to putative selection for
protandry, facilitating independent adjustment of
development time and body size. Secondly, ontogenetic
evolution at the among-population level cannot neces-
sarily be extrapolated from within-population trait
associations. The sign of the time-size correlation was
positive among populations, but negative among indi-
viduals within populations. Thirdly, our work illustrates
that detailed comparisons of ontogenetic pathways
can provide valuable insights into the developmental
basis of phenotypic evolution. Adaptive ontogenetic
divergence among O. viridulus populations is due prob-
ably to shifts in critical size thresholds. Clearly, our
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understanding of life history evolution will benefit
greatly from similar studies in diverse taxa integrating
time, size and intrinsic growth at different levels.

Acknowledgements

This work is a part of the doctoral thesis of Daniel
Berner that would not have been possible without part-
time employment at Agroscope FAL Reckenholz pro-
vided by T. Walter, and the supervision of Ch. Kdrner.
G. Kohler, J. Samietz and E.-F. Kiel provided valuable
advice at an early stage. M. Waldburger, S. Bosshart
and P. Streckeisen made materials, greenhouse space
and climate chambers available. All these people are
gratefully acknowledged.

References

Abrams, PA., Leimar, O., Nylin, S. & Wiklund, C. (1996) The
effect of flexible growth rates on optimal sizes and develop-
ment times in a seasonal environment. American Naturalist,
147, 381-395.

Amundson, R. (2001) Adaptation and development: on the
lack of common ground. Adaptationism and Optimality
(eds S.H. Orzack & E. Sober), pp. 303-334. Cambridge
University, Cambridge.

Arendt, J.D. (1997) Adaptive intrinsic growth rates: an inte-
gration across taxa. Quarterly Review of Biology, 72, 149—
177.

Armbruster, W.S. & Schwaegerle, K.E. (1996) Causes of cov-
ariation of phenotypic traits among populations. Journal of
Evolutionary Biology, 9, 261-276.

Atkinson, D. & Sibly, R.M. (1997) Why are organisms usually
bigger in colder environments? Making sense of a life history
puzzle. Trends in Ecology and Evolution, 12, 235-239.

Ayres, M.P. & Scriber, J.M. (1994) Local adaptation to
regional climates in Papilio canadensis (Lepidoptera:
Papilionidae). Ecological Monographs, 64, 465-482.

Bégin, M. & Roff, D.A. (2004) From micro- to macroevolution
through quantitative genetic variation: positive evidence
from field crickets. Evolution, 58, 2287-2304.

Begon, M. (1983) Grasshopper populations and weather: the
effects of insolation on Chorthippus brunneus. Ecological
Entomology, 8, 361-370.

Bellinger, R.G. & Pienkowski, R.L. (1987) Developmental
polymorphism in the red-legged grasshopper Melanoplus
femurrubrum (DeGeer) (Orthoptera: Acrididae). Environ-
mental Entomology, 16, 120—125.

Bernardo, J. (1996) The particular maternal effect of pro-
pagule size, especially egg size: patterns, models, quality of
evidence and interpretations. American Zoologist, 36,216—
236.

Berner, D., Korner, Ch & Blanckenhorn, W.U. (2004) Grass-
hopper populations across 2000 m of altitude: is there life
history adaptation? Ecography, 27, 733—-740.

Berven, K.A. & Gill, D.E. (1983) Interpreting geographic
variation in life-history traits. American Zoologist, 23,85-97.

Blanckenhorn, W.U. (1998) Adaptive phenotypic plasticity in
growth, development and body size in the yellow dung fly.
Evolution, 52, 1394-1407.

Blanckenhorn, W.U. (2000) The evolution of body size: what
keeps organisms small? Quarterly Review of Biology, 75,
385-407.

Blanckenhorn, W.U. & Demont, M. (2004) Bergmann and
converse Bergmann latitudinal clines in arthropods: two
ends of a continuum? Integrative and Comparative Biology,
44, 413-424.

Blanckenhorn, W.U. & Fairbairn, D.J. (1995) Life history
adaptation along a latitudinal cline in the water strider
Aquarius remigis (Heteroptera: Gerridae). Journal of Evo-
lutionary Biology, 8, 21-41.

Blanckenhorn, W.U., Preziosi, R.F. & Fairbairn, D.J. (1995)
Time and energy constraints and the evolution of sexual
size dimorphism — to eat or to mate? Evolutionary Ecology,
9, 369-381.

Bradshaw, WE. & Holzapfel, C.M. (1996) Genetic constraints
to life-history evolution in the pitcher-plant mosquito,
Wyeomyia smithii. Evolution, 50, 1176-1181.

Brakefield, PM., French. V. & Zwaan, B.J. (2003) Develop-
ment and the genetics of evolutionary change within insect
species. Annual Review of Ecology, Evolution and Systematics,
34, 633-660.

Cherrill, A. (2002) Relationships between oviposition date,
hatch date, and offspring size in the grasshopper Chorthippus
brunneus. Ecological Entomology, 27, 521-528.

Cueva del Castillo, R. & Nuiiez-Farfan, J. (1999) Sexual selec-
tion on maturation time and body size in Sphenarium
purpurascens (Orthoptera: Pyrgomorphidae): correlated
response to selection. Evolution, 53, 209-215.

D’Amico, L.J., Davidovitz, G. & Nijhout, H.F. (2001) The
developmental and physiological basis of body size evolution
in an insect. Proceedings of the Royal Society of London,
Series B, 268, 1589-1593.

Davidovitz, G., D’Amico, L.J. & Nijhout, H.F. (2003) Critical
weight in the development of insect body size. Evolution and
Development, 5, 188-197.

Dingle, H., Mousseau, A. & Scott, S.M. (1990) Altitudinal
variation in life cycle syndromes of California populations
of the grasshopper, Melanoplus sanguinipes (F.). Oecologia,
84, 199-206.

Fairbairn, D.J. (1990) Factors influencing sexual size dimor-
phism in temperate waterstriders. American Naturalist,
136, 61-86.

Fischer, K. & Fiedler, K. (2001) Dimorphic growth pattern
and sex-specific reaction norms in the butterfly Lycaena
hippothoe sumadiensis. Journal of Evolutionary Biology, 14,
210-218.

Fox, C.W. & Czesak, M.E. (2000) Evolutionary ecology of
progeny size in arthropods. Annual Review of Entomology,
45, 341-369.

Gunnarson, B. & Johnsson, J. (1990) Protandry and moulting
to maturity in the spider Pityophantes phrygianus. Oikos,
59, 205-212.

Higgins, L.E. & Rankin, M.A. (1996) Different pathways in
arthropod postembryonic development. Evolution, 50,
573-582.

Honek, A. (1993) Intraspecific variation in body size and
fecundity in insects: a general relationship. Oikos, 66, 483 —
492.

Houle, D. (1991) Genetic covariance of fitness correlates:
what genetic correlations are made of and why it matters.
Evolution, 45, 630—-648.

Ingrisch, S. & Kohler, G. (1998) Die Heuschrecken Mittel-
europas. Westarp-Wiss, Magdeburg.

Klingenberg, C.P. & Spence, J.R. (1993) Heterochrony and
allometry: lessons from the water strider genus Limnoporus.
Evolution, 47, 1834-1853.

Klingenberg, C.P. & Spence, J.R. (1997) On the role of body
size for life-history evolution. Ecological Entomology, 22,
55-68.

Laugen, A.T., Laurila, A., Résidnen, K. & Merild, J. (2003)
Latitudinal countergradient variation in the common frog
(Rana temporaria) development rates — evidence for local
adaptation. Journal of Evolutionary Biology,16,996—1005.

Lounibos, L.P., Escher, R.L., Duzak, D. & Martin, E.A.
(1996) Body size, sexual receptivity and larval cannibalism
in relation to protandry among Toxorhynchites mosquitoes.
Oikos, 77, 309-316.



139

Grasshopper
ontogeny and time
constraints

© 2006 British
Ecological Society,
Journal of Animal
Ecology, 75,
130-139

Masaki, S. (1967) Geographic variation and climatic adapta-
tion in a field cricket (Orthoptera: Gryllidae). Evolution, 21,
725-741.

Morbey, Y.E. & Ydenberg, R.C. (2001) Protandrous arrival
timing to breeding areas: a review. Ecology Letters, 4, 663—
673.

Mousseau, T.A. (1997) Ectotherms follow the converse to
Bergmann’s Rule. Evolution, 51, 630—632.

Mousseau, T.A. & Dingle, H. (1991) Maternal effects in insect
life histories. Annual Review of Entomology, 36, 511-534.

Mousseau, T.A. & Roff, D.A. (1989) Adaptation to seasonal-
ity in a cricket: patterns of phenotypic and genotypic
variation in body size and diapause expression along a cline
in season length. Evolution, 43, 1483-1496.

Nijhout, H.F. (1981) Physiological control of molting in
insects. American Zoologist, 21, 631-640.

Nylin, S. (1994) Seasonal plasticity and life-cycle adaptation
in butterflies. Insect Life-Cycle Polymorphism.: Theory,
Evolution and Ecological Consequences for Seasonality and
Diapause Control (ed. H.V. Danks), pp. 41-67. Kluwer
Academic Publishers, Dordrecht.

Nylin, S., Wiklund, C., Wickman, P.-O. & Garcia-Barros, E.
(1993) Absence of trade-offs between sexual size dimor-
phism and early male emergence in a butterfly. Ecology, 74,
1414-1427.

Orr, M. (1996) Life-history adaptation and reproductive
isolation in a grasshopper hybrid zone. Evolution, 50, 704
716.

Park, O. (1949) Application of the converse Bergmann
principle to the carabid beetle, Dicaelus purpuratus. Physi-
ological Zoology, 22, 359-372.

Parker, G.A. & Begon, M. (1986) Optimal egg size and clutch
size: effects of environment and maternal phenotype.
American Naturalist, 128, 573-592.

Peters, R.H. (1983) The Ecological Implications of Body Size.
Cambridge University, Cambridge.

Phelan, J.P.,, Archer, M.A., Beckman, K.A., Chippindale, A.K.,
Nusbaum, T.J. & Rose, M.R. (2003) Breakdown in corre-
lations during laboratory evolution. I. Comparative analyses
of Drosophila populations. Evolution, 57, 527—535.

Prasad, N.G., Shakarad, M., Gohil, V.M., Sheeba, V.,
Rajamani, M. & Joshi, A. (2000) Evolution of reduced pre-
adult viability and larval growth rate in laboratory popula-
tions of Drosophila melanogaster selected for shorter
development time. Genetic Research, Cambridge, 76, 249—
259.

Reiss, M.J. (1989) The Allometry of Growth and Reproduction.
Cambridge University, Cambridge.

Reznick, D. (1985) Costs of reproduction: an evaluation of the
empirical evidence. Oikos, 44, 257-267.

Roff, D. (1980) Optimizing development time in a seasonal
environment: the ‘ups and downs’ of clinal variation.
Oecologia, 45, 202—-208.

Roff, D.A. (1996) The evolution of genetic correlations: an
analysis of patterns. Evolution, 50, 1392—1403.

Roff, D.A. (2000) Trade-offs between growth and reproduc-
tion: an analysis of the quantitative genetic evidence.
Journal of Evolutionary Biology, 13, 434—445.

Roff, D.A. (2002) Life History Evolution. Sinauer, Sunderland.

Rowe, L. & Ludwig, D. (1991) Size and timing of metamor-
phosis in complex life cycles: time constraints and variation.
Ecology, 72, 413-427.

Schluter, D., Price, T.D. & Rowe, L. (1991) Conflicting selec-
tion pressures and life history trade-offs. Proceedings of the
Royal Society of London, Series B, 246, 11-17.

Sibly, R. & Monk, K. (1987) A theory of grasshopper life
cycles. Oikos, 48, 186-194.

Simons, A.M., Carriére, Y. & Roff, D.A. (1998) The quan-
titative genetics of growth in a field cricket. Journal of
Evolutionary Biology, 11, 721-733.

Simons, A.M. & Roff, D.A. (1996) The effect of a variable
environment on the genetic correlation structure in a field
cricket. Evolution, 50, 267—275.

Sokal, R.R. (1978) Population differentiation: something new
or more of the same? Ecological genetics. The Interface
(ed. P.F. Brussard), pp. 215-239. Springer, New York.

Stearns, S.C. (1994) The evolutionary links between fixed and
variable traits. Acta Palaeontologica Polonica,38,215-232.

Tanaka, A. (1981) Regulation of body size during larval
development in the german cockroach, Blatella germanica.
Journal of Insect Physiology, 27, 587—592.

Tanaka, S. & Brookes, V.J. (1983) Altitudinal adaptation of
the life cycle in Allonemobius fasciatus DeGeer (Orthoptera:
Gryllidae). Canadian Journal of Zoology, 61, 1986—1990.

Telfer, M.G. & Hassall, M. (1999) Ecotypic differentiation in
the grasshopper Chorthippus brunneus: life history varies in
relation to climate. Oecologia, 121, 245-254.

Thornhill, R. & Alcock, J. (1983) The Evolution of Insect
Mating Systems. Harvard University, Cambridge.

Ueno, H. (1994) Genetic estimations for body size characters,
development period and development rate in a coccinelid
beetle, Harmonia axyridis. Research in Population Ecology,
36, 121-124.

Uhl, G., Schmitt, S., Schifer, M.A. & Blanckenhorn, W.
(2004) Food and sex-specific growth strategies in a spider.
Evolutionary Ecology Research, 6, 523—540.

Van der Have, T.M. & De Jong, G. (1996) Adult size in ecto-
therms: temperature effects on growth and differentiation.
Journal of Theoretical Biology, 183, 329—-340.

Wall, R. & Begon, M. (1987) Individual variation and the
effect of population density in the grasshopper Chorthippus
brunneus. Oikos, 49, 15-27.

Wiklund, C. & Forsberg, J. (1991) Sexual size dimorphism in
relation to female polygamy and protandry in butterflies: a
comparative study of Swedish Pieridae and Satyridae.
Oikos, 60, 373-381.

Wiklund, C., Nylin, S. & Forsberg, J. (1991) Sex-related vari-
ation in growth rate as a result of selection for large size and
protandry in a bivoltine butterfly, Pieris napi. Oikos, 60,
241-250.

Woodring, JP. (1983) Control of moulting in the house
cricket, Acheta domesticus. Journal of Insect Physiology, 29,
461-464.

Zonneveld, C. (1996) Being big or emerging early? Polyandry
and the trade-off between size and emergence in male
butterflies. American Naturalist, 147, 946—965.

Received 7 April 2005; accepted 9 August 2005



