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Seasonal polyphenisms are cases in which individuals representing generations
occurring in different times of the year systematically differ in their morphological,
physiological, and/or behavioral traits. Such differences are often assumed to constitute
adaptive responses to seasonally varying environments, but the evidence for this is
still scarce. The adaptive character of the response would be corroborated by the
pattern in which the decision about choosing a particular seasonal phenotype is
made before the onset of respective environmental conditions (anticipatory plasticity).
Alternatively, the between-generation differences can be caused by immediate effects
of seasonally varying environments (responsive plasticity). Here we reared the larvae
of the seasonally polymorphic map butterfly Araschnia levana under two different
photoperiodic regimes, which provided different seasonal cues. These two treatments
induced direct development and diapause pathways, respectively. Replicating the
experiment at different temperatures and levels of host plant quality allowed us to
evaluate both the anticipatory and the responsive components of the associated plastic
changes in life-history traits. Larvae representing the direct development pathway
invariably had higher growth rates and shorter development periods, although the
difference between the developmental pathways was smaller at inferior host quality.
Body size differences between the developmental pathways turned out to be less
consistent, as the natural pattern of higher pupal mass of the directly developing
individuals could only be reproduced at lower rearing temperature. Though being
considerably modified by immediate environmental effects, the between-generation
differences in size, growth rates, and larval are largely based on anticipatory plasticity
(= responses to photoperiodic cues) and should be treated as seasonal adaptations in
A. levana. In a more general context, we show how investigating the proximate basis of
size differences can serve the purpose of identifying the limits of phenotypic plasticity in
juvenile growth schedules.

Keywords: reaction norms, age and size at maturity, photoperiodism, overwintering, Nymphalidae, insects, sexual
size dimorphism
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INTRODUCTION

Reaction norms for size and time at maturation constitute a
core element of the theory of life-history evolution (Stearns,
1992; Roft, 1992, 2002). Evolutionary forces shaping such reaction
norms can perhaps be best understood through comparisons
among groups such as closely related species (Tammaru et al,
2015; Kiveld et al., 2020), different populations within species
(Meister et al., 2017a,b, 2018), and sexes (Teder and Tammaru,
2005). Additionally, the numerous well-known examples of
insect polyphenism in general (reviewed by Shapiro, 1976;
Simpson et al., 2011; Nylin, 2013) and seasonally polyphenic
insects in particular offer an excellent opportunity to compare
distinct morphs, which often differ in values of developmental
traits (Wiklund et al., 1991; Teder et al., 2010; Morehouse et al.,
2013; Kiveld et al., 2015). An obvious advantage of such studies
is that the groups to be compared can be considered genetically
identical, so that any observed differences can unambiguously be
ascribed to phenotypic plasticity.

A particular question to be answered in studies on such
reaction norms is that about the proximate basis of the differences
in body sizes. The individuals that ultimately attain larger adult
sizes may (1) be larger from the beginning, (2) grow for a
longer time, or (3) grow faster (Blanckenhorn, 2000; Sober et al.,
2019). As one particular implication, the answer to this question
has direct relevance to the problem of evolutionary ecology of
growth rate as a separate life-history trait (Arendt, 1997). If the
differences in final sizes are due to growth rates, revealing the
associated differences in other traits allows us to address the
question about costs of fast growth (Dmitriew, 2011). In turn,
if the groups being compared do not differ in growth rate, this
may indicate that growth is indeed maximized within limits set
by physiology, as the classic life-history models often assume
(Stearns, 1992; Roft, 1992).

Another proximate level question is how early—in the
ontogeny of the individual—the alternative developmental
pathways diverge from each other. The answer to this question
can contribute to identifying the limits to adaptive evolution of
juvenile growth patterns. In particular, in the cases of sexual
size dimorphism, the sexes start to diverge already in early
phases of larval development (see Stillwell et al., 2014; Vendl
et al., 2018; Chelini et al., 2019 for recent studies). This pattern
has been interpreted as evidence of some constraint on major
sex-related changes late in larval development: differences in
adult size cannot be attained in one step but have to be
accumulated throughout the development (Tammaru et al., 2010;
Meister et al., 2018).

From a different—ultimate rather than proximate—
perspective, knowing when and how do size differences appear
during immature development can shed light on adaptive nature
of the divergent growth patterns (Esperk et al., 2013). Different
seasonal generations of insects pass through their immature
development in predictably differing environmental conditions,
with temperature and food (=host plant, for herbivorous insects)
quality being perhaps the most significant seasonally variable
parameters. Both temperature and host quality have strong direct
effects on larval growth schedules, which may not require any

explanation beyond the proximate physiological one (responsive
plasticity sensu Whitman and Agrawal, 2009). On the other hand,
in seasonal environments, the stages succeeding the larval stage
can experience predictably different conditions as well. In such
cases, the growing immatures are expected to react to cues of
forthcoming environmental changes in a way shaped by natural
selection. For example, short photoperiod is frequently used as
a cue of the onset of the unfavorable season, which primarily
informs developmental decisions related to winter diapause
(Tauber et al., 1986; Danks, 1987; Leather et al., 1993; Kostdl,
2006; Saunders, 2020). This type of response to environmental
factors has been termed anticipatory plasticity and should be
considered adaptive (Whitman and Agrawal, 2009).

In the present study, we make use of a comparison of growth
patterns between two seasonal generations of a polyphenic
butterfly. The two different developmental pathways—direct
and diapause development—were induced in the laboratory
by manipulating photoperiodic regime. The experiment was
replicated under two temperatures and in different times of the
year (=different host quality). The larvae were weighed daily to
obtain detailed information about their growth curves in different
treatments. This allowed us to treat development periods, final
masses of instars, and growth rates of individual larvae as
separate response variables and to assess plastic responses in
all these parameters. The detailed information accumulated
facilitated evaluating different adaptive hypotheses, as well as
shed light on proximate basis of plastic responses in insect
growth schedules.

From the ultimate perspective, the used three-factor design
allowed us to explicitly compare effects attributable to responsive
vs. anticipatory plasticity. In particular, we proceeded from
the assumption that any responses to the photoperiodic cue
(especially when consistent across other treatments) would likely
have the anticipatory character (Esperk et al., 2013) and used
the opportunity to compare the magnitude of such (presumably
adaptive) effects to the physiologically based responses to
temperature and food quality. The latter are rather universal in
insects and should be represented by lower growth rates, longer
development times, and lower final body masses as a response to
inferior food quality (Teder et al., 2014) and lower growth rates,
longer development times, but higher final masses under lower
temperatures (Atkinson, 1994, 1996; Atkinson and Sibly, 1997;
Angilletta et al., 2004).

MATERIALS AND METHODS

Study Species

The European map butterfly (Araschnia levana L., Lepidoptera:
Nymphalidae) is a temperate Palaearctic insect species that is
bivoltine in most of its range (including the study area), although
a facultative third generation may occur in the southern parts
of its distribution area (Tolman and Lewington, 2008). The
species is well known for its striking seasonal polyphenism in
wing color and patterning (Friberg and Karlsson, 2010; Thalainen
and Lindstedt, 2012). The between-generation difference in
life span (mainly attributable to the different duration of
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the pupal stage, which is the overwintering stage in this
species) is no less impressive, as completing of the life cycle
takes approximately 10 weeks in directly developing generation
compared to 42 weeks of the diapausing one (Freitak et al,
2019). In addition, the two generations are known to differ in
adult abundance (Viidalepp and Remm, 1996), body composition
and resource allocation patterns (Friberg and Karlsson, 2010;
Morehouse et al., 2013), body design and flight performance
(Fric and Konvicka, 2002; Friberg and Karlsson, 2010), and
immunity (Baudach et al., 2018; Freitak et al., 2019) and body
size (about 15% in terms of live mass of the pupae, Freitak
et al., 2019; personal observations of the authors). The eggs are
laid in string-like clusters, and the larvae aggregate on their
host plant (Urtica spp.), whereas the group size declines with
larval ontogeny (Ruf, 2002). Like in most temperate insects,
seasonal polyphenism in A. levana is controlled primarily by
photoperiod: long days during larval stage induce the directly
developing form, whereas short-day conditions lead to the
diapausing pathway. The decision whether to develop directly
or overwinter in the pupal stage is made during the 4th
and 5th (i.e., penultimate and final, respectively) larval instars
(Friberg et al., 2011).

Experimental Design

To investigate the influence of environmental factors on the life-
history traits of the two developmental pathways, map butterfly
larvae were reared in controlled conditions under a 2 x 2 x 2
crossed experimental design (Supplementary Table 1). The
factors varied were (1) photoperiod—long (18L:6D, inducing
direct development) or short day (12L:12D, inducing diapause
development), (2) temperature (17 vs. 22°C), and (3) host quality,
manipulated by means of rearing the larvae in either early (June)
or late season (August).

The progeny of map butterfly females of Estonian origin
was transferred to 50-mL plastic vials in groups of 10 newly
hatched larvae. The vials were then equally divided between the
two rearing chambers set to different photoperiodic regimes,
considering equal representation of broods (split-family design)
and hatching dates in the treatments. To induce different
developmental pathways, one of the chambers was set to the
long-day conditions (18L:6D), whereas in the other the short-
day conditions (12L:12D) were created. To reduce the potential
microclimatic differences of the rearing chambers on larval
growth, the photoperiodic treatments (and respective larvae)
were rotated between the chambers with a 3-day interval. Leaves
of the stinging nettle (Urtica dioica) were provided as food and
were changed every other day or more frequently when necessary
to avoid food depletion.

The larvae were reared in groups until the end of their 3rd
instar being housed individually in the vials of the same type
later on. In the cases when 6 or more larvae out of 10 died in
the vial before the end of their 3rd instar, the survivors were
divided between the vials representing the same brood and the
same hatching date. From the beginning of the 4th instar onward,
the larvae were weighed daily until pupation.

The experiments were performed in 2 years (2010 and 2011)
at the University of Tartu, Estonia. To investigate the influence

of food quality on larval development, the larvae were reared
both in early season (June, the time when directly developing
generation is in their larval stage) and in late season (August, the
time for the larval stage of diapausing generation). The progeny
of wild-collected diapausing individuals was used in all early
season experiments, while the offspring of wild-collected directly
developing individuals was used in late season experiments. As
the quality of nettle leaves has been shown to decline with
progressing season (Morehouse et al., 2013), the larvae from the
early season rearings were assumed to receive high-quality diet,
whereas the diet quality was lower in late season. In 2010, the
larvae were reared at 22°C, while the temperature was set to
17°Cin 2011.

To examine the proximate effect of light conditions on larval
growth rates, the larvae were weighed twice a day during the
first 2 days in both early and late season experiment in 2011.
Specifically, 12 hours’ weighing interval was targeted (but it
varied from 10 to 14 h, for technical reasons). As a result, the
“diurnal period” covered only photophase of both photoperiodic
treatments, whereas the “nocturnal period” included only
scotophase of the short-day treatment and 6 h photophase,
followed by 6-h scotophase of the long-day treatment.

Data Analysis

The dependence of development times (durations of the 4th and
5th instar), body masses and growth rates on developmental
pathway (direct/diapause), temperature (17/22°C), season (early
season/late season), sex (male/female), and their interaction
were analyzed by general linear mixed models (PROC MIXED,
Littell et al., 2006; data of different experiments pooled).
Brood was included as a random factor; denominator degrees
of freedom were estimated using the Satterthwaite option.
Minimum adequate models were constructed by sequentially
removing non-significant interaction terms.

Instar durations were expressed as the time between the
two successive molts. Alternatively, active growth phases were
calculated based on the time of preceding molt and the time
of attaining the peak mass of an instar. Growth rates were
calculated as (mass at the end of the period!/? — mass at the
beginning of the periodl/ 3)/(duration of the period) (Esperk
and Tammaru, 2004; Tammaru and Esperk, 2007). Two different
indices of growth rate were derived. First, instantaneous growth
rates were calculated for a 24-h period on the 2nd day of the
instar (the “free growth period,” Esperk and Tammaru, 2004;
Meister et al., 2017a). Second, integral growth rates were found
for the entire positive growth phase of the instar (from the
molt until the attainment of peak body mass). In experiments
in which the effect of light conditions on larval growth was
studied, the observation periods deviating from the targeted 12-
h period were corrected according to the actual time span. The
larvae that died before the pupation (3-9% mortality during the
last two instars in different trials, with no substantial differences
between the treatments) and the small proportion of insects (5%,
on average) that entered the pupal diapause in the long-day
photoperiodic treatments were discarded from further analyses.
All analyses were conducted in SAS 9.4 (SAS Institute Inc., Cary,
NC, United States).
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FIGURE 1 | Growth curves of Araschnia levana larvae reared at 22°C in 2010. (A) Male larvae reared in early season (June). (B) Male larvae reared in late season
(August). (C) Female larvae reared in early season. (D) Female larvae reared in late season. Direct development [“long day” (18L:6D) photoperiodic treatment] and
diapause [“short day” (12L:12D) photoperiodic treatment] pathways were induced. Values are corrected for the effect of brood (using SAS, PROC MIXED, least
square means option, Littell et al., 2006). Roman numerals stand for instars, “P” indicates pupation, and “N” marks sample sizes in the beginning of the instars and
in the pupal stage. Error bars indicate standard errors; horizontal error bars stand for standard errors for the duration of the 4th and 5th instar and for the time period

from molting until attaining peak body mass in respective instar.
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RESULTS

There was a consistent effect of photoperiod on development
time (Figures 1, 2 and Supplementary Table 2). In particular,
the time spent in both penultimate and final instar was 10-20%
longer in individuals that developed through diapause pathway,
compared to directly developing individuals. The magnitude of
the difference varied, depending on temperature and season
but invariably attained statistical significance (Table 1 and
Figures 1, 2). The alternative measure of development time,
the period of active growth (from molting until achieving of
peak body mass), was also longer in diapausing than in directly
developing individuals (Table 2). Individuals reared at 17°C had,
on average, 50% longer penultimate and final instar durations
and longer active growth phases than those reared at the
higher temperature; late-season larvae had 5-10% longer instar
durations than those reared in early season (Supplementary
Table 2), and instar durations of females were 5-15% longer than
in males (all differences statistically significant, Tables 1, 2). The
differences in durations of the 4th and 5th instar between the
developmental pathways were larger in early than in late season
and at lower than at higher rearing temperatures (significant

interaction terms, Tables 1, 2 and Supplementary Table 2).
However, when analyzed separately by rearing temperature
and season, the differences between developmental pathways
remained significant in all cases except in the 4th instar active
growth phase of larvae reared at low temperature and in late
season. In the final instar, the difference between the sexes was
higher at lower than at higher rearing temperature and in late
than in early season (significant interaction terms, Tables 1, 2).
There was a consistent effect of photoperiod on larval growth
rates (Figures 1, 2 and Supplementary Table 2). Instantaneous
and integral growth rates, both in the 4th and 5th instar, were
higher in directly developing than in diapausing individuals and
in individuals reared at the higher than at the lower temperature
(Tables 3, 4 and Supplementary Table 2). In both instars, integral
growth rates were higher in early than in late season (Table 4);
however, there were no seasonal differences in instantaneous
growth rates (Table 3). There was no significant sexual difference
in growth rates in the 4th instar, but in the 5th instar, females
had higher instantaneous growth rates and lower integral growth
rates than males (Tables 3, 4). There was a larger difference
in integral growth rates between developmental pathways at
higher than at lower temperature and in early than in late season
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FIGURE 2 | Growth curves of Araschnia levana larvae reared at 17°C. Direct development [“long day” (18L:6D) photoperiodic treatment] and diapause [“short day”
(12L:12D) photoperiodic treatment] pathways were induced in 2011. (A) Male larvae reared in early season. (B) Male larvae reared in late season. (C) Female larvae
reared in early season. (D) Female larvae reared in late season. Direct development and diapause pathways were induced. See Figure 1 for details.
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(significant interaction terms, Table 4). When analyzed separately
by rearing temperature and season, the differences in growth rates
between the developmental pathways remained significant in all
cases with one exception (4th instar integral growth rate at low
temperature in late season).

Photoperiod had an influence on body sizes, but interactive
effects were substantial (Figures 1, 2 and Supplementary
Table 2). In 2011 experiments in which the proximate effect
of light conditions on growth was studied, directly developing
individuals had higher instantaneous growth rates during the
4th instar 2nd-day diurnal period (30% higher growth rates;
Fi1,57 = 46.0, P < 0.0001) and the 5th instar 2nd-day diurnal
period (30% higher growth rates; Fy,269 = 51.9, P < 0.0001) than
diapause-destined individuals. However, the growth rates did not
differ significantly between the developmental pathways during
the 2nd night (i.e., nocturnal phase of the second day) in either
4th instar (Fy,65 = 2.2, P = 0.14) or 5th instar (Fy,1 = 3.1,
P =0.077).

Pupal masses were 5% higher in diapausing than in directly
developing individuals, 15% higher at lower than at higher
rearing temperature, 5% higher in early than in late season
(Supplementary Table 2), and 20% higher in females than
in males (all differences statistically significant, Table 5 and

Figures 1, 2). However, when analyzed separately by rearing
temperature (justified by significant interaction term, Table 5),
directly developing individuals achieved significantly (10%)
higher pupal masses only at 17°C, whereas there were no
significant differences in pupal mass between developmental
pathways at 22°C (Supplementary Table 2).

Premolt masses and peak masses in the 4th and 5th instar were
significantly higher in in early than in late season and, with the
exception of the 4th instar premolt mass, at lower than at higher
rearing temperatures (Tables 6, 7, Supplementary Table 2, and
Figures 1, 2). However, the difference in both penultimate
and last instar masses between the developmental pathways
was strongly influenced by rearing conditions (indicated by
significant interaction terms between developmental pathway
and rearing temperature and between developmental pathway
and season, Tables 6, 7 and Supplementary Table 2). In
particular, in the 4th instar and in the beginning of the
5th instar, directly developing individuals were heavier than
diapausing individuals only in the early season, whereas
diapausing individuals achieved higher masses in late season
(Tables 6, 7 and Figures 1, 2). Consistently, body mass in the
5th instar and peak mass in the 4th instar was higher in directly
developing than in diapausing individuals only at 17°C, whereas
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diapausing individuals were heavier than directly developing
ones at 22°C.

DISCUSSION

Our results demonstrate that the two seasonal generations of the
European map butterfly differ in various parameters of larval
growth schedules. The seasonal generations (directly developing
vs. diapause-destined individuals) were induced experimentally
by photoperiodic treatments. Most clearly and consistently,
there were considerable among-generation differences in instar-
specific development times—the larvae that were to produce
diapausing pupae spent more time in both final and penultimate
larval instars. At low (but not high) temperatures, the
diapause development larvae also attained lower pupal masses.
Directly developing larvae had higher growth rates than those
heading toward diapause, consistently so across different rearing
conditions, sexes, and larval instars, irrespectively of the way
how the growth rates were expressed (instantaneous or integral).
However, in more detailed comparisons, instantaneous growth
rates of the developmental pathways significantly differed only
during the diurnal but not in the nocturnal phase.

TABLE 1 | Duration of the 4th and 5th instar of Araschnia levana larvae as
explained by developmental pathway (direct vs. diapause development),
temperature (17 vs. 20°C), season (June vs. August), and sex; linear mixed
models (SAS, Proc MIXED, type 3 sums of squares) with brood (progeny of one
female) as a random effect.

Duration of 4th instar Duration of 5th instar

Effect df F P df F P
(D)evelopmental pathway? 1, 1034 221.2 <0.0001 1,1080 1046.0 <0.0001
(Memperature® 1,29.2 377.6 <0.0001 1,28.7 638.7 <0.0001
(S)eason® 1,283 159 0.0004 1,275 151  0.0006
Sexd 1,1020 23.5 <0.0001 1,1067 368.8 <0.0001
DxTe 1,084 7.0 0.0083 1,1080 19.2 <0.0001
D xS 1,1026 44.9 <0.0001 1,1071 62.9 <0.0001
T x sexd 1,1067 49.6 <0.0001
S x sex" 1,1066 9.6  0.002
D x S x sex 2,1067 6.7  0.013

The two developmental pathways were induced by different photoperiodic
treatments, corresponding to the two seasonal generations. Only individuals that
survived until pupation were included into the analyses. Degrees of freedom were
estimated by the Satterthwaite method. Full models were simplified so that only
interactions statistically significant at the 0.05 level are included.

4L onger 4th and 5th instar in diapausing than in directly developing individuals.

bl onger 4th and 5th instar at lower temperature than at higher temperature.
CLonger 4th and 5th instar in late than in early season.

91 onger 4th and 5th instar in females than in males.

®The difference in the duration of the 4th and 5th instar between developmental
pathways was larger at higher than at lower temperature.

"The difference in duration of the 4th and 5th instar between developmental
pathways was larger in early than in late season.

9The difference in the duration of 5th instar between the sexes was larger at lower
than at higher temperatures.

NThe difference in duration of the 5th instar between the sexes was larger in late
than in early season.

The sexual difference in the duration of 5th instar between developmental
pathways was larger in late than in early season.

Our results show that the between-generation differences
in developmental schedules contain a considerable element of
anticipatory plasticity and can therefore be considered adaptive.

TABLE 2 | Duration of active growth phase (from molt until attainment of peak
body mass) in the 4th and 5th instar Araschnia levana larvae as explained by
developmental pathway, temperature, season, and sex; linear mixed models (SAS,
Proc MIXED, type 3 sums of squares) with brood (progeny of one female) as

a random effect.

4th instar 5th instar

Effect df F P df F P
(D)evelopmental pathway® 1, 1018 91.1  <0.0001 1, 1063 578.7 <0.0001
(Memperature® 1,29.9 2334 <0.0001 1,27.3 304.3 <0.0001
(S)eason® 1,287 130 0.0012 1,273 11.2 0.0024
Sexd 1,1008 21.6 <0.0001 1,1049 253.5 <0.0001
DxTe 1,1018 183 <0.0001 1,1063 8.6 0.0035
D xS 1,1011 184 <0.0001 1,1063 26.3 <0.0001
T x sexd 1,1049 23.4 <0.0001
S x sex" 1,1049 4.6  0.032
DxTx§& 2,514 50 0.011
D x S x sex 2,100 4.4  0.013

See Table 1 for further details.

@l onger in diapausing than in directly developing individuals.

bl onger at lower than at higher temperature.

CLonger in late than in early season.

9L.onger in females than in males.

®The difference between developmental pathways was larger at higher than at
lower temperature.

fThe difference between developmental pathways was larger in early
than in late season.

9The difference between sexes was larger at lower than at higher temperatures.
hThe difference between sexes was larger in late than in early season.

IThe seasonal difference between developmental pathways was larger at higher
than at lower temperature.

IThe sexual difference between developmental pathways was larger in late than
in early season.

TABLE 3 | Instantaneous growth rates (in second day of the instar) in the 4th and
5th instar Araschnia levana larvae as explained by developmental pathway,
temperature, season, and sex; linear mixed models (SAS, Proc MIXED, type 3
sums of squares) with brood (progeny of one female) as a random effect.

4th instar 5th instar
Effect df F P df F P
(D)evelopmental pathway® 1, 1011 36.1 <0.0001 1, 1060 218.4 <0.0001
(Memperature® 1,30.6 61.0 <0.0001 1,27.8 54.0 <0.0001
(S)eason 1,30.7 3.8 0.061 1,268 05 0.49
Sex® 1,1005 0.0 0.88 1,1052 9.1 0.0026
T x 89 1,30.7 49 0.034
T x sex® 1,1005 12.1  0.0005

See Table 1 for further details.

aHigher in directly developing individuals.

bHigher at higher than at lower temperature.

CHigher in the 5th instar females than in males.

9No seasonal difference at higher temperature, but early season larvae had higher
growth rates than late season larvae at lower temperature.

®Females had higher growth rates than males at higher temperature, but males had
higher growth rates than females at lower temperature.
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This conclusion is based on the observation that some of
such differences, induced here by photoperiodic treatments,
consistently appeared in all combinations of the two other
environmental factors manipulated in the experiment. The

TABLE 4 | Integral growth rates (calculated as peak mass of instar'/3 — mass at
the beginning of the instar'/3)/(duration of the period from molt to attainment of
peak body mass] in the 4th and 5th instar Araschnia levana larvae as explained by
developmental pathway, temperature, season, and sex; linear mixed models (SAS,
Proc MIXED, type 3 sums of squares) with brood (progeny of one female) as

a random effect.

4th instar 5th instar

Effect df F P df F P
(D)evelopmental pathway? 1, 1014 81.9 <0.0001 1, 1059 416.4 <0.0001
(Memperature® 1,30.7 106.6 <0.0001 1,27.2 165.6 <0.0001
(S)eason® 1,29.6 187 0.0002 1,272 10.0 0.0038
Sexd 1,1000 05 046 1,1044 104 0.0013
DxT® 1,1014 26.0 <0.0001 1,1059 22.1 <0.0001
D xS 1,1007 47.7 <0.0001 1,1059 25.8 <0.0001
DxTxS9 2,612 7.0 0.002

See Table 1 for further details.

@Higher in directly developing than in diapausing individuals.

bHigher at higher than at lower temperature.

CHigher in early than in late season.

9Higher in the 5th instar males than females.

®Higher difference between developmental pathways at higher than at
lower temperature.

f/—lr’gher difference between developmental pathways in early than in late season.
9Seasonal difference between developmental pathways in the 5th instar growth
rates was higher at higher than at lower temperature.

TABLE 5 | Pupal mass of Araschnia levana as explained by developmental
pathway, temperature, season, and sex; linear mixed models (SAS, Proc MIXED,
type 3 sums of squares) with brood (progeny of one female) as a random effect.

Effect df F P
(D)evelopmental pathway? 1, 1080 104.5 <0.0001
(Memperature® 1,26.4 87.3 <0.0001
(S)eason® 1,26.4 11.3 0.0024
Sexd 1, 1066 920.7 <0.0001
DxT® 1, 1080 91.8 <0.0001
D x sex' 1, 1066 16.5 <0.0001
T x 89 1,26.4 4.6 0.041
T x sex" 1, 1066 6.0 0.015
DxTx§8 2, 1073 3.2 0.042

See Table 1 for further details.

@Higher in directly developing than diapausing individuals.

bHigher at lower than at higher temperature.

CHigher in early than in late season.

9Higher in females than in males.

®No difference between the developmental pathways at higher temperature, at
lower temperature directly developing individuals formed heavier pupae than
diapausing individuals.
"The sexual difference
diapausing individuals.
9The seasonal difference was larger at lower than at higher temperatures.

NThe sexual difference was larger at lower than at higher temperature.

The seasonal difference between developmental pathways was larger at lower
than at higher temperature.

was larger in directly developing than in

between-generation differences cannot thus solely be based
on proximate effects of temperature and host quality during
larval development. Nevertheless, both temperature and host
quality still had an influence on parameters of larval growth
schedules, as well as showed numerous interactive effects with
the developmental pathway. In part, the lower body size of
the spring-flying generation of the map butterfly can thus
still be based on responsive (non-adaptive) effects of inferior
food quality the larvae encounter at the end of summer, with
some additional impact of temperatures experienced during
larval development. Overall, in our experiments, the effects
of host quality (season) tended to be somewhat weaker (for
development time and growth rates) or similar (for body
mass) to those of developmental pathway (Figures 1, 2 and
Supplementary Table 2). In contrast, the effect of temperature
was larger than the difference between developmental pathways.
Nevertheless, we have to consider that the difference between
the temperature treatments (5°C) considerably exceeded the
differences expected between natural developmental periods of
the two seasonal generations.

Of the interactive effects, we find it notable that the differences
between developmental pathways were clearly more pronounced
on high-quality spring food compared to the lower-quality nettle
leaves offered in August. We see here an interesting parallel to
the observation that, in sexually size dimorphic species, also the
sexual size dimorphism (SSD) is more pronounced in favorable
environmental conditions (Teder and Tammaru, 2005; Stillwell
and Davidowitz, 2010).

Photoperiod is the factor that is most commonly used as
a cue for forthcoming seasons by temperate insects (Beck,
1980; Saunders, 2020). Responses to photoperiod are therefore

TABLE 6 | Fourth instar premolt mass (mass before the molt to the 4th instar) and
4th instar peak mass of Araschnia levana larvae as explained by developmental
pathway, temperature, season, and sex; linear mixed models (SAS, Proc MIXED,
type 3 sums of squares) with brood (progeny of one female) as a random effect.
See Table 1 for further details.

4th instar
premolt mass

4th instar
maximal mass

Effect df F P df F P
(D)evelopmental pathway? 1,1018 22.1 <0.0001 1,1014 7.6  0.006
(Temperature® 1,282 11 031 1,287 3817 <0.0001
(S)eason® 1,27.7 22.8 <0.0001 1,281 20.0 0.0001
Sexd 1,1015 41.8 <0.0001 1,1003 244.9 <0.0001
DxTe 1,1014 36.4 <0.0001
Dx & 1,1014 34.1 <0.0001 1,1007 79.3 <0.0001

@Higher in directly developing than diapausing individuals.

bHigher at lower than at higher temperature.

CHigher in early than in late season.

9Higher in females than in males.

®Peak mass of directly developing individuals was higher than in diapausing
individuals at lower temperature, but diapausing individuals had higher peak body
mass than directly developing ones at higher temperature.

fMass of directly developing individuals was higher than in diapausing individuals in
early season, but diapausing individuals had higher mass than directly developing
ones in late season.
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TABLE 7 | Fifth instar premolt mass (mass before the molt to the 5th instar) and
5th instar peak mass of Araschnia levana larvae as explained by developmental

pathway, temperature, season, and sex; linear mixed models (SAS, Proc MIXED,
type 3 sums of squares) with brood (progeny of one female) as a random effect.

5th instar

premolt mass

5th instar

maximal mass

Effect df F P df F P
(D)evelopmental pathway? 1, 1075 11.3 0.0008 1,1071 10.6  0.0011
(Memperature® 1,286 23.6 <0.0001 1,25.7 145.4 <0.0001
(S)eason® 1,27.8 20.7 <0.0001 1,25.8 10.3 0.0035
Sex? 1,1063 265.1 <0.0001 1,1056 1248.8 <0.0001
DxT® 1,1075 47.0 <0.0001 1,1071 97.2 <0.0001
D xS 1,1011 96.3 <0.0001

D x sex9 1,1056 16.5 <0.0001
TxSh 1,258 53 0.03
T x sext 1,1056 13.9  0.0002

See Table 1 for further details.

@Higher in directly developing than diapausing individuals.

bHigher at lower than at higher temperature.

CHigher in early than in late season.

9Higher in females than in males.

eDirectly developing individuals were heavier than diapausing individuals at lower
temperature, but diapausing individuals had higher mass than directly developing
ones at higher temperature.

fIn early season directly developing individuals had higher premolt mass than
diapausing ones while the opposite was true in late season.

9No difference between developmental pathways in maximal mass in the 5th instar
males, whereas directly developing females achieved higher 5th instar peak body
mass than diapausing females.

"The seasonal difference was larger at lower temperature.

IThe sexual difference was larger at lower than at higher temperature.

commonly considered to have an anticipatory character but
they may nevertheless include elements of responsive plasticity.
Indeed, in several insects, feeding behavior and growth patterns
have been shown to differ between the day and the night, typically
in the way that larvae feed more actively and have higher growth
rates at night (Berger and Gotthard, 2008; Berger et al., 2011).
Surprisingly, however, in our experiments, directly developing
larvae had higher growth rates than diapause-destined larvae
during the diurnal, but not during the nocturnal phase of the
active growth period in both penultimate and final instar. As
conditions during the diurnal phase were exactly the same for
both developmental pathways, these differences can only be
ascribed to anticipatory and not to responsive plasticity. Thus, the
response to the photoperiod very likely has an adaptive character
in A. levana. On the other hand, it cannot be excluded that
responses of larval growth to temperature and food quality can
also contain anticipatory/adaptive elements, rather than being
entirely based on some universal physiological relationships.
In our opinion, such hypotheses should best be approached
through cross-species comparison revealing phylogenetically
conserved—physiologically based—elements of reaction norms
and the effects that range beyond those (Tammaru et al., 2015;
Kiveli et al., 2020).

Adaptive value of the seasonal differences in developmental
schedules of A. levana is not obvious (see Morehouse et al.,
2013, for discussion). On average, in the field, the individuals

of the diapausing generation are clearly smaller (Reinhardt,
1984; personal observations of the authors from the study
area) than their directly developing offspring, which have their
adult period in summer. As the adaptive explanation, it has
been proposed that summer generation adults of A. levana
(like several other butterflies) are selected for higher mobility
(Fric and Konvicka, 2002; Fric et al., 2006). Additionally,
seasonal differences in larval mortality rates have a strong
potential to affect generation-specific optima in body sizes:
under high predation risk, attempting to grow large should
be selected against because both of increased cost of spending
more time in the vulnerable larval stage and the higher cost
of being large (and therefore more apparent) per se (Remmel
and Tammaru, 2009; Teder et al., 2010; Remmel et al., 2011).
This explanation is, however, hardly applicable to explain
seasonal differences in body size in A. levana as the larvae
attain larger sizes when growing in June, which is the time
when overall larval mortality rates are expected to peak in
boreal forest landscapes (Remmel et al., 2009). The mortality
hypothesis could, nevertheless, be used to explain the longer
developmental periods of the diapausing individuals: it is most
likely safer to spend a few extra days as a larva in late August
compared to June. The benefits of having a longer development
period in the diapausing individuals can be associated with
acquiring immunological advantage (as shown for A. levana
in particular: Vilcinskas and Vogel, 2016; Baudach et al,
2018; Freitak et al., 2019) or facilitation of other physiological
processes needed to prepare the insect for an 8-month-long
diapause (Hahn and Denlinger, 2007, 2011; Wang et al., 2007;
Lehmann et al., 2016).

In the lower temperature treatment, we were able to reproduce
the natural pattern of higher pupal masses of the directly
developing generation. These data are therefore usable for the
analysis of the proximate basis of attaining a size difference.
We see that the larger final size of directly developing insects
should be attributed to their higher growth rates but not to
longer growing periods. This pattern differs from the emerging
general picture according to which, when “needed,” larger sizes
of insects are attained through prolonging growth periods and
not through increasing instantaneous growth rates. This applies
to comparisons among sexes (Tammaru et al., 2010; Teder et al.,
2014; Sober et al., 2019), populations within species (Vellau
et al., 2013; Meister et al., 2018), and also seasonal generations
(Esperk et al., 2013). Our comparison of seasonal generations in
A. levana broadens the view indicating that exceptions to this
rule can exist. We propose that the situation in A. levana can
be reconciled with the general picture assuming that here natural
selection has targeted developmental periods specifically rather
than body sizes. This view is corroborated by the much clearer
and consistent among-generation differences in developmental
periods than larval sizes as revealed by the present study. The
longer development periods of the diapause development larvae
are paralleled by similar observations in some other butterflies
(Wiklund et al., 1991; Aalberg Haugen et al., 2012; Kivel4 et al,,
2019) and are predicted by some models (Kiveld et al., 2013). As
the perhaps most intuitive explanation, such long developmental
periods may be selected for to facilitate physiological preparation
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for overwintering, whereas warning appearance and group living
habits in A. levana—likely reducing larval mortality rates—may
be seen as permissive for such a strategy to evolve. As an aside, the
conclusion about flexibility of larval growth rates in A. levana is
supported also by sex-related difference in this variable, detected
in this study (c.f., Tammaru et al., 2010; Stillwell et al., 2014; Sober
etal., 2019).

It is notable that changes specific to developmental
pathway were not limited to the final larval instar. Directly
developing and overwintering insects differed in instar-
specific growth periods, growth rates, and body sizes also
in the penultimate instar. This result may be seen as
corroborating the view that developmental constraints preclude
considerable changes in larval growth parameters at the level
of one larval instar (Tammaru, 1998; Kiveld et al., 2020),
and any major differences have to be accumulated through
modifying development during a number larval instars. This is,
however, in some contrast with the observation that changes
specific to developmental pathway are limited to the last
larval instar in some other butterflies (Friberg et al., 2012;
Kiveli et al., 2019).

In conclusion, the present study shows that controlled
laboratory experiments comparing the growth schedules of
different seasonal generations of insects can yield data usable for
the analysis of seasonal adaptations, which largely provide the
framework for life-history evolution in seasonal environments.
Moreover, in a more general context, such comparisons yield
information about what can and what cannot be plastically
modified in the growth curve of an insect (Tammaru et al., 2015;
Kiveli et al., 2020).
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