
INTRODUCTION

Life history theory predicts that females should produce
eggs of a size and number that maximizes maternal fitness
(Smith & Fretwell, 1974; Roff, 2002). However, size per
se may be not the actual target for selection, since other
egg properties are likely to co-vary with egg weight
(Fischer et al., 2003). It is known that the elemental com-
position of some invertebrate eggs differs between spe-
cies and populations and is correlated with habitat fea-
tures (Baur & Baur, 1998; Anger et al., 2002). Con-
cerning Lepidoptera, an adaptive value has been attrib-
uted to both egg size (Nakasuji, 1987; Fischer & Fiedler,
2001) and other features such as egg density or shell
thickness (Thomas et al., 1991; Chauvin & Vannier,
1997). However, with a few remarkable exceptions (e.g.,
references in Fehrenbach, 2003), the range of intra- and
inter-specific variation in the composition of the eggs of
these insects remains broadly unknown. The same holds
for correlations between egg size and other egg
properties. Common practice suggests that the eggs of
different species might have different elemental composi-
tions, and that this deserves careful consideration: a domi-
nantly phylogenetic or adaptive explanation of the egg
features would indicate the kind and level of selection
that determines egg properties.

The analyses needed to compare the proportions of
materials invested in an egg may be complex. Evolu-
tionary change in body size is seldom free of adjustments
to body proportions due to physiological or mechanical
requirements (structural allometry), which may constrain

variation in egg number and other properties (Schmidt-
Nielsen, 1984; Reiss, 1989; Sinervo, 1993). As long as
egg size is subject to physical laws comparable to those
that govern adult body size, egg size variation should be
associated with changes in the egg structure or composi-
tion. In spite of the efforts devoted to describe the rela-
tions between egg and adult size in insects (Berrigan,
1991; Hon k, 1993), no attention has yet been paid to
scaling rules that may operate within the eggs themselves
(Fox & Czesak, 2000). This fact is illustrated by the
widespread use of C : N ratios to broadly denote the
amount of energy reserves relative to protein content in
insect and other invertebrate eggs (e.g. Forte et al., 2002;
O’Brien et al., 2004). Simple proportions like the C : N
ratio may be expressed C/N = a, hence C = a(N). This
may take the form of the allometric equation (Gould,
1966; Reiss, 1989), C = a(N)b, or log(C) = log(a) +

b(logN), under the assumption that b = 1.00. This
assumption has not been tested, and a value of b different
from 1.00 (allometric scaling) would imply that the C : N
ratio is different at different absolute concentrations of C
or N. Furthermore, it has not been demonstrated that the
total weights of C and N are constant across the range of
variation of egg weight within a species. While this may
be difficult to assess for e.g. body tissues, it can be
readily tested in eggs (eggs are whole organisms, so esti-
mates of dry body weight refer to the dry weight of a
whole egg rather than a part of it). Moreover, other bio-
logically relevant egg properties may be related to egg
weight by non-isometric functions within and across spe-
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cies, including the proportion of the original egg reserves
allocated to neonate larval soma or to egg shell, and the
amount of water invested per egg (which may be crucial
in dry habitats). If these elements can be measured
together with the C and N contents, their patterns of co-
variation and dependence on total egg size can be tested
by means of traditional allometric techniques (e.g., Reiss,
1989; Fairbairn, 1997).

The butterflies (Lepidoptera, Papilionoidea) are of spe-
cial interest for studies on size-dependent egg composi-
tion, because the amount of one element required to build
the eggs (nitrogen) is largely fixed before adult eclosion.
Nitrogen compounds are essential for vitellogenesis
(Rivero & Casas, 1999; Shapiro & Ferkovich, 2002; Wall
et al., 2002), while flower nectar (the main food source of
adult butterflies) is usually poor in amino acids (e.g.,
Boggs, 1997). Thus, even if adult females can gather lim-
ited amounts of amino acids from nectar (Mevi-Schütz &
Erhardt, 2005), puddling (Arms et al., 1974; Beck et al.,
1999; Boggs & Dau, 2004 but cf. Molleman et al., 2005)
or spermatophores (Stjernholm & Karlsson, 2000; Wedell
& Karlsson, 2003), most of the nitrogen to be allocated to
the eggs has to be obtained by the larval stages (Boggs &
Ross, 1993; O’Brien et al., 2004). On the other hand, the
carbon-derived elements come from both, the larval and
adult diets (Boggs, 1997; O’Brien et al., 2002, 2004). All
else being equal, limited availability of one of the ele-
ments required to produce viable eggs may functionally
constrain (e.g., Schwenk, 2002) either fecundity (if egg
size and composition are kept constant), egg size (if egg
composition and number have to be maintained), or egg
size and composition (if the prevailing selection is for
fecundity). Therefore under the assumptions that : 1-
maximizing fecundity is important, and 2- eggs need con-
stant element ratios for physiological reasons (or for other
reasons, including protection against environmental fac-
tors), egg size variation might be constrained by the avail-
ability of N at pupation. If so, the need for “fixed propor-
tions” of the egg components should be revealed by a
relatively invariant, size-independent design of the eggs
within each species. Alternatively, in butterflies, variation
in egg size across individuals and species is predicted to
co-vary along with changes in the egg composition to
buffer variation in the amount of nitrogen accumulated by
the larvae. While the size of butterfly eggs varies broadly
within and across species (e.g., Wiklund & Persson,
1983; Nakasuji & Kimura, 1984; García-Barros, 2000;
Fischer & Fiedler, 2001), few studies have focused on the
elemental compositions of butterfly eggs (Fisher et al.,
2004; O’Brien et al., 2004); nothing is known about the
way in which the egg components are distributed between
larval soma and the egg shell.

The aim of the present study is to assess the scaling
relations of the egg components (dry matter, water,
carbon and nitrogen contents) to total egg weight, as well
as to determine how these relate to the neonate composi-
tion within and across-species, under near natural condi-
tions for each species. The questions addressed are: (i) do
the eggs and newly hatched larvae of different species

have different elemental compositions and water
contents? And if so, is the variation explained by phylo-
genetic relatedness, or by ecological adaptation? (ii) Does
the egg composition scale isometrically or allometrically
to egg weight (and the larval elements to larval weight)
within and across species? And (iii), if scaling across spe-
cies is not isometric, what are the evolutionary conse-
quences in terms of reproductive effort relative to
maternal body size?

MATERIAL AND METHODS

Species, life histories, and sample collection

The species selected represent a taxonomically varied sample
of the European genera: Lasiommata megera (L., 1767),
Pararge aegeria (L., 1758), Coenonympha pamphilus (L.,
1758), C. glycerion (Borkhausen, 1788), Pyronia bathseba

(Fabricius, 1793), P. cecilia (Vallantin, 1894), Melanargia

lachesis (Hübner, 1790), Hipparchia alcyone (Dennis & Schif-
fermüller, 1775), H. semele (L., 1758), H. statilinus (Hufnagel,
1766), H. fidia (L., 1767), and Kanetisa circe (Fabricius, 1775).
Data on dry eggs of Melanargia russiae (Esper, 1783) and
Satyrus actaea (Esper, 1780) from independent studies were
incorporated for comparisons that did not require fresh egg
weight. All the species studied have oligophagous larvae and
use grasses (Grammineae) as host plants. However, they differ
ecologically in that P. aegeria, C. pamphilus and L. megera are
bi- or multivoltine, while the remaining species are univoltine.
P. cecilia, H. fidia and H. statilinus are markedly xerophilous,
while P. aegeria and C. glycerion are predominantly linked to
moist habitats in the study area. P. bathseba, M. lachesis and K.

circe drop their eggs among the vegetation instead of fixing
them to grasses, like most other satyrines. Summer diapause
occurs in the egg stage of P. bathseba and the first instar larvae
of Melanargia spp. Satyrus actaea aestivate as pharate larvae
within their egg shells.

All the insects originated from sites located within an area of
150 km around the city of Madrid (Spain). Female adults were
either raised from larvae in the laboratory, or collected in the
field as mating couples. The laboratory-reared larvae were pro-
vided with their local hosts (namely, Brachypodium spp., Stipa

spp., Poa spp. and Festuca spp.; details in Munguira et al.,
1997). When this was not possible, a standard mixture of Fes-

tuca rubra L., Poa annua, and P. pratensis L. was used, so that
the larvae had the choice to select for hosts. In order to stan-
dardise female weights, they were weighed one day after
mating. Since the effects of different temperature regimes on
egg-laying and adult feeding rates of most of these satyrines are
unknown, an effort was made to keep the ovipositing females
under the most natural possible conditions. Mated females were
kept in 1 l transparent individual jars under natural temperature
and photoperiod conditions, fed with a 30% sucrose water solu-
tion and provided with a tuft of grass to stimulate oviposition.
The daily egg production of each female was divided into two
sub-equal subsets, both of which were weighed to the nearest
0.001 mg. One subset was frozen overnight (–30°C), desiccated
(60°C for 72 h) and then re-weighed to determine dry weight.
The remaining subset was allowed to develop until eclosion
(23°C, photoperiod 16L : 8D), when the newly hatched larvae
were treated as described for the eggs. The results from the daily
subsets of eggs and larvae for each female were pooled. Ele-
mental analyses of individual offspring or daily subsets were not
possible because their dry weights were well below those
required for elemental analyses (ca. 1.9 mg). Once pooled and
homogenised, the egg and hatchling samples were again desic-
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cated to constant weight and analysed by instantaneous dynamic
combustion using an Elemental Perkin-Elmer 2400 Analyser.
Given the small mass of an egg shell, its elemental composition
was determined directly in only six species for which very large
numbers of empty egg shells were available.

General statistical treatment

Unless otherwise stated, all the data analysed are weights in
mg, transformed to their decimal logarithms. The total carbon
and nitrogen contents were calculated from the percentage com-
position and sample dry weight. The variable names are abbre-
viated as: f = fresh weight, d = dry weight, w = water content, C
= carbon and N = nitrogen content, followed by the subscripts E

= egg, L = neonate larva and S = egg shell. Throughout the text,
means are given ± 1 S.D. The potential specificity of each egg
and larval trait was tested by ANOVA with species codes as the
classification factor. Although this allows for a test of the gen-
eral effects of the factor on each variable, several series of pair-
wise post-hoc tests are required to check for between-species
differences in all traits. Therefore, to estimate the classificatory
power of the variables (controlling for the general effects of egg
size), a forward stepwise discriminant analysis was applied to
the regressions’ residuals for each variable on fresh egg weight.
This is adequate for determining the explanatory power that an a
priori classification factor (such as taxonomy) has on a set of
interrelated quantitative variables (e.g., Johnson & Wichern,
2002). The patterns of overall species similarity were deter-
mined by means of UPGMA agglomerative clustering based on
Euclidean distances. Since all the variables were strongly corre-
lated with egg size, cluster analysis was repeated using the
residuals of the regressions of each variable on fE. Pairwise com-
parisons between variables while controlling for the effects of a
third factor (generally fE), as well as the tests for the differences
between the slopes of the linear regressions of two dependent
variables, were evaluated using ANCOVA.

Comparative analyses

To override phylogenetic interdependence in the species
means, inter-specific comparisons were performed on inde-
pendent contrasts (Felsenstein, 1985; see Harvey & Pagel, 1991;
Starck, 1998). These were calculated using the program CON-

TRAST (Felsenstein, 2004); regressions of these values were
forced through the origin (Felsenstein, 1985, 2004). The phylo-
genetic approach of Martin et al. (2000) was adopted after slight
adaptation for the species studied, which involved substituting
co-generic species for four species in the original cladogram
(two Coenonympha, one Pyronia and one Hipparchia). Branch
lengths (necessary to estimate the contrasts) were calculated
using DNAML (Felsenstein, 2004) and the nucleotide sequences
reported by Martin et al. (2000). For those branches leading to
the substituted species, the lengths were set to the average dis-
tances between the closest pair of co-generic species in the ref-
erence cladogram. This option was more realistic than setting all
lengths to the same value, as the method of independent con-
trasts is robust in terms of branch length accuracy (Martins &
Garland, 1991). An attempt was made to detect correlations
between the egg and larval composition variables and several
life history or environmental factors, i.e.: 1 – voltinism
(univoltine/multivoltine), 2 – xerophily (hygrophilous/xerophi-
lous), 3 – egg laying mode (eggs fixed/eggs dropped), 4 –
summer diapause in the egg stage, 5 – diapause in the first instar
larval stage, 6 – number of days spent in the egg stage under
natural conditions (modal value), 7 – adult female weight and 8
– female fecundity. These egg and larval variables were used to
estimate the independent contrasts, except that variables 1 to 5
were coded as categorical (which resulted in a lower number of
contrasts). All the contrasts were first regressed on the fresh egg
contrasts and the residuals saved (these should be independent
of the effects of overall egg size). The residuals were then ana-
lysed by forward stepwise regression using the GRM (General
Regression Models) module in Statistica (Statsoft, 2004), which
allows the combination of continuous and categorical variables.

RESULTS

Specificity and similarity of the egg and neonate

composition

The egg and neonate composition data are shown in
Tables 1–2. The C : N ratios were lower for larvae than
for eggs, and for egg chorions than egg contents (Table
2). The factor “species” had a significant effect on all
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——377.79***278.33***274.63***312.16***—F11,152

173.7 ± 96.9106.8 ± 12.20.14 ± 0.010.46 ± 0.050.20 ± 0.020.64 ± 0.0624 (775)M. lachesis

665.6 ± 223.2292.1 ± 25.60.07 ± 0.010.24 ± 0.020.11 ± 0.010.34 ± 0.039 (464)K. circe

588.4 ± 167.3148.3 ± 39.30.05 ± 0.010.19 ± 0.020.07 ± 0.010.26 ± 0.0213 (612)H. statilinus

217.7 ± 98.1165.4 ± 31.80.21 ± 0.030.68 ± 0.080.24 ± 0.030.95 ± 0.1110 (369)H. fidia

365.6 ± 156.5204.4 ± 8.50.14 ± 0.010.52 ± 0.030.17 ± 0.010.67 ± 0.0410 (284)H. alcyone

536.6 ± 91.8139.6 ± 26.80.05 ± 0.010.21 ± 0.030.08 ± 0.010.30 ± 0.0415 (550)H. semele

198.1 ± 31.235.2 ± 8.80.05 ± 0.010.19 ± 0.020.07 ± 0.010.26 ± 0.0322 (782)C. pamphilus

102.3 ± 64.552.8 ± 6.10.09 ± 0.010.36 ± 0.040.13 ± 0.020.59 ± 0.0711 (348)C. glycerion

188.8 ± 64.863.0 ± 5.70.07 ± 0.010.23 ± 0.010.09 ± 0.010.25 ± 0.0210 (509)P. bathseba

412.0 ± 217.853.7 ± 4.80.03 ± 0.010.08 ± 0.010.05 ± 0.010.13 ± 0.0112 (699)P. cecilia

169.2 ± 53.354.3 ± 9.70.08 ± 0.010.37 ± 0.050.10 ± 0.020.52 ± 0.095 (166)L. megera

134.5 ± 28.251.1 ± 21.80.05 ± 0.010.31 ± 0.040.08 ± 0.010.40 ± 0.0511 (378)P. aegeria

fecundityweight (mg)dry weightfresh weightdry weightfresh weight

Adult femalesLarvaeEggs
n (n’)Species

TABLE 1. Mean fresh and dry weights of the eggs, larvae and females and realised fecundities (± 1 s.d.). n = number of individuals;
n’= total number of eggs. The figures in the last row are the F scores of a one-way ANOVAs on the egg and larval data with the spe-
cies identity as the test variable (log transformed values; *** = P < 0.001)



variables when these were compared as percentages of
the total fresh or dry weight. Since it was not a priori
known whether or not percentages (simple ratios) were
suitable for comparison (because of the possibility of
allometry), ANCOVA analyses of the egg variables (with
fE as the covariate) and of the larval variables (with fL as
covariate) were performed; the effects remained signifi-
cant (Table 3). Thus all traits tended to be specific fea-

tures, although this does not mean that every trait differed
between each pair of species. The discriminant analysis
based on residuals (thus excluding fE and its main effect
in the other traits) was useful to summarise the main rela-
tions: the first two factors explained 82.4% of the varia-
tion ( 2 = 86.99, 21 d.f., P < 0.0001), with the first
discriminant function being primarily associated with Ce,
CL, dE and dL, and the second with NE, dE and CE, (Fig. 1).
This combination successfully classified 92% of the
cases, although less than 90% (55% to 86%) for L.

megera, H. fidia, H. statilinus and K. circe.

Phylogeny and ecology as potential explanations for

the egg and larval features

The species overall similarity based on the mean egg
and neonate values for all variables, as well as that
derived from the residual (size-independent) values, were
inconsistent with the phylogenetic hypothesis (Fig. 2; the
Spearman rank correlations between each distance matrix
and that inferred from molecular data were, respectively
rs = –0.11, P = 0.36, and rs = 0.01, P = 0.94).

The stepwise regression of the contrasts from the envi-
ronmental or biological variables on egg and neonate fea-
tures (after controlling for the effects of fresh egg weight)
produced no significant results for the duration of the egg
stage, pattern of voltinism, diapause in the first larval
instar, fecundity and female weight (none of the offspring
features was selected for the model). Just three other vari-
ables were explained by at least one egg or larval trait:
xeric/moist habitat was related to high egg C : N ratios
(highest ratios in most xeric species, r = 0.64, P < 0.05, 9
d.f.), presence of diapause in the egg stage with NL (r =
0.92, P < 0.01, 5 d.f.; the relationship with NE was posi-
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———92.2***71.76***69.08***63.62***2.86**83.74***F11, 152

5.1611.852.1——————M. russiae

3.8714.748.64.50 ± 0.0111.9 ± 0.148.0 ± 0.16.39 ± 0.219.3 ± 0.353.4 ± 0.3S. actaea

4.4613.3518.66 ± 0.107.7 ± 0.356.9 ± 1.18.94 ± 0.097.6 ± 0.357.8 ± 0.5M. lachesis

4.1614.250.66.89 ± 0.169.3 ± 0.654.6 ± 1.18.49 ± 0.137.9 ± 0.357.4 ± 1.1K. circe

5.6910.852.85.48 ± 0.138.9 ± 0.254.5 ± 0.88.89 ± 0.117.3 ± 0.155.9 ± 0.9H. statilinus

4.90 ± 0.1212.3 ± 0.351.6 ± 0.18.65 ± 0.157.8 ± 0.757.2 ± 1.310.03 ± 0.136.8 ± 0.458.4 ± 0.3H. fidia

4.49 ± 0.0412.9 ± 0.149.8 ± 0.17.12 ± 0.158.9 ± 0.254.4 ± 0.68.55 ± 0.137.5 ± 0.254.9 ± 1.4H. alcyone

4.8811.548.37.10 ± 0.1410.9 ± 0.651.4 ± 2.27.99 ± 0.118.1 ± 0.655.2 ± 1.4H. semele

———8.31 ± 0.117.9 ± 0.656.1 ± 1.19.54 ± 0.097.1 ± 0.357.8 ± 0.9C. pamphilus

———5.38 ± 0.1510.6 ± 0.848.4 ± 0.97.08 ± 0.128.4 ± 0.351.2 ± 0.7C. glycerion

———6.38 ± 0.159.9 ± 0.554.1 ± 1.17.66 ± 0.138.8 ± 0.557.3 ± 0.9P. bathseba

———6.82 ± 0.149.4 ± 0.754.9 ± 1.49.28 ± 0.127.3 ± 0.657.9 ± 1.1P. cecilia

———5.74 ± 0.1910.3 ± 0.350.8 ± 0.37.46 ± 0.168.3 ± 0.153.0 ± 0.1L. megera

———5.16 ± 0.1510.9 ± 0.448.3 ± 1.67.29 ± 0.128.3 ± 0.252.0 ± 0.5P. aegeria

C : N ratio%N%CC : N ratio%N%CC : N ratio%N%C

Egg shellLarvaWhole egg 
Species

TABLE 2. Mean C and N contents (% of dry weight) and average C : N ratios for the eggs, neonate larvae and egg shells. Whole
egg and larval sample sizes are as in Table 1 except for S. actaea (n = 2). The egg shell C and N percentages are from pooled egg
shell samples collected from a large number of empty egg shells from independent specimens (n = 1, except for H. alcyone and H.

fidia where n = 2). Last row is of the F values of a one-way ANOVA of each variable with species as the independent variable (** =
P < 0.001, *** =  P < 0.0001).

Fig. 1. Plot of the canonical scores of the two first functions
obtained from forward stepwise discriminant analysis. The input
data were the residuals of regressions of each variable on egg
weight; hence the results can be interpreted as independent of
egg size.



tive but not significant, partial r = 0.63, P > 0.05) and egg
dropping with NE and CL (partial correlations, respec-
tively r = 0.98 and r = 0.92, both P < 0.01; whole model
regression r = 0.99, P < 0.001, 7 d.f.).

Intra-specific allometry

Within each species, all the variables were highly and
significantly correlated to fE (Table 4; as expected, the
weights of the total C and N contents were highly corre-
lated with the weight of dry matter, and are not presented
for simplicity). fL was related to fE with slopes of between
0.5 and 1.2. In P. bathseba and C. pamphilus dE scaled to
fE with slopes significantly below 1.00, implying that
comparatively more water is invested in the largest eggs
of these species. The extent of the egg size-dependent
variation in the amount of water invested per neonate

larva and in the ratio of egg shell to dry larval weight can
be deduced from Table 4. Since the non-larval proportion
of egg dry matter is largely the chorion weight, the slope
of dry larval weight to dry egg weight of significantly less
than 1.00 in two species indicates a positive allometric
investment in the egg shell. Similarly, the proportion of
dry matter to fresh larval weight was proportionally lower
in the largest larvae of just one species, i.e. M. lachesis.

N scaled with C with exponents close to 1.00 in the
eggs and larvae of most of the species (Table 5).

Inter-specific allometry

Correlations based on the independent contrasts demon-
strated a strong association between each trait and fE

(Table 6, Fig. 3). ANCOVA tests for the between-stage
differences in the slopes relative to fresh egg weight
showed no significant differences for dry weight (F1, 18 =
0.23, P = 0.63), C content (F1, 18 = 0.21, P = 0.66) and N
content (F1, 18 = 0.01, P = 0.97), hence the egg data rea-
sonably represented the proportion of C, N and dry
weight invested in neonates. In terms of egg mass, the
average fecundity represented 113% of the female fresh
body weight and the dry weight of the egg contents from
21 to 40% of female’s weight. The total investment in
fresh egg weight was nearly isometric with female weight
(slope = 0.95, r = 0.98, P < 0.00001, n = 11) across inde-
pendent contrasts, as well as on the basis of the log-
transformed species data means (r = 0.98, P < 0.00001, n
= 12; regression equation: log(egg mass) = –0.517 +

563

F = 21.57F = 28.35NL

F = 32.23F = 22.85CL

F = 40.43F = 839.9NE

F = 106.78F = 6219.5CE

F = 17.25F = 23.39dS

F = 20.91F = 31.95dL(B) Covariate = dE

F = 23.9F = 189.12fL

F = 91.7F = 247.55dE(A) Covariate = fE

Species,
d.f. = 11

Covariate,
d.f. = 1

Variable

TABLE 3. Summary of the results from a series of one-way
independent ANCOVAs of the weights to determine whether
there are significant inter-specific differences in the egg and
larval variables, after controlling for general size effects. “Spe-
cies” was the independent variable in all instances. In analysis
(A), dE and fL were tested with fresh egg weight (fE) as the
covariable. In analysis (B), dL, dS, CE, NE, CL and NL were the
response variables and dry egg weight (dE) the covariable. The
F values shown denote the effects of the covariable and the
remaining effect of each test variable. All F values were signifi-
cant at P < 0.00001; sample sizes (n) as in Table 1.

Fig. 2. A = Phylogenetic relations among the species
analysed, adapted from Martin et al. (2000). B, C = Overall
similarity of the species based on the composition of the egg
and first instar larva (Euclidean distances, UPGMA procedure,
data from Tables 1 and 2). B = based on the log-transformed
values of all the variables, C = general egg size effects excluded
(based on the residuals of regressions of each variable on egg
weight). Species symbols as in Fig. 1. Branch lengths are arbi-
trary non-metric units.

Fig. 3. Inter-specific scaling of dry matter content and abso-
lute water content to fresh egg weight, based on independent
contrasts (statistics in Table 6).



0.980·log(female weight). The slope of accumulated N
content relative to female weight was steeper than that for
C content (F2,18 = 23.47, P < 0.0001; Fig. 4).

DISCUSSION AND CONCLUSIONS

The elemental composition of satyrine eggs is broadly
similar to that reported for a few other Lepidoptera, and
the C : N ratios conform to those of five nymphalid and
pierid butterflies (Chauvin & Vannier, 1997; Fischer et
al., 2004; O’Brien et al., 2004). Within these ranges, the
absolute and relative egg and neonate compositions are
highly species-specific. This is especially meaningful
given that rearing conditions during the larval stage and
temperatures during oviposition were not standardised.
This may of course raise some criticism concerning one
part of the results (for instance, temperature is known to
affect egg size: Fischer et al., 2003). Accordingly, the
interpretation of the results has to be conservative. Even
so, species with different ecologies and adult flight
periods are likely to have different optima for reproduc-
tion, the reason why this experimental design was
adopted.
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F12, 140 =  5.14***F12, 140 =  4.67***F12 ,140 = 16.18 ***F12, 140 = 4.44 ***F12, 140 = 23.04 ***Overall

 (0.74 ***)  0.56 a(0.70 **)  0.51 a(0.74 ***)0.89(0.72 ***)0.63(0.96 ***)1.10M. lachesis

(0.80 *)0.84(0.54 ns)—(0.84 **)0.72(0.55 ns)—(0.72 ns)—K. circe

(0.80 *)0.93(0.52 ns)—(0.87 ***)0.90(0.81 **)0.88(0.72 *)0.68H. fidia

(0.61 ns)—(0.51*)0.89(0.93 ***)1.17(0.36 ns)—(0.84 ***)0.95H. statilinus

(0.50 ns)—(0.26 ns)—(0.68 **)0.91(0.73 **)  0.47 a(0.71 **)0.68H. semele

(0.59 ns)—(0.85 **)0.86(0.78 *)0.80(0.55 ns)—(0.86 **)0.80H. alcyone

(0.16 ns)—(0.33 ns)—(0.50 *)  0.54 a(0.10 ns)—(0.80 ***)  0.75 aC. pamphilus

(0.28 ns)—(0.81*)0.72(0.79 **)  0.64 a(0.50 ns)—(0.78 **)0.84C. glycerion

(0.75 *)  0.53 a(0.72 ns)—(0.95 ***)  0.63 a(0.71 **)0.41(0.91***)  0.67 aP. bathseba

(0.59 ns)—(0.58 ns)—(0.80 **)1.04(0.56 ns)—(0.87 ***)0.97P. cecilia

(0.82 ns)—(0.96 **)0.85(0.99 ***)0.95(0.99 ***)0.83(0.81 ns)—L. megera

(0.11 ns)—(0.39 ns)—(0.92 ***)0.95(0.26 ns)—(0.65 ns)—P. aegeria

(r)b(r)b(r)b(r)b(r)bSpecies

dEfLfEfEfEPredictor:

dLdLfLdLdEDependent:

TABLE 4. Intra-specific scaling relations of dry egg weight, dry larval weight and fresh larval weight to fresh egg weight, and of
dry larval weight to both, fresh larval and dry egg weights. Only the correlations (r) and values of the slopes (b) are given (slopes
from non-significant regressions not presented). a = The 95% confidence limits of the slope do not include b = 1.00. The Bonferroni
correction for multiple independent tests was applied to each independent within-species test. The overall effects for the pooled data
(test for within-species level in hierarchically nested regression) are given in the last row. * = P < 0.05, ** = P < 0.01, *** = P <
0.001, ns = P > 0.05. Sample sizes as in Table 1.

F12, 140 = 24.12***F12 ,140 = 52.53***Overall

(0.89 ***)1.01(0.96 ***)1.07M. lachesis

(0.79 **)0.81(0.94 ***)1.08K. circe

(0.61 ns)—(0.94 ***)1.26H. fidia

(0.98 ***)0.96(0.97 ***)0.97H. statilinus

(0.62 *)0.80(0.91 ***)1.09H. semele

(0.92 ***)1.10(0.75 *)0.94H. alcyone

(0.85 ***)0.96(0.88 ***)0.88C. pamphilus

(0.70 *)1.07(0.98 ***)0.92C. glycerion

(0.10 ns)—(0.44 ns)—P. bathseba

(0.64 *)0.66(0.64 *)0.95P. cecilia

(0.99 ***)0.93(0.99 ***)0.96L. megera

(0.85 **)0.74(0.93 ***)0.98P. aegeria

(r)b(r)b

NL on CLNE on CE

Regression

Species

TABLE 5. Intra-specific scaling relations between total C and
N contents of the eggs and the newly hatched larvae. Slope (b)
and correlation (r) from regressions of log-transformed total
weights of N on that of C in the eggs and larvae. The 95% con-
fidence limits of the slope include 1.00 in all instances, indi-
cating that isometry cannot be discarded in these two life stages.
* = P < 0.05, ** = P < 0.01, *** = P < 0.001, ns = P > 0.05
(levels of significance adjusted by using the Bonferroni correc-
tion for multiple independent comparisons). Overall effects on
the pooled data (test for the within-species level) are presented
in the last row. Sample sizes are as in Table 1.

(0.97 ***)0.03Larval N content (NL)

(0.95 ***)0.03Egg N content (NE)

(0.95 ***)0.18Larval C content (CL)

(0.97 ***)0.19Egg C content (CE)

(0.97 ***)0.30Dry larval weight (dL)

(0.98 ***)0.33Dry egg weight (dE)

(0.98 ***)0.83Larval weight (fL)

(r)Slope

Regression of fE

Dependent variable

TABLE 6. Inter-specific relations between egg weight (fE) and
other variables, based on independent contrasts and regression
through the origin. (*** = P < 0.001).



The similarities across species have no obvious phylo-
genetic explanation, which might be explained by fast
rates of evolution associated with ecological adaptation.
In fact, some characteristics of the habitat are likely to
have selected for egg size or fecundity in European satyr-
ines (Karlsson & Wiklund, 2005). However, the evidence
concerning the egg or neonate larval features in this study
is poor, and restricted to three features: 1 – xeric species
lay eggs with comparatively high C : N ratios, 2 – neo-
nate larvae of species that undergo diapause in the egg
stage have comparatively more nitrogen, and 3 – species
whose females drop the eggs invest proportionally more
nitrogen per egg, and more carbon per mg of larval
weight. Due to the small number of species investigated,
only the third correlation was relatively robust. Moreover,
the interpretation of these results is not straightforward.
Insect eggs are reservoirs of lipoproteins, and proteins
account for ca. 95% of the egg dry mass in Lepidoptera
(Fehrenbach, 2003). A high C content may well represent
high investment in energy-storage lipo-proteins in insect
eggs (Cunningham et al., 2001; Forte et al., 2002), but
since the larval exoskeleton is rich in chitin (a polysac-
charide) the shift in C : N ratio between eggs and larvae
may only indicate structural differences.

High C : N ratios in the xerophylic species suggest
some degree of physiological adaptation to water loss, a
predictable effect of dry habitats. Karlsson & Wiklund
(1985) described species-specific patterns of egg resis-
tance to desiccation in Swedish satyrines, which fitted the
typical species habitats (eggs of species associated with
moist habitats survived worst in dry conditions). Among
the species studied, the most extreme xerophilous (e.g.,
H. fidia, H. statilinus, P. cecilia) differ by an almost ten-
fold variation in egg weight and do not have particularly
thick chorions (García-Barros, 1994; García-Barros &
Martín, 1995). Fruit fly larvae from an experimental
population selected for resistance to desiccation tended to
store energy predominantly as glycogen, which is associ-
ated with water, rather than lipids (Chippendale et al.,

1998; Djawdan et al., 1998; a short review is given by
Williams et al., 2005), which would lead to a C : N
increase comparable to the one reported here. Since there
were no other differences e.g., in the dry egg or larval
weights, which would denote different proportions of
water, it is likely that adaptation to dehydration in the egg
stage, normally lasting less than one month in the species
studied, is achieved by means of physiological rather than
morphological specialisation.

The simplest explanation for the association between a
high larval N content and egg diapause is that excreted N
accumulated in neonate larvae. Most products of embry-
onic metabolism are probably present in neonate larvae:
late stage embryos ingest the remains of embryonic mem-
branes and yolk (Kobayashi et al., 2003); during and after
eclosion, the neonates eat part of the chorion. However, it
is not clear why the content of nitrogen in excreta should
be the lowest in eggs with direct development (diapause
is certainly long lasting, but the metabolic activity is
lower). Moreover, a similar relationship (positive,
although non significant) was found between egg dia-
pause and the relative amount of nitrogen in the eggs.
Thus, a more complex hypothesis, e.g., a higher nitrogen
investment in larval structures, should not be completely
discounted.

 Finally, the differences found in the egg-dropping spe-
cies might reflect structural differences. The chorion of
several egg dropping satyrines has a thick lamellar layer
(endochorion, or C3 layer: Hinton, 1981; Fehrenbach,
2003), which is also present in the non egg-dropping
Satyrus spp. (García-Barros & Martín, 1995; Jutzeler &
De Bros, 1996). This layer contains a high concentration
of structural proteins (Fehrenbach, 2003 and references
therein), which might function as a passive defence. This
would imply an adaptive investment of nitrogen in non-
larval structures. In fact, the egg chorion contains higher
proportions of nitrogen than the eggs and larvae (perhaps
not surprisingly, newly hatched caterpillars of most Lepi-
doptera eat the egg shell immediately after eclosion). This
is not an expensive investment when a comparatively
light egg shell is produced, but it should be noted that the
average egg shell accounts for 27.6% of the egg dry
matter in the species analysed (estimated from the differ-
ence between the egg and larval dry weights in Table 1).
Further work is required to assess the role of the various
materials in the shell, as well as to determine their pos-
sible physiological costs for the female.

The within-species scaling relations are of interest since
neonate larval size is often correlated with first instar
larval survival within species of Lepidoptera (Nakasuji &
Kimura, 1984; Torres-Vila & Rodríguez-Molina, 2002),
but the reasons for this are not clear. Satyrine neonate
larval size scales with egg size in an either allometric or
nearly isometric mode, depending on the species. The
same holds for the relationship between neonatal weight
and egg weight: although egg size is correlated with neo-
nate size, the larvae hatching from larger eggs were pro-
portionally heavier than those from small eggs in some
species, while no evidence for this was found in other
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Fig. 4. Inter-specific scaling of total C and N contents to
female body weight, based on a set of 11 independent contrasts.
C – dots and solid line (slope = 0.87, r = 0.89, P < 0.0001), N –
squares and dashed line (slope = 0.63, r = 0.91, P < 0.0001).



species. Accordingly, neonatal size might determine first
instar larval fitness indirectly, to different degrees in each
species (depending on the specific scaling of the key ele-
ment to egg weight). This may explain those cases where
there is no relationship between neonate size and survival
(cf. Karlsson & Wiklund, 1984, 1985).

There is a roughly isometric relationship between the C
and N contents of the eggs and larvae of the species stud-
ied, thus simple C : N ratios can be regarded as broadly
size-independent and can be used in comparative studies.
Because such ratios tend to be species-specific and inde-
pendent of egg size, it follows that they must be important
for functional reasons. One consequence is that, when
either C or N supplies are limited, there should be a pro-
portional reduction in the other component. This deserves
further study in butterflies, where the sources of intra-
specific variation in egg size include maternal age (Wik-
lund & Persson, 1983; Wiklund & Karlsson, 1984; Karls-
son, 1987;  Roff, 2002; Boggs, 2003) and environmen-
tally induced plasticity (Nakasuji & Kimura, 1984; Fox &
Czesak, 2000; Fischer & Fiedler, 2001). For instance,
female-age dependent reduction in egg weight should
result from a depletion in the nitrogen resources rather
than in hydrocarbons (the former are not replenished by
adult feeding: Wheeler, 1996; Boggs, 1997, 2003;
O’Brien et al., 2002, 2004). Thus in butterflies, the size of
the eggs should decrease as one of the two nutrients
becomes scarce, rather than show a shift in the C : N ratio
(as reported for parasitic wasps: Rivero et al., 2001;
Giron & Casas, 2003; cf. Fischer et al., 2004, and
O’Brien et al., 2004 for butterflies). For similar reasons,
differential survival of comparatively larger eggs is more
likely to be due to the relative investments in water, dry
weight, or egg shell mass rather than fresh egg weight (as
suggested by Fischer et al., 2003) or the C : N ratio.

Across-species analyses demonstrated a non-isometric
scaling of C to N content in the eggs and neonate larvae,
as well as an increasing ratio of water content to dry
weight with increase in egg size. Unlike within-species,
the proportional investment in nitrogen increased with
adult body size. It is concluded that: (1) egg size and egg
elemental composition have rarely evolved independently
of each other, unless other life traits (e.g., adult size,
feeding ecology) were modified; (2) in agreement with
the assumption that the nitrogen reserves are far less
flexible than those of carbon, the total nitrogen invest-
ment associated with increase in egg size is comparatively
conservative; (3) selection for reduced egg size should
not only result in a lower absolute amount of N invested
per egg, but also in a higher proportion of N (i.e., a lower
C : N ratio) in the egg; and (4) females of the largest spe-
cies appear to invest comparatively higher relative
amounts of amino acids into their offspring.

Frequently, measures of the reproductive effort of ani-
mals scale to body weight hyperallometrically (slope >
1.0) within species, and hypoallometrically (slope < 1.0)
between species (Koztowski et al., 2003). It is thus sur-
prising that the inter-specific relationship between these
traits was nearly isometric in satyrines, revealing an asso-

ciation between large body size and enhanced fecundity.
This is consistent with evidence from comparative studies
based on a broad taxonomic selection of butterfly species
(García-Barros, 2000). Interestingly, if the results can be
interpreted as evolutionary base-lines, then the trend
towards decreasing egg size coupled to constant adult size
would indicate that smaller eggs should be supplied with
a higher proportion of nitrogen compounds. This
hypothesis provides an adaptive explanation for small egg
size.

In comparison to other life stages, the evolutionary
interpretation of the features of eggs is complicated by the
composite (maternal plus offspring) nature of the selec-
tion acting on egg characters (Rose & Bradley, 1998; Fox
& Czesak, 2000). However, the results indicate that fur-
ther insights into insect reproductive strategies would
greatly benefit from more data on the most simple aspects
of the composition of eggs and first instar larvae.
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