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Abstract. Although the effects of host plant quality on the performance of polyphagous herbivores are largely uniform across insect
taxa, there are various exceptions to this rule. In particular, there are scattered reports of cases in which the relative quality of dif-
ferent hosts differs among larval instars of a single insect species. Such cases are explained either in terms of differences in the sus-
ceptibility of different aged larvae to plant defences or, alternatively, age-specific nutritional demands. Here we report the results of
experiments that show that young larvae of the polyphagous common heath moth Ematurga atomaria (Lepidoptera: Geometridae)
consistently attain higher weights on common heather Calluna vulgaris than bilberry Vaccinium myrtillus, whereas the rank order of
these host plants is reversed in the final larval instar. Phytochemical analyses showed that differences in nutrient content of these
plants are not likely to explain the observed pattern. Instead, the results are more consistent with the idea that the greater chemical
defence of bilberry has a relatively stronger influence on young than old larvae.

INTRODUCTION

Despite the largely uniform effects of various plant
traits on herbivore performance (Scriber & Slansky,
1981; Price, 1997; Chown & Nicolson, 2004; Schoon-
hoven et al., 2007), the relative quality of a particular host
may sometimes still be different for differently aged
larvae of the same insect species. In other words, young
larvae may perform better on host A than on host B while
the situation could be the opposite for old larvae. For-
mally speaking, in such a case we are faced with a larval
age by host quality interaction (age*host, hereafter) for
herbivore performance. Documented examples of this in
moths include Mnesampela privata feeding on various
Eucalyptus species (Steinbauer & Matsuki, 2004), Orgyia
leucostigma feeding on balsam fir foliage of different
ages (Johns et al., 2009) and Thaumetopoea pityocampa
on various species of Pinus (Hodar et al., 2002). In more
general terms, these results are supported by the frequent
observation that the final larval instars of various insects
are able to thrive on a wider array of host plant species
than their younger conspecifics (Schoonhoven et al.,
2007).

When looking for proximate explanations for such
age*host interactions, it is reasonable to assume that
nutritional requirements (primarily, in terms of nitrogen
and carbon content) of larvae may change as they age. In
particular, Bernays & Chapman (1994) propose (the onto-
genetic hypothesis sensu Pinault et al., 2009) that during
their early stages, larvae primarily need nitrogen
(protein), but in the later stages carbohydrates are more
essential because of the energy required for metamor-
phosis and adult life. Indeed, Stockhoff (1993) confirms
this prediction for Lymantria dispar: proceeding from

early to late instars, feeding preference of the larvae shifts
away from high protein food. Consistently, Joseph et al.
(1993) found that neonate larvae of this species grew
faster on a high nitrogen diet whereas fourth instar larvae
performed better on a diet with low nitrogen levels. A
similar result is reported by Hodar et al. (2002) who
found that the survival of first-instar larvae of Thaumeto-
poea pityocampa is poorer than that of late instar larvae
fed low-nitrogen food. To our knowledge, there is no
empirical evidence of a pattern opposite to the one pre-
dicted by the ontogenetic hypothesis.

In addition to the age-dependent nutrient demand
hypothesis, a moderate number of studies support the idea
that young larvae are more susceptible to the chemical
defences of their host plants (secondary metabolites such
as terpenoids, phenols etc.). In particular, substances pro-
posed to differentially affect larvae of different ages
include phenolic glycosides (Lindroth & Bloomer, 1991)
and oils (Steinbauer & Matsuki, 2004). Moreover, there is
a possibility of interactions between the effects of nutri-
ents and defensive chemicals. For example, Behmer et al.
(2002) report that tannic acid has a stronger deterrent
effect when food contains a large excess of carbohydrates
relative to protein, whereas locusts tolerated relatively
large amounts of tannic acid in protein-rich diets. As the
concentrations of both protein and carbohydrate in plant
tissues typically change in the course of a season (Stamp
& Bowers, 1990; Riipi et al., 2002), it is justified to pre-
sume that the effect of tannin as a determinant of diet
quality may vary in the course of larval development.

In brief, there is some evidence of interactions between
larval age and host quality in the herbivore growth per-
formance, as well as some reasonably well supported
causal hypotheses. Nevertheless, the empirical evidence
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still remains fragmentary both in terms of insect taxa
involved and host plant characteristics studied.

In the present paper, we report the results of a large-
scale laboratory experiment on FEmaturga atomaria,
which revealed a consistent age*host interaction deter-
mining the growth of the larvae of this geometrid moth.
To evaluate some of the possible causes, we performed
phytochemical analyses on the two host plants (bilberry
and heather) used and present results that conflict with the
ontogenetic hypothesis of Bernays & Chapman (1994):
bilberry, which contains more nitrogen is the superior
host for old but not young larvae. The results conform
more with the idea that young larvae are more susceptible
to plant defences: higher concentrations of tannins and
polyphenols were found in bilberry, the plant less suitable
for young larvae.

MATERIAL AND METHODS

Study species

This study was performed on the larvae of the common heath
moth, Ematurga atomaria L. (Lepidoptera: Geometridae), a
day-flying lepidopteran of about 2.6 cm in wing span. This
widespread and common species is found in various habitats
across Europe, but is particularly abundant on moors and heaths.
The highly polyphagous and colour-polymorphic larvae (Leraut,
2009; Sandre et al., 2013) are solitary and invariably go through
five instars (Vellau & Tammaru, 2012). In northern Europe, this
species is univoltine and larvae are present in July and August.
The larvae are external solitary feeders on leaves of their host
plants; the cryptic larvae tend to move very little and therefore it
is unlikely they actively switch between host individuals (pers.
observ. of the authors).

Host plants used in this study, common heather Calluna vul-
garis, L. and bilberry Vaccinium myrtillus, L. (both Ericaceae)
are dwarf shrubs abundant on moors and in woodlands in
Northern Europe. Both species are commonly used as hosts by
E. atomaria larvae in the study area (Porter, 1997).

Experimental design

The data on the growth of E. atomaria larvae come from a
rearing experiment in which the larvae were reared on two host
species in 2008 and 2009. In 2008, the offspring of 75 wild
caught females was randomly divided between two treatment
groups, with one group reared to pupation on bilberry V. myr-
tillus and the other on common heather C. vulgaris. The labora-
tory population in 2009 consisted of the offspring of the indi-
viduals reared in 2008: 13 males were each mated with one and
48 with two females, which resulted in a total of 109 broods.
Once again, the offspring of the resulting half-sib and full-sib
families were divided between the two host plants: 12 larvae
from each brood were reared on bilberry and three on heather.
These experiments were part of a quantitative genetics study of
body size and larval colouration the results of which have been
published or will be published separately (Sandre et al., 2013;
and in prep.).

The larvae (N = 325 in 2008, N = 1,428 in 2009) were reared
individually in transparent 50 ml plastic vials at 22°C and pro-
vided with fresh food ad libitum every three days. There were
about 4 to 7 leaves on the sections of shoots of V. myrtillus and
hundreds of leaves on those of C. vulgaris. The shoots were col-
lected at random so it is likely the larvae experienced a level of
variation in leaf quality comparable to that occurring in the
field. Larval mortality was relatively low (ca 18% in both years)
and not significantly different on the two host plants. The vials
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were randomised on rearing trays with respect to brood (off-
spring of a particular female) and host plant. For all larvae,
development times to the end of the fourth instar and duration of
the fifth instar were determined by inspecting the larvae daily.
The larvae were weighed at the end of the fourth instar just prior
to the last moult (Esperk & Tammaru, 2004) and the pupae
weighed and sexed.

Phytochemical analyses of host plants

The plants for phytochemical analyses (both species) were
collected on July 11 and August 3, 2011, and July 13, July 26
and August 6, 2012 from the same locations as the host plants
used for rearing the larvae in 2008 and 2009. Larvae of E.atom-
aria are in the early and late stages of their development in July
and August, respectively. As the chemical content of plants may
depend on weather, all sampling in both 2011 and 2012 was
done in similar weather conditions (cloudless sky, air tempera-
ture around 25°C). As the phytochemical studies were prompted
by the results of the analysis of larval growth they were done on
plants collected in years different from those in which the larvae
were reared (2008 and 2009). The possibility of variation in leaf
chemistry between years is well known (Krischik & Denno,
1983) and for V. myrtillus (Laine & Henttonen, 1993), in par-
ticular. However, by collecting data for two seasons we were
able to estimate between-year variation in phytochemistry and
so mitigate the problem of non-synchronous measurements on
larval performance and chemistry of the host plants.

At each sampling event, six whole plants of both species were
collected and the leaves randomly separated from the stalks in
the laboratory and then dried in the dark at 27°C for eight days.
Dry leaves were homogenised mechanically and then the con-
tent of nitrogen, carbon, polyphenols and tannins, i.e., com-
pounds that are known to have a major effect on larval perform-
ance, determined. Nitrogen and carbon concentrations were
measured using a 2400 Series II CHNS/O analyzer (PerkinEl-
mer, Waltham, MA, USA). The total tannin content was esti-
mated using the method of Price & Butler (1977) and total poly-
phenol content the method of Swain & Hillis (1959). Detailed
descriptions of analyses are available from the authors on
request.

Data analysis

Larval and pupal weights as well as development times were
analyzed separately for the two periods as we had data for the
development up to the end of the 4™ instar and for the 5" instar.
Respective mixed ANOVA models included two fixed factors
(host and sex) and two random effects: brood (i.e., the offspring
of a particular female) and brood*host interaction. The interac-
tion term was included in order to account for possible among-
brood differences in plant suitability and treat a brood (rather
than an individual) as an independent observation when testing
for the effect of the host. This was achieved by using the
Kenward-Roger method for estimating denominator degrees of
freedom (Kenward & Roger 1997).

Growth rate of the first four instars was calculated as (weight
at the end of fourth instar)'?/development time and that of the
fifth instar as (pupal weight)'® — (weight at the end of fourth
instar)'?)/development time. Given the data on growth allometry
of lepidopteran larvae (Tammaru & Esperk, 2007), this transfor-
mation can be used to linearize the growth trajectories, which is
desirable when comparing the growth of different instars.
Growth rates were analyzed using mixed ANOVA with three
fixed factors (sex, host and age). There were two records of
growth rate in this model (two ages: first four instars combined,
and last instar) for each individual, with the testing for an
age*host interaction the primary objective of this analysis. Iden-
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Fig. 1. Growth schedules of larvae fed on heather or bilberry.
Development time and body weight (averaged over both years)
are recorded at the end of the fourth (penultimate) instar and
after pupation. The slopes of the continuous and dashed lines
illustrate growth rates. Error bars indicate standard deviation.

tity of the larva was included in the model as a random factor in
order to account for repeated measurements on individual
larvae. Analyses were conducted using SAS ver 9.2 (SAS Insti-
tute, 2009).

The nitrogen, carbon, tannin and polyphenol contents of the
host plants for each species and whether sampled early or late in
the season were analyzed using a factorial ANOVA in STATIS-
TICA ver 10 for Windows (StatSoft, Inc., 2011).

RESULTS

Growth of larvae

Larvae fed on heather were consistently heavier at the
end of their fourth instar than those reared on bilberry
(the ratio of weights on the two plants was 1.06 in 2008
and 1.03 in 2009; Table 1). In contrast, the opposite was
recorded for pupal weights as the pupae of insects reared
on bilberry were 1.04 (2008) or 1.09 (2009) times
heavier. By way of illustration we present the statistical
results for each developmental stage or “age” (Table 1).
Consistently, a combined analysis of the two stages
(analogous to that in Table 3) revealed a highly signifi-
cant host*age interaction (p < 0.001, in both 2008 and
2009).

Development times were similar in both years (Fig. 1):
larvae took longer to develop up to the end of fourth
instar and in the last instar on heather and females took
longer to develop than males in both age classes (Table
2). In a combined analysis of the two developmental
stages, the respective host*age interaction was significant
(2008: p = 0.002; 2009: p < 0.001).

The response of females and males to the different host
plants were similar as in all the analyses of size and
development time, the sex*host interaction was signifi-
cant only once (pupal weight in 2009, Table 1) and even
then the effect was qualitatively consistent in the two
sexes (just slightly stronger in females). The weight of
fourth instar larvae was lower in 2008 (relative differ-
ences in yearly means 1.06 times for heather and 1.09 for
bilberry), perhaps because the rearing experiment started

TaBLE 1. Results of mixed ANOVAs of the effects of host plant and sex on the weights of E. atomaria reared on two host plants
(bilberry vs. heather). Brood (offspring of a particular female) and brood*host interaction were treated as random factors. The two

host plants had opposite effects on the two age classes (Fig. 1).

Final weight of fourth instar Pupal weight
Faar P Faar P
Host plant 6. 7628 0.012 11.42,5; <0.001
2008 Sex 48.07319 <0.001 181.81303 <0.001
Host plant*sex 0.28316 0.56 0.07292 0.79
Host plant 13971519 <0.001 140.53465 <0.001
2009 Sex 290.26, 341 <0.001 362.741 230 <0.001
Host plant*sex 0.291 336 0.59 9.751 200 0.002

TaBLE 2. Results of mixed ANOVAs of the effects of host plant and sex on the development times of larvae fed on bilberry or

heather, with brood and brood*host as random effects.

Time taken to reach the last instar

Time spent in the last instar

Fou P F P
Host plant 43.81¢s7 <0.001 2515623 <0.001
2008 Sex 16.96503 <0.001 79.69300 <0.001
Host*Sex 0.52255 0.47 0.7 7251 0.38
Host plant 37.635, <0.001 428.947 <0.001
2009 Sex 34.96 355 <0.001 209.5 33 <0.001
Host*Sex 0.161 350 0.69 0.061 315 0.81
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Fig. 2. Differences between the species and seasonal changes in the chemical composition in terms of nitrogen, carbon, tannins
and polyphenols recorded for heather and bilberry. Significant differences between plants are presented on the graphs; the only sig-
nificant temporal trend is discussed in Results. Y-axis is percentage of plant dry mass. Error bars indicate standard errors.

later that year (eggs hatched 13 to 18 June 2008 vs 5 to
10 June 2009), indicating the possibility of a phenological
change in host plant quality. Interestingly, the pupal
weights were greater in 2008 (relative differences were
1.07 for heather and 1.02 for bilberry).

Consistently, in both years there was a significant
age*host interaction for growth rates (Table 3) and indi-
viduals fed on bilberry generally had higher growth rates.
Ratios of the growth rates on the two plants were 1.07 for
first four instars vs 1.19 for the last instar in 2008, with
respective values being 1.03 and 1.39 in 2009, i.e., this
difference was more pronounced in the last instar.
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Plant parameters

Chemical composition of the plants and its changes
during the season differed slightly between 2011 and
2012; nevertheless, the results were reasonably consistent
in these two years (Fig. 2). In particular, the nitrogen con-
tent was higher (not significantly so in 2011) and carbon
content lower in bilberry than in heather and the content
of tannins was consistently higher in bilberry. The differ-
ences in the polyphenol content of the two plants were
small and inconsistent (Fig. 2).

Temporal trends in chemical composition of the plants
were weak (Fig. 2): there were no significant differences
between sampling dates in 2011 (p > 0.1 for all time*host



TaBLE 3. Results of mixed ANOVAs of the effects of host plant and larval age on growth rates of larvae reared on bilberry or
heather, with the identity of a larva included as a random factor to account for repeated measurements on a single individual. “Age”
had two levels in the analysis: first four instars combined and last instar.

Growth rates in 2008

Growth rates in 2009

Fo P Foi P
Age 1019,,, <0.001 6909374 <0.001
Host 88.7,,, <0.001 340.61374 <0.001
Sex 1152 0.0008 132037 0.003
Age*host 79832 0.005 207505 <0.001

interaction terms). In 2012, the only significant (Faer =
3.773, p = 0.038) time*host term was for tannin content

(Fig. 2).
DISCUSSION

We recorded a clear case of an age*host interaction,
which was consistent between years and sexes. In particu-
lar, at the end of their penultimate instar, the larvae of E.
atomaria fed on heather were heavier than those reared
on bilberry; whereas the reverse was the case when the
insects reached the pupal stage. Nevertheless, irrespective
of developmental stage, larvae fed on bilberry took less
time to complete their development. Bilberry was
undoubtedly the superior host for last instar larvae as
inferior host quality typically leads to both lower final
weight and prolonged development (Tammaru, 1998;
Awmack & Leather, 2002; Coley et al., 2006). For this
reason, the evidence is somewhat conflicting with respect
to the relative quality of the two hosts for young instar
larvae (higher weights associated with longer develop-
ment). Overall, however, it is indisputable that the
responses of growth parameters of the differently aged
larvae reared on the two host plants were different. In
particular, the growth rates of young larvae differed only
slightly on the two hosts whereas those of the last larval
stage differed considerable.

Our results cannot be easily explained in terms of the
ontogenetic hypothesis (Bernays & Chapman, 1994),
which ascribes the age*host interaction to the different
nutritional demands of differently aged larvae. Inconsis-
tent with the ontogenetic hypothesis, young larvae per-
formed relatively better on plants with low nitrogen
content as the period of developments of those reared on
bilberry was shorter than on heather (see Lahdesmaéki et
al., 1990, for a similar result). Moreover, following Ber-
nays & Chapman (1994), the difference in carbon content
of the two plants should have resulted in the older larvae
performing better on the more carbon rich heather, which
is the opposite of what we recorded. The seasonal trend in
carbon content was weak and very similar in both years
for both plants, and could not therefore have contributed
to the pattern. The slight phenological differences in phy-
tochemical parameters recorded in the present study (Fig.
2) are likely due to the dates on which the samples were
collected in the second half of summer. Indeed, in woody
plants, the changes in chemical composition of the leaves
are typically much more rapid at the beginning of a

season (see e.g. Osier et al., 2000; Riipi et al., 2004; Grip-
neberg et al., 2007 for studies on various trees, and Jalal
et al., 1982, and Laine & Henttonen, 1993 for some data
on V. myrtillus and C. vulgaris, respectively).

The results of our study are more consistent with the
possibility that differently aged larvae vary in their toler-
ance of the defensive compounds produced by plants
(Schoonhoven et al., 2007). Indeed, bilberry contained
significantly more tannins throughout the season. Tannins
are generally considered to be important feeding deter-
rents, even if the evidence is somewhat controversial
(Barbehenn & Constabel, 2011). As bilberry was shown
to be an inferior host for young larvae of E. atomaria, the
detected pattern may indicate a higher sensitivity of its
earlier life stages to plant defences. Similar results are
recorded for Malacosoma disstria by Lindroth &
Bloomer (1991): phenolic glycosides are more effective
at delaying the development of young than old larvae.

The correlative data we have is not suitable for une-
quivocally identifying the causal factors behind the
age*host interaction in E. atomaria, but may nevertheless
indicate that the explanation is probably more complex
than just differences in carbon and nitrogen content. In
any case, we believe that this study shows that host plants
are not equally suitable for larvae throughout their devel-
opment, a phenomenon that may be more widespread
than previously recognized. Indeed, experiments based on
large samples, such as those used in quantitative genetic
analyses, and careful monitoring of larval growth are
needed to detect the pattern reported. We suspect that
similar approaches may well reveal analogous patterns in
other systems, with a potential bearing on e.g. the debate
about the evolutionary advantages of polyphagy (Bernays
& Chapman, 1994) and host switching (Schoonhoven et
al., 2007).
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