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Abstract. Though extra instars are often associated with poor conditions and thought to be a compensation for a low growth rate, the
reasons why they are necessary, and for variable instar number existing under standard rearing conditions, are not yet clear. In standard
rearing conditions, approximately half of Pseudocoremia suavis larvae had five instars (Type I larvae), and half six instars (Type 11
larvae). Type Il larvae took longer to pupate and reached higher pupal weights than Type I larvae. The extra instar was not related to
sexual size dimorphism; Type II larvae were not more likely to be females. Females of both Types pupated later than males and had
higher pupal weights; this weight gain was achieved wholly via an extended final instar. Relative growth rates (RGR), instar durations
and larval weights on weigh days were otherwise the same for both sexes. For most of the larval period, Type II larvae had lower RGR
and lower weights than Type I larvae. They also had shorter 3™, 4™ and 5% instars than Type I larvae, and the estimated weights at each
moult were significantly lower. The Types are discussed in terms of being, in species with weight thresholds for pupation, not optional
“strategies” involving different critical weight ratios for larval moults, but as an inevitable consequence of physiological timing con-
straints upon reaching the critical weights for larval moults causing large variation in size after the moult. Small larvae may then need
an extra instar to reach pupation. When parasitised in the second instar by Meteorus pulchricornis, P. suavis larvae produced parasitoids
in either their fourth (4" instar emerging (IE)) or fifth instar (5" IE). The estimated moulting weights at each instar of 4" IE and 5" IE
hosts were very similar to those of Type I and Type II unparasitised larvae respectively, which, together with similarity of instar dura-
tion patterns, is strongly suggestive of Types being present within parasitised larvae. The proportion of 5" IE hosts in the much slower-
growing parasitised treatment was greater than the proportion of Type II larvae in the unparasitised treatment, as might be expected if
Type 11 is associated with lower RGR. The lack of further Types appearing is consistent with extra instars being a compensation for
small weight after the moult rather than low RGR per se.

INTRODUCTION type. Therefore it is likely that in most cases having extra
instars fits the compensation hypothesis, in which an extra
instar enables a slow-growing individual to continue grow-
ing for longer and pupate at a normal weight (Esperk et
al., 2007a). Nijhout (1975) used starvation experiments to
demonstrate that Manduca sexta (L.), which in laboratory
populations almost always has five instars (Kingsolver,
2007), has a threshold weight for pupation below which
another larval moult will occur instead of pupation. The
ability to add instars may allow a minimum pupal size to
be reached in varying environmental conditions (Etile &
Despland, 2008) or under varying growth rates associated
with a wide host plant range (Casimero et al., 2000).

We examined growth rate, pupal weight and develop-
ment time of the geometrid Pseudocoremia suavis (But-
ler), which has been observed to undergo five or six larval
instars under standard rearing conditions, to determine
whether having six instars was related to SSD, or to hav-
ing lower growth rates and taking longer to reach the same
pupal weight as larvae with five instars. Pseudocoremia

Within-species variability in instar number is not uncom-
mon in insects and is widespread over insect taxa, being
present in at least 145 species in 12 orders (Esperk et al.,
2007a). The reasons for variable instar number are not
yet clear. Esperk et al. (2007a) review the phenomenon,
and in such species the most common factors associated
with a change in instar number are sexual size dimorphism
(SSD), inheritance, and environmental factors such as pho-
toperiod, temperature, humidity, and the quality and quan-
tity of food. Where variability in instar number exists, it
is also usually found under standard rearing conditions.
While gender may predispose a larva to have an extra in-
star to enable females to achieve a high degree of sexual
size dimorphism (Esperk & Tammaru, 2006; Esperk et al.,
2007b), environmental conditions associated with extra in-
stars are usually adverse ones causing lower growth rates
and smaller individuals. Manipulating an environmental
condition for the worse often causes an increase in the
proportion of larvae exhibiting a higher number of instars

(Morita & Tojo, 1985; Casimero et al., 2000; Jensen & suavis is endemic to New Zealand, and variable instar
Cameron. 200 4.’ Goul d’ ot al., 2005) suégestin’g that indi- number has been recorded in Canterbury (east coast of the

viduals are genetically capable of exhibiting either pheno- South Island) (Zondag, 1956; Berndt et al., 2004) and now
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in Auckland (northern North Island), while only five instars
were mentioned by Dugdale (1958) and Kay (1983) in Ro-
torua (central North Island). Berndt et al. (2004) referred to
those larvae with five instars as Type I and those with six
instars as Type I, and this terminology is followed here.
Pseudocoremia suavis has overlapping generations with
various instars being recorded all year round in Auckland
(Burgess et al., 2014), albeit in reduced numbers in winter,
and Alma (1975) trapped adults every week of the year in
the central North Island. The larvae are highly phototactic
in their first instar (Berndt et al., 2004) and may disperse
on silk threads (unpubl. observ.), then settle to feed on a
wide range of indigenous and introduced evergreen trees
(Dugdale, 1958).

We also compared the durations of larval instars of Type
I and Type II larvae, and their estimated weights at each
moult. Callier & Nijhout (2011) recently demonstrated in
M. sexta that, as well as for the larval-pupal moult (Nijhout
1975), a critical weight operates for larval-larval moults,
at which the endocrine cascade leading to moulting is trig-
gered. This critical weight depends on, and is a fixed ratio
of, the weight at the beginning of the instar, and limits how
big a larva can grow before it must moult. Tracheal surface
area is fixed at the beginning of the moult, and the ultimate
cause of the moult, as well as the proximate trigger, is very
likely to be oxygen levels being limiting towards the late
stages of an instar (Greenlee & Harrison, 2005; Callier &
Nijhout, 2011). Lower critical weights are inducible by hy-
poxia (Callier & Nijhout 2011). Therefore, it is not clear
why a slower-growing larva would not simply remain in
each instar for longer to reach its critical weight, and reach
the pupation threshold without needing another instar.
Likewise a delay or hiatus in growth ought not to affect the
number of instars. This raises the question of whether Type
IT larvae spend longer in an instar to moult at the same
weight, and simply “add” the sixth instar, or whether they
moult at lower weights, and if so, why.

Lastly, P suavis larvae were parasitised in the second
instar with Meteorus pulchricornis (Wesmael), a generalist
solitary larval endoparasitoid with a very broad host range.
P, suavis larvae parasitised by M. pulchricornis have previ-
ously been observed to continue moulting until M. pulchri-
cornis emerges in later host larval instars (unpubl. observ.),
and so how parasitised larvae gain weight over the instars is
of interest in terms of whether parasitised larvae appear to
have the same physiological constraints. Under parasitism
the growth rate was expected to be much reduced, and we
investigated whether instar duration and estimated weights
at moulting changed under the parasitism-mediated reduc-
tion in RGR. Although hosts do not reach pupation, we
also compared instar duration, growth rate and estimated
moulting weights between hosts producing parasitoids in
the 4" or in the 5" instar, to see if these hosts had the char-
acteristics of Type I and 1II larvae, and, if Types were still
present, what proportions these might comprise compared
to unparasitised larvae. If extra instars are needed to reach
pupation under lower growth rates, a greater proportion
of “Type II” might be expected in parasitised larvae, and
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perhaps even the appearance of further “Types” with more
instars before emergence. To our knowledge, “Types” have
never been looked for in parasitised larvae. Meteorus pul-
chricornis is thought to have arrived in New Zealand in the
1990s (Berry, 1997), where it is present as a parthogenetic
strain and has been recorded parasitising 35 species in 10
lepidopteran families (Jocelyn Berry, pers. comm.).

MATERIAL AND METHODS

The experiment consisted of two treatments, unparasitised lar-
vae and parasitised P. suavis larvae, reared individually to adult-
hood or parasitoid emergence under standard rearing conditions.
Life history parameters were recorded, including day of moult-
ing, day of parasitoid emergence, day of pupation, day of moth
emergence, pupal weights, and twice-weekly larval weights, al-
lowing relative growth rate (RGR), instar durations, final size,
total development time and estimated weights at moulting to be
compared for the two larval Types, for males and females, and
for parasitised larvae producing parasitoids in the 4™ or 5" in-
star. Development time, cocoon weight and number of eggs in the
adult were also recorded for parasitoids, as measures of fitness.
The experiment was replicated three times over a 7-month period.
Unparasitised larvae numbered 141 in total and parasitised larvae
231, the numbers of parasitised larvae being increased after the
first replicate because of significant death in parasitised hosts be-
fore the time of parasitoid emergence.

Insects

Pseudocoremia suavis larvae were obtained from a 3-year-old
laboratory colony kept at The New Zealand Institute for Plant &
Food Research Limited, Auckland, and fed on surface-sterilised
P. radiata D. Don foliage. The colony was established from larvae
and moths collected at Woodhill Forest, a commercial pine plan-
tation 30 km north of Auckland, New Zealand (36°43°37.02"S,
174°23°19.817E), and was initially line-bred to eliminate disease.

A laboratory colony of M. pulchricornis was maintained by us-
ing Spodoptera litura (F.) (Lepidoptera: Noctuidae) fed on arti-
ficial diet (Singh & Moore, 1985) as hosts. The original colony
founders had emerged from Helicoverpa armigera (Hiibner)
(Lepidoptera: Noctuidae) larvae collected in Hawke’s Bay, New
Zealand. Meteorus pulchricornis adult females were kept in ven-
tilated 4-L transparent plastic jars with access to honey and 10%
w: v sugar solution. Females used for parasitising P. suavis in
the experiments were 2—4 weeks old and had been given experi-
ence of parasitising a few days before the experiment by being
exposed to small S. /itura larvae for a 2-h period.

Pseudocoremia suavis diet

Pseudocoremia suavis larvae were fed an exclusive diet of
fresh needles from three isogenic lines of Pinus radiata, two
transgenic and one control, to provide enough isogenic food. In a
separate analysis, Burgess et al. (2011) demonstrated that neither
transgenic pine type had any effect on life history parameters of
P, suavis or M. pulchricornis except for a small delay in time to
pupation of P. suavis between the two transgenic lines, though
neither was different from the control, and this effect was con-
sidered spurious. However, to ensure any unexpected effects of
pine type would be accounted for in the statistical analysis, it was
included as a factor in the current analyses and was not found
significant. The three transgenes present in both transgenic lines
of P. radiata were nptll, bla, and LEAFY genes (see Burgess et al.
2011 for details and transformation methods). The bla gene was
regulated by a bacterial promoter that does not lead to expression
in P. radiata, and there is no likely mechanism for the nptil gene



or LEAFY gene in these plants to have any effect on the insects
(Burgess et al., 2011).

The plants were 30 cuttings 0.6 m high and nearly 4 years old,
taken from 5 year old transgenic trees grown from embryonic
tissue. Cuttings were grown outside in pots for 30 months then
transferred to a glasshouse for a further 16 months in natural light
conditions at 18-20°C. Needles were taken from most of the 30
plants at each harvesting. Young, fully expanded needles were
taken, between 2 and 10 cm back from the tips of branches. These
were sterilised for 10 min in 0.1% sodium hypochlorite solution
and rinsed well in water, then dried before use.

Bioassays

Pseudocoremia suavis neonates were reared for 7 days on pine
needles in excess of the number of larvae needed in the experi-
ment, one-third on each pine type. After hatching from the egg,
each neonate was transferred to its own ventilated 3.5-mL trans-
parent plastic “autoanalyser” cup (www.sarstedt.com) contain-
ing a fascicle of three needles, and kept at 20 = 1°C. The first
7 days were spent in darkness to encourage settling and feeding
behaviour, followed by a 16L : 8D cycle for the remainder of the
experiment. After 7 d, larvae had moulted into the second larval
instar and all were weighed. Larvae of outlying weight were dis-
carded, and six equal-sized groups of larvae with very similar
mean weights and weight ranges were chosen (two from each
pine type), and one group of each pine type was randomly as-
signed to the parasitised treatment and one to the unparasitised
treatment. The mean weights of larvae in the unparasitised and
parasitised treatments were 1.16 + 0.06 mg and 1.16 £+ 0.06 mg
for the first replicate, 1.64 + 0.06 mg and 1.66 + 0.04 mg for the
second replicate, and 1.31 + 0.07 mg and 1.36 £ 0.05 mg for the
third replicate, none of which pairs, nor the overall means for the
unparasitised and parasitised treatments, were significantly dif-
ferent. Reasons for weight differences between replicates are un-
known but differences could result from variation in plant quality
over the seven months of the trials.

Larvae to be parasitised were exposed to M. pulchricornis the
day after weighing, at 8 d old (Day 8). Each larva was gently
transferred on a fine paintbrush into a jar with 45 M. pulchri-
cornis and then closely observed until a definite parasitisation
event was seen. Sometimes this may have been after several
unclear attempts by parasitoids, and it is likely that some larvae
were superparasitised as in a previous study using this method
(Barraclough et al., 2009). The parasitised larva was then imme-
diately removed and put into a new 3.5-mL cup with a fresh set
of pine needles. Two jars of 45 parasitoids were used on para-
sitisation day in each replicate, to parasitise 49 larvae in the first
replicate, and 90 in each of two further replicates.

Larvae that died before producing a parasitoid were dissected
to check for the chitinised head capsules of first-instar M. pul-
chricornis larvae, which persist in the host body after the para-
sitoid moults into its second instar. The parasitising method did
not eliminate superparasitism, as approximately 60% of the pre-
emergence dead larvae were found to contain two or more head
capsules, with most having fewer than four. The range of super-
parasitism in the dead hosts is very similar to that found in all
hosts (dead plus successful) in our previous study using the same
parasitising method (Barraclough et al., 2009). In that study su-
perparasitism was not found to significantly affect whether a host
died before parasitoid emergence, or other life history parameters.

Larvae in the unparasitised treatment were simply transferred
by paintbrush to new individual containers with fresh pine on
Day 8.

Larvae were kept supplied with fresh needles and transferred
to 40-mL clear plastic containers upon outgrowing the 3.5-mL

cups. Larvae were checked daily from Day 9 for survival, moult-
ing, parasitoid emergence, pupation, and moth emergence. Lar-
vae that had already reached the third instar were recorded as
moulting on Day 9. Moulting into the second instar occurred in
the first 7 days before larvae were assigned to treatments, and was
not recorded.

Larvae were individually weighed again when 13 days old,
then twice weekly every 3 alternating with 4 days until death,
parasitoid emergence, or pupation. An estimate of P. suavis neo-
nate mass was obtained by weighing ten groups of ten neonates.
Larvae showing signs of preparing to pupate were not weighed,
to avoid damaging this vulnerable life stage. Parasitised P. suavis
were weighed right up until parasitoid emergence. Pseudo-
coremia suavis pupae were weighed and were examined to deter-
mine gender. If pupae had not yet hardened, they were weighed
on the subsequent day.

After parasitoids emerged from their host and formed cocoons,
cocoons were placed individually in clean 3.5-mL cups and then
weighed 4 days after formation. This delay aimed to reduce vari-
ability in the weights that might result if weighing was done dur-
ing the early period of rapid weight loss which was measured
in preliminary investigations. On emergence from their cocoons,
the F, adult parasitoids were transferred individually to 75-mL
specimen containers with a 1-cm section of cotton wool dental
wick soaked in 10% honey solution, where they were kept for
18 days after hatching and then killed by freezing. The day of
killing was chosen to coincide with the middle of the plateau of
peak egg load for these synovigenic parasitoids, using the results
of Fuester et al. (1993) to estimate this for the temperature condi-
tions of the current experiment. Ovaries of these adults were later
dissected out and the number of mature eggs (with pointed ends)
were counted. Dissection was performed by using fine forceps
to pull on the ovipositor to extract the pair of ovaries from the
abdomen onto a microscope slide. The rest of the abdomen was
then pulled apart to rinse out loose eggs, and the whole sample
examined in a drop of water under a coverslip using a compound
microscope at 80 x magnification.

Calculation of estimated weight at moulting, Relative
Growth Rate (RGR) and Absolute Growth Rate (AGR)

The relative growth rate (RGR) (g g' day '), was calculated
for each larva for the period when its natural log-transformed
weights against time formed a generally straight line, usually
between 7 and 23 or between 7 and 27 days. Here we call this
the “mid-period RGR”. For this period the RGR is the calculated
as the slope of this line, being (Inw,—Inw )/ (¢,—t) where w,
is weight at time 2, w, is weight at time 1, and ¢, —¢, is the time
elapsed (Blackman, 1919). The few larvae that had an unclear
straight line period were not used in the RGR analyses.

The estimated weight at each moult for each larva was calcu-
lated by interpolating the log-transformed weight on the day of
each moult from the straight line part of the graph using the equa-
tion above, and then back-transforming.

Overall absolute growth rate (AGR) of an individual was cal-
culated as its final weight (pupal weight or cocoon weight) di-
vided by the development time.

Statistical analyses

Data were analysed using Minitab 16 (Minitab, 2010) and
GenStat (2007). ANOVA (General Linear Model, Minitab) was
used to compare parameters between sexes, between instar Types,
between unparasitised and parasitised larvae, and between para-
sitised larvae emerging in the fourth or fifth instar. Natural log
data transformations were used where residuals were not normal-
ly distributed. Replicate, pine type, instar Type or instar of parasi-
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Fig. 1. Unparasitised Pseudocoremia suavis: growth and instar
duration of Type I (five instars) and Type II (six instars) larvae.
Fitted means are shown, and fitted means of natural log trans-
formed weights. Larvae showing signs of preparing to pupate
were not weighed.

toid emergence, and sex (where known) were included as factors
in all analyses and adjusted means are reported. Sex was inde-
pendent of Type — see Results section. Analyses included only
the P. suavis that pupated in the unparasitised treatment, and only
the P. suavis successfully producing a parasitoid in the parasitised
treatment. General Linear Regression (GenStat) was used to test
the association between pupal weight and Day 7 weight, and be-
tween development time of the parasitoid and host weight on Day
7. Pearson’s Chi-square test, Fisher’s exact test, and paired t-test
were used to test other associations where specified in the Results
section.

RESULTS

Comparison of unparasitised Pseudocoremia suavis
larvae pupating after five instars or after six instars

Approximately half of the unparasitised larvae pupated
at the end of the 5th larval instar (67, 55 and 39% in repli-
cates 1, 2 and 3 respectively) and half at the end of the 6th
instar (33, 45, and 61%), with the replicate effect being
significant (Pearson x> = 6.625, P = 0.036, d.f. = 2). In-
star Type was significantly associated with instar duration,
relative growth rate, larval and pupal weights, and devel-
opment time. Type II larvae moulted into the third instar
0.8 d later than Type I (Type I: N = 68, mean = 9.7 + 0.1
d; Type II: N =55, mean =10.5+ 0.1 d; P<0.001,F =
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Fig. 2. Unparasitised Pseudocoremia suavis: growth of male
and female larvae. Fitted means are shown, and fitted means of
natural log transformed weights. Larvae showing signs of prepar-
ing to pupate were not weighed.

68, mean = 5.3 £ 0.1 d; Type II: N =56, mean =4.7 £ 0.1
d; P<0.00L, F,, ,=24.94) (Fig. 1). Type Il larvae moulted
into the fourth instar at the same time as Type I larvae but
at about half the weight, and then spent 1.1 d less in the
fourth instar (Type I: N = 66, mean = 5.4 £ 0.1 d; Type II:
N=56,mean=4.3+0.1d; P<0.001, F , .=100.94) (Fig.
1). Type I larvae then spent 9.1 £ 0.1 d (N = 68) in their
fifth and final instar, while Type II remained as fifth instar
for only 4.9 + 0.1 d (N = 56) before moulting into a sixth
and final instar 9.3 = 0.1 (N = 56) days in duration. The
duration of this final instar, which is extended in both instar
types as the larva stops feeding and prepares to pupate, was
not significantly different between the two larval types (P
=0.305, F |, = 1.06). As the moult into the second instar
was not recorded, it is not known whether the later moult
into the third instar for Type II larvae is due to a longer first
instar, longer second instar, or both. Type II larvae took
4.1 d longer to develop from hatching to pupation and 4.6
days longer from hatching to adulthood (Table 1). The time
spent as pupae was 0.3 d longer in Type II larvae (Table 1).

Type I larvae gained weight significantly faster than their
Type II counterparts (Table 1), with a 10% greater mid-
period RGR. Type II larvae were smaller on the first weigh
day at 7 days old, being 71% the weight of Type I larvae,
and 53%, 52%, 57%, 47% and 76% on Days 13, 16, 20,
23, and 27 respectively, until by Day 30 only Type II lar-
vae remained unpupated (Fig. 1). Type II larvae, however,
continued to grow and achieved a greater “last-measured

TaBLE 1. Developmental parameters of unparasitised Pseudocoremia suavis larvae: comparison between the instar Types. Type |
larvae have five larval instars, and Type II larvae have six. RGR is “relative growth rate” (proportion increase in weight per day), AGR
is overall “absolute growth rate” (pupal weight per days of development). Means are fitted values from ANOVA tests.

Type I Type 11
Parameter Mean + s.e. (n) Mean =+ s.e. (n)
Days to pupate, from neonate 29.6 £0.2 (67) 33.7£0.2 (56) F ,,=186.73,P<0.001

16.7+0.1 (51)
46.2+0.3 (51)
115.6 +2.20 (67)
89.03 + 1.23 (68)
0.246 + 0.002 (67)
3.00 + 0.04 (68)

Days as pupa

Days to adult, from neonate
Last-measured larval weight (mg)
Pupal weight (mg)

Mid-period RGR (g g'day™)

AGR, neonate to pupation (mg day™")

17.0 + 0.1 (44)
50.8 + 0.3 (44)

F, = 5.73,P=0.019
F,,=102.63,P<0.001

128.1 +2.34 (56) F .= 14.62,P<0.001
9533 = 1.33 (56) F, = 11.52,P=0.001
0.224 +0.003 (52) F,,=39.64,P<0.001
2.81+0.05 (58) F ,=733,P=0.008

1,119
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Fig. 3. Comparison of unparasitised and parasitised Pseudoc-
oremia suavis: growth and instar duration of larvae. Fitted means
are shown, and fitted means of natural log transformed weights.

larval weight” (weight on the most recent weigh day be-
fore pupation) and a 7.1% greater pupal weight (Table 1)
than those that had only five larval instars. Type I larvae,
however, achieved the greater overall AGR (pupal weight
per total days spent developing), which was 6.4% greater
than that of Type II larvae (Table 1). Estimated weights at
each moult were much lower in Type II larvae than in Type
I larvae (Table 4).

Over all larvae of both Types, pupal weight was not pre-
dicted by larval weight on Day 7 (P = 0.442, F, ,,, = 0.60),
indicating that slower growth may be compensated for by
a longer development time.

The proportions of Type I larvae among the replicates did
not appear to be related to the mean Day 7 weights of the
replicates (see Methods) since the replicates with the high-
est, mid and lowest proportions of Type I larvae had the
lowest, highest and mid mean Day 7 weights respectively.
There was no difference in RGR among the replicates.

Effect of sex on unparasitised Pseudocoremia suavis
larval development

Female P. suavis larvae took 0.9 days longer to develop
from neonate to pupation and produced pupae 10.5% heav-
ier than did males (Table 2), but females were not more
likely to be Type II larvae than Type I larvae (28 females
were Type I and 32 females were Type II larvae; 40 males
were Type I and 24 males were Type II larvae; P = 0.104,
Fisher’s Exact Test). Fig. 2 shows that this gender differ-
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Fig. 4. Parasitised Pseudocoremia suavis: growth and instar
duration when parasitoids emerged in the 4™ or 5" host instar. Fit-
ted means are shown, and fitted means of natural log transformed
weights.

ence in pupal weight comes about in a very different way
from the instar Type difference in pupal weight. Male lar-
vae were significantly smaller on Days 7 and 13, respec-
tively 89% and 87% of the weight of females (Fig. 2), but
there were no significant differences in larval weight on
subsequent weigh days. Females did not have a different
mid-period RGR to males (Table 2), but by Day 30 only
females remained unpupated. Females continued grow-
ing for longer in the final instar when growth rate (though
not relative growth rate) is highest, to reach a higher last-
measured larval weight than males before pupating into
bigger pupae (Table 2). AGR was 6.8% higher in females
than in males. There were no differences in instar dura-
tion between males and females, in both Type I and Type
II larvae, until the final instar which was 0.6 days longer
for females (female: N = 60, mean = 9.5 £ 0.1 d; male: N
=64, mean=8.9 =+ 0.1 d; P<0.001, Fln= 17.34). While
males pupated earlier, they then spent 2.0 days longer in
the pupal form, to emerge as adults not significantly later
than females (Table 2).

Effect of parasitism on Pseudocoremia suavis larval
development

Unsurprisingly, parasitism reduced host growth rate
(Fig. 3), the mid-period RGR in parasitised larvae being
73% that of unparasitised larvae (unparasitised: N = 119,
mean = 0.236 + 0.002; parasitised: N = 118, mean = 0.172
+ 0.002; P < 0.001, F = 494.30), and the mean last-
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TaBLE 2. Developmental parameters of unparasitised Pseudocoremia suavis larvae: comparison between the sexes. RGR is “relative
growth rate” (proportion increase in weight per day), AGR is overall “absolute growth rate” (pupal weight per days of development).

Female

Parameter
Mean + s.e. (n)

Male
Mean + s.e. (n)

Days to pupate, from neonate 32.1£0.2(59)
15.9+0.1 (49)
48.1 £ 0.3 (49)

130.3 +2.23 (60)

96.78 + 1.26 (60)

0.233 +£0.002 (58)

3.00 +0.05 (61)

Days as pupa

Days to adult, from neonate
Last-measured larval weight (mg)
Pupal weight (mg)

Mid-period RGR (g g''day™')

AGR, neonate to pupation (mg day™')

312402 (62)
17.8 + 0.1 (46)
48.9 + 0.3 (46)

F  .,=10.75P=0.001

1,114

F, = 198.11, P < 0.001
F,,,=3.15,P=0.079

113.4 +2.22 (63) F,,, = 28.43, P<0.001
87.58 + 1.25 (64) F,,, = 26.45,P<0.001
0.236 +0.002 (61) F,,, = 1.09, P=0.298

2.81+0.04 (65) F, =899, P=0.003
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TaBLE 3. Developmental parameters of parasitised Pseudocoremia suavis and their parasitoids: comparison between Meteorus pul-
chricornis emerging in the 4™ and 5™ instar. RGR is “relative growth rate” (proportion increase in weight per day), AGR is overall
“absolute growth rate” (parasitoid cocoon weight per days of development).

4™ instar emergence

Parameters
Mean =+ s.e. (n)

5™ instar emergence
Mean =+ s.e. (n)

Host mid-period RGR (g g''day™)
Host weight on Day 7 (mg)

0.181 + 0.004 (25)
1.74 £ 0.08 (27)

26.08 + 1.17 (27)
182+ 0.4 (27)
5.69 +0.23 (24)

Last-measured larval weight of host (mg)
Days to parasitoid emergence

Cocoon weight (mg)

AGR of parasitoids (mg day™), 0.30 £ 0.01 (26)
oviposition to cocoon formation ' ’
37.1£1.6 (23)

10.0 0.1 (24)

Number of eggs in adult parasitoid’s ovaries
Days in cocoon

0.168  0.003 (93) F,,, = 7.12,P=0.009
1.38+0.05 (103) F,,,, = 14.75, P <0.001
34.65 +0.68 (101) F,,,, = 39.93, P<0.001
22.5+0.3 (103) F,,, = 75.4,P <0.001
7.03+0.13 (101) F,,, = 2532, P<0.001
0.32+0.01 (101) F,,,, = 0.66, P=0.419
40.3+0.9 (94) F,,, =2.94,P=0.089
10.0 % 0.1 (95) F, = 0.07,P=0.786

measured larval weight of parasitised larvae was 26% of
that of unparasitised larvae (unparasitised: N = 124, mean
= 119.64 = 1.46 mg; parasitised: N = 128, mean = 31.35
+ 1.49 mg; P <0.001, F , = 1761.23). The difference in
weight between parasitised and unparasitised larvae was
significant by the time larvae were weighed 5 d after para-
sitisation (unparasitised: N = 126, mean = 5.69 mg, s.e. =
0.18; parasitised: N = 130, mean = 4.18 mg, s.e. = 0.18,
F . = 3522, P <0.001) and the difference increased at
each subsequent weighing occasion, remaining significant
throughout the larval period (Fig. 3).

Following parasitisation in the second instar, P. suavis
larvae moulted into the third instar with no significant de-
lay compared with unparasitised larvae (Fig. 3). However,
on parasitisation day individual larvae would have been in
the second instar for differing lengths of time, potentially
masking any effect of parasitism on developmental rate
within the remaining portion of the second instar. Also, as
larvae were parasitised on average only 2 days before the
end of the second instar, daily observations are unlikely
to have been sufficiently frequent to detect any small de-
lay in moulting by parasitised individuals. Duration of the
third instar was significantly longer by 1.8 d in the para-
sitised treatment than in the unparasitised treatment (un-
parasitised: N = 124, mean = 5.0 £ 0.1 d; parasitised: N =
129, mean=6.8+0.1d,F , =173.31,P<0.001), and the
fourth instar of parasitised hosts that completed the fourth
instar was significantly greater by 0.6 d (unparasitised: N =
123, mean = 4.8 = 0.1 d; parasitised: N = 103, mean = 5.4
+0.1d,F ,, =16.37,P<0.001) (Fig. 3).

Over all parasitised hosts, the development time of the
parasitoid was inversely associated with host weight on
parasitisation day, i.e. larger hosts produced parasitoids
sooner (P <0.001, F . =45.44, adjusted 2 =25.6%).

Comparison of 4™ instar-emerging parasitoids (and
their hosts) with 5" instar-emerging parasitoids (and
their hosts)

Most parasitoids (79.2%, i.e. 103 of 130) emerged from
fifth instar hosts, while the remainder emerged from fourth
instar hosts. This was subject to the replicate; 40.9% (N =
22), 10.5% (N = 57), and 23.5% (N = 51) of the larvae in
the first, second and third replicates respectively emerged
in the fourth instar (Pearson x> = 9.293, P = 0.010, d.f.
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= 2). Hosts giving rise to M. pulchricornis in the fourth
instar (4" IE hosts) had been of greater initial weight on
parasitisation day than those giving rise to parasitoids in
the fifth instar (5" IE hosts) (Table 3 and Fig. 4). 5" IE
hosts took 0.7 d longer to moult into third instar than 4% [E
hosts (4" IE: N =27, mean=9.9 £ 0.2 d; 5" [E: N = 103,
mean=10.6£0.1d, Fl,124 =09.11, P=0.003) but then spent
0.9 d less in the third instar (4" IE: N = 27, mean = 7.3 +
0.3 d; 5th IE: N =102, mean = 6.4+ 0.1d, F . =10.74,
P = 0.001) (Fig. 4). The fourth instar of 4" IE hosts (the
emergence instar) was much longer than the fourth instar
of 5" IE hosts (4" IE: N =27, mean = 9.1 + 0.3 d; 5th IE:
N =103, mean = 5.4+ 0.1d, F ,, = 170.05, P < 0.001),
and both 4% IE and 5% IE hosts had an incomplete final
emergence instar that was extended compared with their
previous instars (Fig. 4). The extended final emergence in-
star was 0.9 d longer in 4" IE hosts than 5" IE hosts (4"
IE: N =27, mean = 9.0 = 0.2 d; 5th IE: N = 102, mean =
8.1+0.1d,F, , =17.56,P<0.001) (Fig. 4). 5" IE hosts
had a lower mid-period RGR than that of 4% IE hosts (Ta-
ble 3), and weights were significantly lower on all weigh
days between day 7 and 20 (Fig. 4). Estimated weights at
each moult were much lower in 5 IE hosts than in 4" [E
hosts (Table 4). 5" IE parasitoids emerged 4.3 d (24%) lat-
er from 33% larger hosts, and formed 24% larger cocoons
(Table 3). It can be seen in Fig. 4 that at the time of 4" [E
hosts reaching peak weight on Day 23 before levelling off
in weight prior to parasitoid emergence, 5% IE hosts were
only 83% the weight of 4™ IE hosts. AGR (cocoon weight
divided by days from parasitisation to emergence) was no
different between 4" IE and 5" IE parasitoids (Table 3).
Despite the cocoon size difference, cocoons from both host
instars took 10 days to develop into adults whose ovaries
did not contain significantly different numbers of eggs (Ta-
ble 3). Because P. suavis were sexed in the pupal stage, we
did not know the sex of the larval hosts or how this affected
parasitoid growth. However, as the growth curve and instar
durations were the same between sexes except for the final
instar, host sex is unlikely to have affected parasitoids.

Comparison of 4™ and 5" IE parasitised larvae with
Type I and II unparasitised larvae, respectively

The estimated weights at which 4% IE hosts moulted
into their third and fourth instars corresponded closely to,



TaBLE 4. Means of estimated weights of Pseudocoremia suavis larvae at the beginning of each instar. Of unparasitised larvae, Type |
larvae have five larval instars, and Type Il have six. Of parasitised larvae, larvae from which parasitoids emerged in the fourth or fifth
host instar are denoted 4" IE and 5" IE respectively. Means within an instar that do not share a letter are significantly different (using
Bonferroni correction for multiple comparisons with P < 0.001, following ANOVA).

Mean estimated weights + s.e. (mg) of larvae at the start of each instar (n)

Instar Unparasitised larvae Parasitised larvae

Type I Type II 4% IE 501
third 3.09+£0.06 (67) A 2.44+0.07 (52)B 2.96+0.10 24) A 2.42+0.05(93)B F,,s=2871 P<0.001
fourth 11.31+0.21 (67)A  6.84+0.23(52) B 10.79+0.33 (25)A  7.19+0.18(93)B  F,,,,=108.17 P<0.001

fifth 43.06 +0.66 (67) A
sixth

17.96 +0.73 (52) B
53.72 + 1.15 (52)

17.66+0.57 (93) B F,,,=476.56 P <0.001

and were not significantly different from, the estimated
weights at which Type I larvae moulted into their third and
fourth instars (Table 4). Similarly, the weights at which 5%
IE hosts were estimated to have moulted into their third,
fourth and fifth instars were close to and not significantly
different from the estimated weights at which Type II lar-
vae moulted into their third, fourth and fifth instars (Table
4). The proportion of parasitised hosts that were 5" IE was
higher than the proportion of unparasitised P. suavis that
were Type II larvae in all three replicates (59, 90, and 77%
compared with 33, 45, and 61%), and the parasitised mean
was significantly higher (unparasitised: N = 3, mean =
46.32 + 8.25%; parasitised: N = 3, mean = 75.01 £ 8.80%,
pairedt=3.41, P=0.038).

Estimated weights at moulting for all parasitised larvae
together were lower than for all unparasitised larvae to-
gether, when moulting into the third (unparasitised: N =
119, mean = 2.80 £ 0.05 mg; parasitised: N = 118, mean
=2.5+0.5 mg, F]’231 =12.50, P <0.001), fourth (unpara-
sitised: N = 119, mean = 9.32 + 0.23 mg; Sth IE: N = 118,
mean = 8.10 + 0.24 mg, Fm] =13.72, P <0.001) and fifth
instar (unparasitised: N = 119, mean = 31.84 + 0.97 mg;
parasitised: N =93, mean = 18.39 £ [.15 mg, F]‘206 =178.49,
P <0.001). However, if 4" IE and 5" IE are considered to
be Type I and II, and Type is included as a factor, this dif-
ference disappears for moults into the third (unparasitised:
N = 119, mean = 2.77 + 0.05 mg; parasitised: N = 118,
mean = 2.69 + 0.05 d, F]!230 =1.44, P=0.231), fourth (un-
parasitised: N =119, mean =9.10 £ 0.15 mg; parasitised: N
=118, mean=9.14+0.17 mg, Fl’230 =0.04,P=0.847) and
fifth instar (unparasitised: N = 119, mean = 30.51 + 0.48
mg; parasitised: N = 93, mean = 30.21 + 0.74 mg, F . =
0.11, P=0.743). Thus the apparent difference between un-
parasitised and parasitised estimated moult weights, which
is especially marked in the moult into the 5" instar when
there were no “Type I” parasitised larvae left, can be at-
tributed to the greater percentage of “Type II” in the para-
sitised treatment.

DISCUSSION

Unparasitised P. suavis in our study underwent either
five (“Type I”, 54 + 8%) or six larval instars (“Type II”,
46 + 8%). Type II larvae had a longer mean development
time and higher mean pupal weight, but this was not re-
lated to sexual size dimorphism; the proportion of Types

was not different between the sexes. Females had a larval
period 3% longer and pupae 11% heavier than males, but
within Types this size difference was achieved by females
simply spending a day longer in the final instar, the growth
curve and instar durations otherwise being the same. Pupal
or adult mass in female insects is generally strongly cor-
related with fertility (Honek, 1993) and females of other
lepidopteran species with more extreme SSD (sometimes
a doubling in pupal size) may develop through additional
instars (Esperk & Tammaru, 2006; Esperk et al., 2007b),
but that was not the case here.

In contrast to the sex difference, Type Il P. suavis larvae
had lower mean weights and lower mean RGR than Type
I larvae for most of their developmental period (until Type
I larvae approached pupation). This supports the hypoth-
esis that extra instars compensate for low growth rates to
reach a pupation threshold. Type II larvae then went on to
achieve a 7% higher pupal weight than Type I larvae by
developing for 14% longer, their growth being spread over
six instars. This raises the possibility that six instars could
be a life-history “strategy”, if larger pupae are “worth” the
longer developmental time in some environmental condi-
tions. Interestingly, in our Type II larvae, instars 3 and 4
were shorter by 0.6 and 1.1 d than in Type I larvae, with
moults occurring at much lower estimated weights, where-
as we might expect longer instars from slower-growing
larvae as they take longer to reach their critical weight for
moulting (see Introduction). Costs of moulting include loss
of feeding time (Esperk & Tammaru, 2004), loss of bio-
mass in the exuvia, greater vulnerability to predators dur-
ing the moult (Sehnal, 1985), and increased chance of fatal
mishaps such as inability to discard the old head capsule
or epidermis as we have sometimes observed in P. suavis.
Given these costs, we might expect it to be beneficial for
larvae to reduce the number of total instars (Etile & Desp-
land, 2008), and remain in each instar for as long as they
are not being metabolically limited. However, our Type II
larvae moulted at instar: instar weight ratios (the ratio of
the weight at the beginning of an instar to the weight at
the beginning of the previous instar) well below those seen
to be possible in Type I larvae. Lepidopteran larvae can
moult below their critical weights during restricted feed-
ing, sometimes undergoing “stationary moults” (Safranek
& Williams, 1984; Esperk et al., 2007a), possibly triggered
by the slow build-up of ecdysone secreted at a basal level
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by the prothoracic glands (Callier & Nijhout, 2011). Thus
it seems that even very small larvae cannot remain in the
same instar indefinitely and that other, time-dependent
constraints may exist, and in larvae with very low RGR
these constraints may trigger moulting before size-depend-
ent constraints do. However, we would expect such moults
to occur after a longer time than Type I instar durations, not
shorter as observed for Type II P. suavis larvae, suggesting
that neither size nor time constraints are likely to have been
limiting at the time of moulting in our Type II larvae.

One possible explanation of lower instar: instar weight
ratios in larvae with more instars is that larvae may be able
to add instars by lowering their critical weight for moult-
ing, perhaps as a “strategy”. Smaller weights at moulting
then mean that more instars are needed to reach the pupa-
tion threshold. However, this hypothesis requires an un-
known mechanism, rather than oxygen levels, by which
larvae could set and detect a reduced critical weight. A
more parsimonious explanation of how extra instars may
originate is that of Jones et al. (1981). Even with the same
critical weight, a lower RGR may result in a smaller larva
after the moult due to less growth in the interval between
reaching the critical weight and when growth stops upon
moulting. This period consists of (a) the time until the
“gate” — a window of time in the scotophase during which
the brain can release prothoracicotropic hormone (PTTH)
which begins the endocrine cascade leading to moulting
(Jones et al., 1981; Safranck & Williams, 1984); and then
(b) the period until cessation of feeding, which is about 18
h in M. sexta and does not appear to vary with RGR (Sa-
franek & Williams, 1984; see also Davidowitz et al., 2004).
Period (a) will be shorter for a larva that doesn’t reach its
critical weight until during the gate or only a short way in
advance of it. This larva will then gain less weight before
the moult, be smaller after the moult, and exhibit a smaller
instar : instar weight ratio for that moult. A small size af-
ter a moult will cause the next moult to result in a small
larva also, because the critical weight depends on, and is a
ratio of, the weight at the beginning of the moult. The ef-
fect will accumulate up the instars, meaning the pupation
threshold is not reached in the fifth instar and another instar
ensues (Jones et al., 1981). A moult into a small larva early
in development therefore, or even a lesser provisioned egg,
could mean that, from that point on, undergoing an extra
instar is inevitable to meet the pupation size threshold.
Type Il P. suavis had smaller second instars on average,
and others have noted that higher instar numbers tend to re-
sult from smaller larvae (Kamata & Igarashi, 1995; Esperk
& Tammaru, 2006; Esperk & Tammaru, 2010) with lower
early growth rates (Kingsolver, 2007) or from smaller eggs
(Leonard, 1970; Barata et al., 2001). Possible effects of egg
quality could explain why parental density is sometimes
seen to have an effect on the instar number of offspring
(Morita & Tojo, 1985).

This elegant hypothesis, here referred to as the “standard
critical weight ratio hypothesis”, can explain why a slower
growing larva may not be able to simply grow for longer
to achieve the same weights at moulting as other larvae,

508

and pupate in the same number of instars. The time peri-
ods (a) and (b) have the effect of rendering the size of the
larva after the moult proportional not so much to the criti-
cal weight, but to the size the larva has reached at a cut-off
point in time. Period (a) may be shorter because of a lower
RGR, or perhaps even because of hatching as a neonate
later in the day. The gate in M. sexta is 10-14 h long (Tru-
man, 1972) and so period (a) could range from 0 h (when
reaching critical weight during the gate) to 14 h (reaching
critical weight just after the previous gate). Even with the
same RGR, in the case of two P. suavis larvae growing at
20% of their body weight per day, such a difference in a
period (a) could mean one larva gains 12% in body weight
before moulting that the other does not. Low RGR may
then also cause low weight gain during periods (a) and (b).
In the “standard critical weight ratio” scenario, the gate is
a source of variation in size after the moult even with little
variation in RGR under standard rearing conditions.

It is important to note that under this “standard critical
weight ratio” scenario, larvae are compensating not for low
growth rates per se, but for a small size after a moult. This
would explain why not all low RGR larvae have six in-
stars. Type II P. suavis larvae had significantly lower early
weights and low RGR, but only on average; there was some
overlap in RGR and weights between the two Types, rather
than there being a threshold growth rate below which lar-
vae became Type II. This could be due to natural variation
around a standard critical weight ratio, but would occur
anyway under Jones et al.’s (1981) hypothesis. Larvae will
be a range of sizes after the moult depending on the dis-
tance to the gate they hit and growth during times (a) and
(b). A low RGR larva, for example, could end up bigger
after the moult than a higher RGR larva, depending on the
difference in RGRs. A low RGR larva could miss the gate
altogether and achieve the critical weight some way be-
fore the subsequent gate, while a higher RGR larva could
hit its critical weight during a previous gate. In this way a
larva with higher than average RGR may also sometimes
need an extra instar to reach pupation. An overall reduction
in RGR in the population, such as in adverse conditions,
might result in more larvae hitting their critical weight
closer to or during the gate, and/or having reduced growth
in periods (a) and (b). Others have observed increases in
percentages of Type II under starvation or low tempera-
tures (e.g. Morita & Tojo, 1985; see also Introduction).

It is not known if P suavis has a gate, but these are
known from M. sexta, Trichoplusia ni (Hiibner) (Jones et
al., 1981), and Pseudoplusia includens (Walker) (Strand,
1990), and presumed to be widespread. If the gate did
not exist in a particular species, lower growth in period
(b) could still result in larvae too small after the moult to
pupate in five instars, though in the gateless case it would
always be the lower RGR larvae that are smaller after the
moult and require more instars. Clearly, where the gate ex-
ists, it prevents a larva fully optimising the timing of its
moults. Reaching a critical weight well in advance of a gate
may mean being metabolically limited towards the end of
an instar. Reaching a critical weight just before or during



the gate, however, may mean moulting at a small size and
bearing the time and resource costs of an additional instar,
while gaining a larger pupal size. Part of the lower AGR of
Type II larvae is likely to be due to these costs. The gate
however may perform the important function of timing the
moult in relation to the photophase, to reduce predation
and dehydration, in which case it is likely to be strongly
selected for.

Type Il P. suavis larvae had shorter third instars (by 0.6
days) and fourth instars (by 1.1 days) than Type I larvae,
and on average had lower RGR. One question with the
“standard critical ratio hypothesis” is whether the same
critical weight ratio can account for shorter instars in lar-
vae with lower mean RGR. A larva that is smaller after a
moult due to low RGR will have a lower critical weight to
reach next time, but at a low RGR will not reach it sooner
than a higher RGR larva reaches its higher critical weight,
except possibly under certain gate circumstances. Mostly,
larvae reaching critical weight before the same gate will
moult at a similar time, though perhaps later if they reach
the critical weight partway through the gate’s duration,
which could shorten the following instar. Larvae that miss
the gate and hit their critical weight before the next gate
add as much as a day to their instar duration. Another pos-
sibility for explaining shorter instars in Type II larvae is
that in the case of two larvae currently having the same
RGR, the larva that reached critical weight closer to the
previous gate (perhaps due to eggs hatching later, or a hia-
tus in growth), will inevitably have a shorter subsequent
instar. The larva will have had a smaller weight after the
moult and thus has a lower critical weight to reach next
time, and with the same RGR will reach it sooner. Other
researchers have found their “Type II” larvae to have some
instars shorter by 0.6 to 1 d than the comparable instars in
“Type I”” larvae (Morita & Tojo, 1985; Kamata & Igarashi,
1995). Shorter instars in larvae with higher number of in-
stars have been noted in other lepidopteran species, such
as Orgyia antiqua (L.) and Lymantria dispar (L.) (Esperk
& Tammaru, 2006), and Spodoptera litura from our own
laboratory colony (unpubl. data).

Under the “standard critical weight ratio” hypothesis,
then, variable instar in lepidopteran species is a normal and
inevitable consequence of physiological constraints around
larval-larval moults where gates and pupation thresholds
exist, rather than being an optional “strategy”. Variation
in the RGR of larvae, combined with timing constraints
after the critical weight for moulting is reached, results in
greater variation in size after early moults such that some
larvae will not reach the pupation threshold in the lower
number of instars. If this is correct, the existence of a pu-
pation threshold is the main “cause” of the ability to add
instars. Larvae that are smaller in early instars are able to
take longer to become normal adults. Individuals of time-
stressed species in highly seasonal environments where
foliage quality rapidly deteriorates, that have lower growth
rates than others in the population, may favour pupating
at the same time as others but at lower weights (Nylin &
Gotthard, 1998; Tammaru et al., 2004). Pseudocoremia

suavis is not a time-stressed species, feeding on evergreens
in a warm-temperate environment. Larvae disperse on silk
threads in the first instar and could suffer early periods of
starvation and low growth rate, necessitating a pupation
threshold and the ability to add instars. Leonard (1970)
notes that in Lymantria dispar, which disperses in the first
instar, a prolonged first instar is often followed by extra
instars. The larger eventual body size of Type I P. suavis is
also a consequence of the same physiological constraints.
A short way through the sixth instar, Type II larvae were
likely to have been over the weight at which pupation is
triggered in the fifth instar of Type I larvae (Fig. 1), and
they appear to simply continue their sixth instar until reach-
ing the critical weight for that instar. It is possible that the
slower, larger developmental pathway is advantageous or
disadvantageous at different times of year or environmen-
tal conditions. If P. suavis are able to “choose” their Type,
it is possible that the mechanism would be the degree of
egg provisioning, or in larvae, the ability to alter feeding
and therefore the timing of reaching critical weight.

Given these reasons proposed for variable instar number,
this phenomenon may be more widespread in Lepidoptera
than is currently recorded, especially in non time-stressed
species. It seems possible that variation in instar number,
unless moults are followed, may be overlooked in many
species, especially in observations from field studies.
However, the study of laboratory colonies may mislead in
some cases, for example long-established laboratory popu-
lations of M. sexta have high growth rates and are highly
synchronized, and are known to always have five instars
under standard rearing conditions, whereas larvae from
field populations studied by Kingsolver (2007) may have
five or six instars.

Around 21% of parasitoids emerged from the fourth host
larval instar (4" IE), while most emerged from the fifth in-
star (5" [E). This bimodal distribution of emergence could
be the result of shorter development time for parasitoids
oviposited into a bigger resource; 4" IE hosts were bigger
on average on parasitisation day than 5" IE hosts. It is com-
monly known that larger hosts produce parasitoids sooner
and/or larger (Godfray, 1994). Although emerging later, 5%
IE parasitoids had bigger cocoons than 4™ IE parasitoids
(but the same number of eggs) and had the same AGR, and
may or may not have been disadvantaged. Another pos-
sible explanation for the bimodal distribution is that Types
are present in parasitised larvae, and 4™ IE parasitoids were
growing in hosts that if unparasitised would have had five
instars, and 5" IE parasitoids in hosts that would have had
six instars. Supportive of this is that parasitoids emerged
from hosts of approximately 25-35 mg and this weight
range falls within the 4" instar in unparasitised Type I lar-
vae and within the 5" instar in unparasitised Type II larvae
(Fig. 2). Also strongly supportive is the correspondence
in estimated moulting weights between Type I and 4" IE
hosts, and Type II and 5" IE hosts (Table 4). The pattern
of instar durations is also similar — while parasitised hosts
all together had lower growth rates and longer instars than
unparasitised hosts (Fig. 3), within the parasitised larvae
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5" IE hosts had lower growth rates but a shorter third in-
star than 4" IE hosts, and their estimated moulting weights
were much lower (Fig. 4), similar to Type II larvac when
compared with Type I. Alternatively, it could be proposed
that M. pulchricornis in slower growing hosts is able to
adjust the length of host instars to “add” an extra instar
to optimise timing of emergence and cocoon weight. It is
difficult to determine whether increased host instar dura-
tion is due to passive regulation by a parasitoid (i.e. when
parasitoid feeding lowers host growth rate) or active regu-
lation via hormones (Godfray, 1994). However, the sim-
pler explanation of lengthened host instars due to lowered
growth rates via parasitoid feeding, with moulting at nor-
mal critical weights with the gate and timing limitations
producing the two Types, fits all of the data and would re-
sult in exactly the instar duration differences that are seen
when comparing within and between unparasitised and
parasitised larvae. Meteorus pulchricornis does not seem
to be regulating the host instars except in the emergence
instar, where moulting after the usual instar duration is
prevented either hormonally or via weight reduction as the
host ceases eating while the parasitoid prepares to emerge.
In parasitised larvae then, we see that indeed larvae of low
RGR can stay in their instar longer to moult at a normal
weight, and the same gate/timing constraints seem to be
operating to produce the same two Types.

Liu & Li (2006, 2008) found that Spodoptera exigua
(Hiibner) and Helicoverpa armigera similarly have two
possible instars of emergence when parasitised in the same
instar by M. pulchricornis, over various instars of oviposi-
tion. This could have been due to variation in initial size of
the host and variation in parasitoid growth rates. However,
these hosts can be variable in instar (Casimero et al., 2000;
Azidah & Sofian-Azirun, 2006) and even though hosts are
destined not to pupate, it seems possible that parasitoid fi-
nal size and development time, and studies analysing these,
could be affected by variable instar in many host-parasitoid
systems. All but one of our M. pulchricornis emerged at
least 6 days after a host moult. They may be constrained by
host hormones in when they can emerge, and so parasitoids
emerging in a later instar may inevitably end up bigger.

The proportion of parasitised hosts that are 5" IE is high-
er than the proportion of unparasitised hosts that are Type
IL, in all three replicates (75.0% =+ 8.8 compared to 46.3 +
8.1). This increase in percentage of presumed “Type 11
larvae under the reduced RGR of parasitism provides sup-
port for the proposition that lower RGR tends to result in
lower instar: instar weight ratios. Host larvae were para-
sitised in the second instar. It is likely that some larvae,
after the first moult or from the egg, were already set on
the Type II growth schedule, and that the reduction in RGR
after parasitisation caused reduction in the weight after the
next moult for more larvae to switch them to the “Type
II” category. However, in our parasitised P. suavis larvae,
even though they had much lower RGR than unparasitised
larvae, we did not we see evidence of a seven instar Type,
i.e. hosts with very short instar durations producing para-
sitoids in a sixth instar. Neither were further Types such
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as fourth or seventh instar-pupating larvae observed in
unparasitised larvae. This supports the idea that it is not
lower RGR in itself that necessitates extra instars, but that
they are a compensation for small size after the moult. The
amount of weight a larva can gain after reaching its criti-
cal weight will fall within limits, these largely depending
on the maximum and minimum distance to the gate. These
limits will apply whichever gate a larva hits, meaning that
even very slow-growing larvae can reach pupation in six
instars. However, an unusually small egg might produce a
neonate too small to pupate in six instars. Also, in limited
nutrition conditions, presumably small stationary moults
that occur below the critical weight threshold would neces-
sitate more than six instars.

While M. pulchricornis appears not to regulate the non-
emergence instars of P. suavis, this parasitoid is known to
be capable of inducing contrasting responses in hosts of
different sizes. Meteorus pulchricornis has a very wide
host range and is able to reduce the size of a large host
Mythimna separata (Walker) by 95%, and to increase the
size of a small host Plutella xylostella (L.) by 30%, in order
to optimize host conditions for development (Harvey et al.,
2010). How instar number, instar duration and moulting
weights are affected in these hosts is unknown and would
benefit from further research. Parasitism can be a useful
tool to examine physiological limitations and capabilities
of their hosts, and perhaps help distinguish between life
history strategies and physiological limitations.
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