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host-plant specialization will be an important determinant 
of traits involved in insect-plant interactions (Gripenberg 
et al., 2010, Schäpers et al., 2016).

Oviposition preferences tend to be under strong selec-
tion in the wild because performance of larvae (Singer, 
2004) and resulting adults (Scheirs et al., 2000) tends to 
vary greatly on the different species of plants on which 
the larvae develop. Indeed, experimental studies indicate 
a general congruence between oviposition preferences and 
larval performance (Thompson, 1988; Friberg & Wiklund, 
2009; Gripenberg et al., 2010). However, oviposition pref-
erences are not always strongly correlated with particular 
measures of larval performance, especially in host-plant 
generalists (Gripenberg et al., 2010). This is perhaps in 
part because host-plant generalists are under selection to 
make oviposition decisions that are adaptive over a wide 
range of host-plant species, and thus may use oviposition 
cues that are not optimal for each particular potential host. 
While more specialized dicotyledonous plant feeders often 
use particular chemicals that are characteristic of particu-
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Abstract. Phytophagous insects may be expected to prefer host-plant species on which their larvae perform best, but this has 
rarely been explored in grass-feeding butterfl ies. We explored links between oviposition preferences, larval food preferences, and 
performance (larval survival and development time, pupal mass, and adult longevity) on 18 species of grass in the common even-
ing brown, Melanitis leda L. (Nymphalidae: Melanitini), a tropical butterfl y that has been recorded from a large number of species 
of grass. Melanitis leda oviposited on all of the grass species offered in choice experiments, and larvae were able to develop to 
the adult stage on almost all of them. Oviposition preferences were for species of plants on which larval survival was higher, but 
were not correlated with larval development. The mother’s choice of host plant appeared to affect performance of the resulting 
adults as large butterfl ies had longer life spans. Ovipositing females appeared to adjust clutch size and position of their eggs on 
a plant depending on plant traits. Larval survival was only marginally correlated with larval growth rate on the different species of 
plants. Larvae showed host-plant preferences that were not correlated with adult oviposition preferences, larval survival, or larval 
growth. Overall, while M. leda can utilize a large number of species of grass, it shows marked oviposition preferences. Apparent 
fi ne-tuning of clutch size and positioning of eggs on plants with different traits might be another adaptation associated with using 
a large number of species of plants. We conclude that this grass feeding butterfl y selects oviposition sites that maximize the 
chances of their larvae surviving.

INTRODUCTION  

The study of interactions between phytophagous insects 
and plants is important for understanding global biodiversi-
ty and ecosystem functioning (Ehrlich & Raven, 1964; Gil-
bert, 1979; Vialatte et al., 2010; Davis et al., 2013). While 
phytophagous insects range from specialists that feed on 
a single species of host-plant (monophagous) to general-
ists that can feed on members of several plant families 
(polyphagous), most species, including generalists, have 
host-plant preferences and a performance hierarchy (Grip-
enberg et al., 2010). Phytophagous insects are presumed to 
be under selection to evolve suites of traits that promote 
the matching of preference and performance (Gripenberg 
et al., 2010). For example, adults are presumed to be se-
lected to prefer laying eggs on plants on which their lar-
vae perform better than on other available plants (Jaenike, 
1978; Singer, 1986). Because monophagy and polyphagy 
each pose different challenges to a phytophagous insect, 
such as, dealing with plant defences and fi nding particular 
species in diverse vegetation (Beaver, 1979), the degree of 

Eur. J. Entomol. 117: 1–17, 2020
doi: 10.14411/eje.2020.001

ORIGINAL ARTICLE



2

Molleman et al., Eur. J. Entomol. 117: 1–17, 2020 doi: 10.14411/eje.2020.001

als & Rodríguez, 2013; Hartley & DeGabriel, 2016; Kar-
ban & Takabayashi, 2019; Solofondranohatra et al., 2018). 
Never theless, grasses can be chemically defended and 
usually have endophytic fungi that can produce defensive 
chemicals such as alkaloids (Hardy et al., 1985; Faeth & 
Bultman, 2002). These differences will lead to differences 
in insect performance, and are thus expected to select for 
oviposition preferences and ultimately host-plant speciali-
zation in grass-feeding insects.

Butterfl ies are especially popular model systems for 
exploring interactions between phytophagous insects and 
their host plants, both at a macro-evolutionary scale and 
in detailed case studies. However, species of satyrine 
butterfl ies (Nymphalidae: Satyrinae) are often simply re-
garded as “grass-feeding” (Larsen, 2005; Kunte, 2012) 
and detailed information on their host-plant use is often 
lacking (García-Barros & Fartmann, 2009). While many 
species of satyrine butterfl ies can use many grass species, 
some are more specialized, indicating that selection for 
specialization can be strong in grass-feeders (Bergman, 
2000; García-Barros & Fartmann, 2009). Examples of 
specialized Melanitini include the Great Evening Brown 
Melanitis zitenius Herbst 1796 on particular species of 
bamboo and the Travancore Evening Brown Parantir-
rhoea marshalli Wood-Mason, 1880 on Ochlandra species 
(Kalesh & Prakash, 2009; Kunte, 2012). However, ovipo-
sition preferences, larval performance, and links between 
preference and performance are relatively poorly docu-
mented in grass-feeding butterfl ies (Karlsson & Wiklund, 
1985; Bergman, 2000; Lindman et al., 2013, Stuhldreher 
& Fartmann, 2015), especially in the tropics (Moore, 1986; 
Nokelainen et al., 2016). 

We explored links between host-plant preferences and 
performance of larvae of the Common Evening Brown 
Melanitis leda L. 1758 (Nymphalidae: Satyrinae). This 
medium-sized butterfl y occurs throughout the tropics 
except in the Americas, in habitats ranging from dense 
forest to grassland (Larsen, 2005; Kunte, 2012). It is re-
ported as feeding on a large number of species of grass 
(Larsen, 2005; Kalesh & Prakash, 2007). This species has 
several generations per year, with striking seasonal pheno-
typic plasticity in colouration and wing-shape (Brakefi eld, 
1987). Therefore, throughout the year, ovipositing females 
of such multi-voltine species have to choose among grass-
es with very different properties, and larvae need to be able 
to deal with the seasonal variation in food quality (Scheirs 
et al., 2002).

We address (1) to what extent M. leda is a host-plant 
generalist, (2) whether its females prefer to oviposit on 
plants on which their larvae perform best, (3) whether fe-
males vary clutch size and the positioning of eggs on plants 
of different species, (4) if larvae survive better on plants 
on which they grow fastest, (5) if larvae prefer species 
of plants that are preferred by ovipositing females or on 
which their larvae perform best, and (6) how the species 
of host-plant on which an individual develops might affect 
adult longevity.

lar plant taxa to identify hosts (Renwick & Chew, 1994), 
host-plant generalists and grass feeding insects are thought 
to be more likely to use cues that are indicative of physi-
cal defences and nutritional quality (Bernays et al., 2004; 
Lindman et al., 2013).

Phytophagous insects do not only need to choose on 
which plant to lay eggs, but also need to select a location 
on the plant and the size of each clutch (Godfray, 1986; 
Tscharntke, 1988; Sahoo & Kodandaramaiah, 2018). For 
instance, competition might be stronger on small leaves, 
and therefore females may choose to lay smaller clutches 
on small leaves (Sahoo & Kodandaramaiah, 2018). Plant 
traits such as overall size, leaf size, and plant architecture 
will differ more among host plants for polyphagous species 
of insects. Therefore, insect species utilizing many species 
of plants may be particularly likely to plastically modulate 
their oviposition behaviour to fi t plant traits.

In vegetation where larvae can easily move between 
plants, such as in grassland, larvae may have considerable 
freedom to select host plants (Bergman, 2000). Therefore, 
larvae can also be under selection for preferring optimal 
host-plants (Wiklund, 1975; Chew, 1980; Bernays et al., 
2004; Soler et al., 2012; Gamberale-Stille et al., 2014). If 
plants differ in overall suitability to larvae, then one would 
expect that plants that support a higher larval growth rate 
would also be the ones on which there is better larval 
survival (Williams, 1999). If this is the case, large larvae 
would prefer the same plants that they did when they were 
young. However, because young larvae are especially vul-
nerable to plant defences (Zalucki et al., 2002), whereas 
most of the body mass gain occurs in large larvae, the op-
timal plant species may change as larvae grow (Simpson 
& Raubenheimer, 2012). In particular, small larvae may be 
selected to prefer plants on which survival is highest, and 
large larvae to prefer plants on which their growth rate is 
highest.

Many grass-feeding insects are considered to be host-
plant generalists in that they can use many species of grass 
(Wiklund, 1984). However, the host-plant relationships of 
grass-feeding insects are relatively poorly known (Tho-
mas, 1984; Whitcomb et al., 1987), with the notable ex-
ception of agricultural pests such as stem borers of impor-
tant crops (Leniaud et al., 2006; Showler & Moran, 2014). 
Grasses fi rst evolved in forests and are now an abundant 
element in most types of vegetation, especially in open 
landscapes (Willis & McElwain, 2002; Edwards et al., 
2010). The radiations of grass-feeding insects are associ-
ated with the expansion of grasslands (Peña & Wahlberg, 
2008; Sahoo et al., 2017), which may in part be caused 
by these insects adapting to the defences of these plants 
(van Bergen et al., 2016). Grass species differ in nutrition-
al value, so that some species may not provide adequate 
nutrition for butterfl y larvae or support only low growth 
rates (Mattson, 1980, Barbehenn & Bernays, 1992; Scheirs 
et al., 2002). Grasses are considered to rely primarily on 
physical defences (silicon crystals, coarse fi bres, hairs) and 
fast regrowth, rather than on chemical defences (Cayssi-
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MATERIAL AND METHODS
Oviposition experiment

About 30 female M. leda were caught in Thiruvananthapuram, 
Kerala, India and their eggs were hatched and the larvae reared to 
the adult stage for use in our experiments over a six-month period. 
Adults were maintained under outdoor conditions in cages 2.2 m 
in height width and length (10.6 m3) and fed banana. Maize (Zea 
mays L.) seedlings were used to rear larvae in small cages. To 
obtain plants for oviposition preference tests, maize was grown 
from seeds in 0.5 l pots in compost mixed with soil. Wild grasses 
that were common and varied widely in plant architecture and 
habitat were dug up and planted in the same compost-soil mixture 
as the maize, using the same or larger pots as necessary. Plants 
were kept outdoors and shade-species were provided with shade 
under transparent carbon-fi bre roofs covered with 75% black 
shade netting. Wild grasses were watered daily and were mature 
(fl owering) when used for oviposition and larval performance ex-
periments. A total of 30 species of grass were used in oviposition 
experiments (Supplement 1). All plants were healthy and without 
notable insect damage, and were not reused. The species of grass 

were categorized as either creepers, clusters or bushes based on 
their architecture (Table 1).

By using large cages, we provided females space to fl y around 
and visually assess plants (Fig. 1A). During oviposition experi-
ments, between 5 and 20 females were present in the outdoor 
cages, depending on availability. The different species of plants 
were offered for oviposition in groups of 2 to 7 individuals, 
placed in a circle on the fl oor of the cage (Fig. 1A). We endeav-
oured to provide plants of similar size and shape within experi-
ments, which limited the plant combinations that could be used. 
Creeping grasses were tied to sticks when tested in combination 
with grasses that grow in tall clusters. Depending on the number 
of females that were laying eggs at a given time, the number of 
plants offered and the number of days they were offered was var-
ied. If the same individual plants were offered on multiple days, 
eggs were counted and removed daily and their positions within 
the cage were randomized daily. Eggs were counted blade by 
blade, noting the size of clutches. These eggs were put into Petri 
dishes. Any eggs at other locations on the plants or pots were also 
counted and removed.

Table 1. Summary statistics of preference and performance experiments on the butterfl y Melanitis leda on different species of plants. Plant species are sorted 
by cardinal oviposition preference in terms of the Normalized David score based on counts of clutches, with N denoting the number of experiments in which a 
particular plant species was used. For clutch size the number of clutches for which we had egg counts is noted. Egg position reports the number of clutches 
that were recorded on shoot tips or on withered leaves noting that the availability of the latter was minimal and not quantifi ed. Cardinal larval preference is 
presented as Normalized David Score for all small (< 2 cm) and large larvae (> 2 cm). See the methods section for more information on how means and s.e. 
were calculated for larval performance.

Plant

Behaviour Larval performance

Growth 
form

Oviposition 
preference Clutch size Egg 

position Larval preference Development 
time (days)

Pupal mass 
(grams) Growth rate Larval sur- 

vival (p)

 Clut-
ches Eggs N Mean s.e. N Shoot 

tip
Wit-

hered All Small Large Mean s.e. N Mean s.e. N Mean s.e. N Mean s.e.

Dendrocalamus strictus 
(Roxb.) Nees bush 9.10 9.58 5 4.24 4.09 76 28 1 7.91 8.99 8.79 40.98 3.96 14 0.321 0.016 14 0.0147 0.0031 14 0.03 0.08

Axonopus com-
pressus (Sw.) P. Beauv

creep/
cluster 10.30 8.61 14 3.24 1.84 64 16 22 7.90 8.23 8.97 28.51 3.91 20 0.428 0.012 23 0.0276 0.0030 20 0.24 0.09

Chrysopogon hackelii 
(Hook.f.) bush 9.77 9.41 3 3.00 1.24 5 0 0 7.41 8.66 9.44 42.32 5.36 1 0.336 0.058 1 0.0128 0.0053 1 0.01 0.14

Zea mays L. mature 
plants cluster 10.06 9.69 9 3.09 2.21 113 0 0 NA NA NA 28.73 3.96 6 0.382 0.015 6 0.0266 0.0031 6 0.30 0.14

Zea mays L. (young) cluster 7.15 7.18 6 3.71 2.30 807 18 22 8.57 9.35 7.35 28.70 3.85 79 0.346 0.008 79 0.0261 0.0029 79 0.44 0.09
Chrysopogon hackelii 
(Hook.f.) cluster NA NA 1 2.20 1.30 415 0 0 8.16 8.54 8.64 40.13 4.01 9 0.337 0.019 9 0.0159 0.0032 9 0.08 0.09

Brachiaria 
mutica (Forssk.) Stapf cluster 8.35 8.85 6 2.72 1.61 279 0 1 8.80 7.99 8.82 30.61 4.01 10 0.382 0.021 10 0.0240 0.0033 10 0.09 0.09

Pennisetum polystachion 
(L.) Schult. cluster 7.28 7.51 13 3.42 2.71 64 0 0 9.34 8.06 7.93 31.90 3.85 63 0.401 0.008 63 0.0239 0.0029 63 0.16 0.08

Cynodon dactylon (L.) 
Pers. creeper 8.39 8.02 14 3.16 2.61 130 5 1 9.13 8.51 7.70 30.51 3.95 15 0.345 0.015 15 0.0243 0.0031 15 0.40 0.12

Paspalum scrobicu-
latum L.

creep/
cluster 8.53 8.21 8 3.55 3.33 129 0 0 8.80 8.19 8.80 31.76 3.93 17 0.423 0.014 17 0.0242 0.0031 17 0.16 0.09

Ochlandra travancorica 
(Bedd.) bush 9.24 8.92 3 3.41 3.47 23 0 0 7.70 9.27 8.50 35.59 4.13 6 0.363 0.024 6 0.0194 0.0034 6 0.00 0.10

Oplismenus compositus 
(L.) P. Beauv. creeper 11.13 11.64 20 3.16 1.68 98 2 0 9.08 8.38 8.43 31.80 3.88 35 0.346 0.010 35 0.0230 0.0030 35 0.13 0.08

Setaria barbata (Lam.) 
Kunth creeper 6.92 6.8 18 2.99 2.79 265 13 5 6.68 9.08 9.99 28.03 3.85 81 0.369 0.007 81 0.0280 0.0029 81 0.50 0.12

Brachiaria milliformis creeper 9.01 8.83 9 3.44 2.87 14 4 0 8.17 9.22 8.93 30.09 3.95 16 0.391 0.015 16 0.0256 0.0031 16 0.25 0.09
Rottboellia cochin- 
chinensis (Lour.) Clayton cluster 8.12 8.47 4 3.28 2.24 101 0 4 8.32 8.22 8.97 28.52 3.89 32 0.451 0.011 32 0.0298 0.0030 32 0.09 0.08

Cymbopogon fl exuosus 
(Nees ex St.) Watson cluster 6.93 6.9 8 3.80 2.07 287 0 5 8.60 7.72 8.81 35.58 3.92 20 0.340 0.013 18 0.0187 0.0030 18 0.13 0.09

Unidentifi ed like 
Eleusine cluster NA NA NA NA NA NA NA NA 35.02 3.92 20 0.310 0.014 20 0.0174 0.0030 20 0.27 0.08

Eleusine indica (L.) 
Gaertn cluster 9.33 9.29 2 3.17 2.25 57 0 0 8.87 8.39 7.75 26.55 3.86 55 0.431 0.009 55 0.0321 0.0029 55 0.15 0.08

Melinis repens (Willd.) 
Zizka cluster 10.97 10.45 18 3.49 2.88 55 0 11 8.91 8.86 7.69 29.80 3.89 33 0.375 0.011 33 0.0257 0.0030 33 0.03 0.11

Panicum repens L. cluster 10.13 10.61 6 4.95 4.74 164 1 1 10.63 7.35 7.49 NA NA NA NA NA NA NA NA NA NA NA
Triticum aestivum L. cluster NA NA NA NA NA NA NA NA 39.04 4.03 12 0.283 0.018 12 0.0224 0.0033 12 NA NA
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For each test in the oviposition preference experiment, we de-
termined which species had the highest number of egg clutches in 
each species pair, assuming that the presence of other plant spe-
cies within an oviposition experiment does not affect the choice 
between a given two species of plants (see Supplement 1). We 
further assumed that the presence of eggs on plants does not infl u-
ence the decision to oviposit in this species (Singer & Mandrac-
chia, 1982). Since not all the species of plants could be tested 
in each test, such data treatment was necessary to objectively 
calculate preference ranks. We then calculated cardinal ranks of 
oviposition preferences using the R package “steepness”, which 
calculates the cardinal ranks (Normalized David score) from 
a matrix of paired interactions, where low normalized David 
scores indicate the more preferred species of plants (Leiva & De 
Vries, 2014; R Core Team, 2017). Differences in cardinal ranks 
among species of grass are larger when preferences are more pro-
nounced, and larger differences result in a steeper preference hi-
erarchy. To be able to compare oviposition preference with larval 
performance on Axonopus compressus (Sw.) P. Beauv, we aver-
aged the scores for the two growth forms (creeping and erect) 
to obtain a single species score that could be related to larval 
performance. We focused on the number of clutches rather than 
the number of eggs laid, because this might better represent indi-
vidual oviposition decisions. However, we also performed these 
analyses based on the number of eggs (see Supplement 1 and 5). 
We used ANOVA to compare clutch sizes among species of plants 
and among growth forms, and regression analyses to test if clutch 
size was predicted by oviposition preference.

Larval choice experiment
Eggs were obtained from wild-caught females and the larvae 

reared on a single species of host-plant. To allow larvae to express 
a choice, stems of cuttings of two species of grass were placed 
in a hole in the lid of a jar fi lled with water (Fig. 1C). We repli-
cated plant combinations for which we had larval performance 
data (see below), with additional trials for plant species combina-
tions that appeared closely matched in terms of larval preference. 
The jars were placed in a Petri dish with water so that walking 
insects could not easily enter or leave the jars. Larvae were given 
six hours to express a choice. Each larva’s choice was scored in 
terms of the grass it had eaten and on which it was present at 
the end of the experiment. This excludes instances where larvae 
did not eat. In instances in which both grasses were eaten, this 
procedure favours plants on which the larva was present (feeding 
damage was always small compared to leaf surface). We did not 
have instances where a larva had eaten from one grass only and 
was present on the grass it had not eaten. To test for any associa-
tion between larval choice and body size, after the choice was 
recorded, the length of each larva was measured using a ruler 
while it was on a leaf. 

We used the R package “steepness” (Leiva & De Vries, 2014; 
R Core Team, 2017) to calculate cardinal ranks of larval prefer-
ences. We then calculated these ranks separately for small lar-
vae (4–20 mm) and large larvae (21–44 mm). Cardinal ranks 
were simplifi ed to absolute ranks by numbering the species in 
rank order. We compared the cardinal ranks of the plants among 
large and small larvae using a General Linear Model (GLM) with 

Fig. 1. Photographs of the different experiments. A – Oviposition experiment with fi ve different species of plants; “a” indicates the shoot on 
which very many eggs were laid (near the plate with mashed banana). B – Female of Melanitis leda laying eggs on the shoot tip indicated 
in A. C – Larval choice experiment in which in each jar there are shoots or leaves of two species of grass and one larva. D – Incubator 
with sleeves.
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“Normalized David score” as the dependent variable and “larval 
size” as a categorical predictor and “plant absolute rank” as a 
continuous predictor. If there is a stronger preference, cardinal 
ranks will differ more, resulting in a steeper slope when plotted 
against absolute ranks. Thus, an interaction between “larval size” 
and “plant absolute rank” indicates a difference in the strength of 
the preference expressed among large and small larvae. 

Larval survival and development experiment
To measure performance of larvae on different species of grass, 

we performed an experiment in a series of four subsequent batch-
es (each one described below) with slightly different methods and 
in different seasons. On one hand, batches differed as a result 
of weather infl uences on plant availability in the wild and prob-
ably also plant condition, and on the other hand due to changes 
in protocol aimed at increasing larval survival. In all batches, lar-
vae were reared on potted plants in nylon sleeves in a climate 
chamber. Each individual larva was fed only one species of grass 
throughout, while individual plants were exchanged. Fresh plants 
were added into sleeves at least a day before the old ones were 
removed so that larvae could transfer to the fresh ones without 
being touched by experimenters. As butterfl y eggs and space in 
the growth chamber became available, sleeves were set up over a 
period of several weeks in each batch. The number of replicates 
per species of grass in each batch varied for the different species 
of plants depending on the availability of the grasses and survival 
of larvae (when many larvae died on a certain grass species, we 
set up more sleeves for this species in order to be able to measure 
larval development). The number of sleeves and larvae for each 
species of plant for each batch is reported in Supplement 3 Table 
S3.1. These data were pooled and “batch” was used as random 
effect in statistical analyses to produce comparable estimates of 
performance measures per plant species across all batches. By 
including different batches and conditions, the calculated means 
per plant species should be less biased by for example particular 
plant growth conditions or plant ages which may have effects on 
larval performance, and our estimated means thus better represent 
plant species.

Batch 1
Eggs were collected from wild-caught females and allowed to 

hatch in Petri dishes. Ten hatchlings were transferred to potted 
(0.5 l) plants of one of four species of plants and these were kept 
in black nylon mesh sleeves in a growth chamber at 21°C and 55% 
RH and a 12L : 12D photoperiod. As food was consumed, new 
potted plants were added, and old plants were removed. Thus, 
a sleeve contained 1–3 potted individuals of a single species of 
plant and up to 10 larvae (as some died or pupated), with sleeves 
typically touching the foliage (Fig. 1D). Sleeves were inspected 
daily, and plants were watered on alternate days and replaced 
as necessary. Pupae were removed and placed singly on tissue 
paper in transparent jars and kept under the same conditions. 
One day after pupation, pupae were sexed and weighed to the 
nearest 0.001 mg (Mettler Toledo JB1603-C/FACT). Pupae were 
then placed on tissue paper covering the inside of the lid of the 
up-side-down transparent jar the sides of which were lined with 
paper so that eclosing butterfl ies could climb up to allow their 
wings to unfold. The jars could then easily be inspected daily for 
eclosions through the transparent bottoms of the jars. This experi-
ment was terminated when ants killed the last remaining larvae 
and pupae (set up last), so these were not used in the analysis 
of larval survival, only for larval development. Forty-two pupae 
were obtained from six sleeves (see Supplement 3 Table S3.1. for 
details on the number of sleeves per species of plant).

Batch 2
Similar to batch 1, but kept at a higher temperature of 24°C 

with 65% RH. Typically, 10 hatchlings were placed on each pot-
ted plant. Plants included common wild grasses, as well as maize 
seedlings (2–4 weeks old) and more mature maize (2–4 months 
old). The positions of potted plants in their sleeves in the growth 
chamber were randomized daily. Every day, pupae and pre-pupae 
were removed along with a piece of the substrate they were at-
tached to, and the substrate was attached to the lid of the jar using 
masking tape. Unattached (pre-) pupae were laid on tissue paper. 
1–3 days after pupation, pupae were gently removed from their 
substrate, sexed, weighed (using a Sartorius MSA6.6S-000-DM 
weighing balance) and placed on the tissue-paper-covered lid of 
an inverted jar as in experiment 1. We used 47 sleeves and ob-
tained 73 pupae from this batch (see Supplement 3 Table S3.1. for 
details on the number of sleeves per species of plant).

Batch 3
Similar to batch 2, except that: (1) eggs were allowed to hatch 

on maize seedlings and thus fed on maize for a day before being 
assigned to different grasses, (2) we added more species of grass 
including two species of bamboo (Ochlandra travancorica 
(Bedd.) Gamble and Dendrocalamus strictus (Roxb.) Nees and 
(3) fewer hatchlings (around 7) were typically put in sleeves in 
anticipation of higher survival due to the gentler treatment of the 
hatchlings. Eggs were allowed to hatch on maize seedlings to ob-
tain more information on larval performance by avoiding early 
mortality due to starvation and handling. We used 66 sleeves and 
obtained 82 pupae from this batch (see Supplement 3 Table S3.1. 
for details on the number of sleeves per species of plant).

Batch 4
Similar to batch 3, but with newly collected wild grasses that 

experienced more humid weather (outdoor) before being used to 
feed larvae in the growth chamber in which the humidity was 
maintained at about 69% RH. This was the largest batch with 
134 sleeves, which produced 319 pupae (see Supplement 3 Table 
S3.1. for details on the number of sleeves per species of plant).

To test whether hatchlings could complete their development 
on bamboos at a high temperature, larvae were reared under 
warmer conditions on these plants (AC at about 28°C during the 
day), but these were not included in the statistical analyses be-
cause these conditions were variable (yielding 44 pupae).

We calculated mean larval survival and its s.e. per species of 
plant as follows. First we calculated larval survival at the level 
of sleeves in terms of the proportion of hatchlings that survived 
to the pupal stage. These proportions were often low (39% of 
sleeves had larval survival between 0 and 10%), while most other 
sleeves (49%) showed survival percentages between 20 and 70%. 
Per species of plant means and s.e. were then obtained using a 
GLMM model (glmer with Gaussian link function in R; Bates 
et al., 2015) with species of plant as predictor, batch as random 
effect, and number of hatchling larvae in a sleeve as a weighting 
factor.

We examined three measures of larval development: devel-
opment time from egg-hatch to pupation, pupal fresh mass, and 
growth rate calculated as pupal mass to the power 1/3 divided by 
development time (based on empirical data on growth of lepidop-
teran larvae; Tammaru & Esperk, 2007). To obtain means and s.e. 
of larval development (development time, pupal mass, growth 
rate) per species of plant, we used GLMM (glmer with Gauss-
ian link function in R; Bates et al., 2015) with species of plant as 
predictor and batch as a random effect, and then took the model 
intercept plus estimates as the estimated mean for each species. 
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This procedure makes the means directly comparable despite dif-
ferent conditions in the different batches.

Adult longevity
Butterfl ies emerging from batch 3 in the larval performance 

experiment were kept individually in cylindrical cages of diam-
eter 20 cm and height 30 cm, made from yellow metal frames 
and covered with black netting. Seasonal forms may differ in life 
history traits including longevity (Pijpe et al., 2007). Therefore, 
butterfl ies were classifi ed as dry season form, intermediate or 
wet season form based on eyespots size and background colour 
pattern. Butterfl ies were fed a slice of ripe banana covered with 
moistened cotton wool placed at the top of each cage. Fresh ba-
nana was provided every 2–3 days and cotton wool was rinsed at 
each feeding and replaced once every two weeks. The cages were 
kept on shelves in a windowless air-conditioned room maintained 
at about 24°C during the day (cool compared to outdoor condi-
tions) and at ambient temperatures during the night (between 24 
and 28°C). A 10L : 14D cycle was maintained using fl uorescent 
lighting. The positions of the cages was randomized once every 
two weeks. Dead butterfl ies were removed daily. Adult longev-
ity results were analysed using Cox models implemented in the 
survival package (Therneau, 2015) in R, with as predictors pupal 
mass, phenotype (dry season, intermediate or wet season) and 
sex.

Correlations between preference and performance
We used regression models to test for associations between 

adult and larval preferences, and larval performance at the level 
of plant species (data summarized in Table 1) in R using the lm 
function.

RESULTS

Oviposition preferences
A total of 30 species of grass was offered for oviposi-

tion in 21 tests, some with egg counts on multiple days 
so that eggs were counted on 36 days. We counted more 
than 11,000 eggs in over 3000 clutches and determined 
the outcome of more than 350 paired interactions among 
17 species of plants to calculate the preference hierarchy 
(Supplement 1 for a summary of paired interactions). Eggs 
were laid on all the species of plants offered, including 
creeping grasses, cluster grasses, sedges, and bamboos. 
Nevertheless, butterfl ies expressed clear preferences as the 
normalized David scores differed substantially for the dif-
ferent species of plants (Table 1, Supplement 1). Oviposi-
tion preferences were similar when calculated on the basis 
of batches and numbers of eggs (Table 1). Within a grass 
species, oviposition preference could differ markedly with 
plant age (young versus old Zea mays: Table 1), and there 
was also a slight preference for erect over creeping plants 
of A. compressus (Supplement 1). Only eight eggs were 
laid on pots in this experiment. Correlation analyses fo-
cused on the 17 species of plants for which there were also 
results for larval performance.

Position of eggs on plants and clutch size
Eggs were typically laid on the physical underside (not 

necessarily the abaxial surface) of leaves, singly or in 
groups. Groups were typically 2–4 eggs in rows, but oc-
casionally extending to rows of about 8 or forming larger 
clusters (692 eggs were laid singly, 1376 in pairs, 2130 

in triplets, 2016 in quadruplets and 1415 in quintuplets). 
To our knowledge, no quantitative information on clutch 
sizes in the wild is available for this species, but the sin-
gle egg cluster we found in the wild on Setaria barbata 
(Lam.) Kunth contained 45 eggs, so large clusters are not 
necessarily an artefact of captivity. However, on one occa-
sion, we observed that immediately upon introduction of 
the plants, several individuals started laying on the tip of 
an outlying sprig of Cynodon dactylon (L.) Pers., which 
the following day was covered with 120 eggs (Fig. 1C). 
Therefore, large egg clusters may be made up of several 
clutches in our experiment. We excluded egg-clusters that 
were likely to consist of more than one clutch from the 
clutch size analysis (when eggs were heaped, of different 
sizes and colours, or exceeding 50 eggs). There were dif-
ferences in mean clutch size recorded on the different spe-
cies of plants (Anova: F1, 18 = 1.61, P < 0.001). However, 
oviposition preference (based on the number of clutches) 
was not signifi cantly associated with clutch size (Linear 
regression: F1, 16 = 0.049, P = 0.83). Therefore, clutch size 
may not simply be a function of “preference” but might 
involve fi ne-tuning to particular plant traits. Nevertheless, 
growth form (cluster, creeper, or bush) was not associated 
with clutch size (Anova: F1, 18 = 0.21, P = 0.89).

Similarly, M. leda did not systematically prefer plants of 
cluster or creeping growth forms for oviposition (Anova: 
F3, 14 = 0.129, P = 0.94). However, the positions of eggs 
differed between these two growth forms. Especially on 
creepers, the penultimate (second most recent) leaf in a 
shoot was favoured (“shoot tip” in Table 1), often shoots 
that stick out (illustrated in Fig. 1B). In grasses with a clus-
ter growth form, eggs were laid on leaves both high on 
the plant and near the ground, but rarely within the cluster. 
Ovipositing females often showed a preference for the rare 
withered leaves (brown or yellow) over green leaves in a 
cluster (“withered leaves” in Table 1). However, the avail-
ability of such withered leaves was minimized by periodic 
pruning, and not measured, so that we cannot make quan-
titative statements.

Larval choice
We carried out 391 paired larval choice experiments, 218 

using larvae shorter than 2 cm and 173 with larvae longer 
than 2 cm. Larvae of M. leda accepted all the grasses of-
fered (Supplement 2), but there were clear preferences 
(Table 1). The ranking differed between small and large 
larvae, and the trends in ranks were steeper for large larvae 
(steepness = 0.129) than small larvae (steepness = 0.102; 
GLM: N = 18 plant species, Larval size T = 2.235, P = 
0.033; Larval size * Rank T = –2.547, P = 0.016). A steeper 
ranking means that the larvae differentiated more between 
the species of plants.

Larval performance
Survival

There were large differences in larval survival among the 
species of plants, ranging between zero and 50% (Table 
1; Fig. 2). Larvae never survived on Panicum repens L., 
even-though large larvae ate this grass in the larval choice 
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experiment. Larvae could only be reared on bamboos at 
high temperatures such as in the laboratory (ca. 28°C, 44 
pupae), but not in a growth chamber at 24°C, unless hatch-
lings fi rst fed on other grasses for at least a day (batch 4). 
Some larvae survived on Brachiaria mutica (Forssk.) Stapf 
in batches 2 and 4, but not in batch 3. Most mortality ap-
peared to occur during the fi rst week after hatching.

Larval growth
On the different species of plants, estimated means of 

larval growth parameters ranged widely (Table 1, Supple-
ment 3 Tables S3.2, S3.3, and S3.4). There were no dif-
ferences between males and females in development time 
and pupal mass (Supplement 3). Therefore, sex differences 
in larval growth were small compared to the differences 
recorded on the different species of plants and, could be 
ignored when testing for correlations between preference 
and performance.

Adult longevity
The life span of adult M. leda butterfl ies was on average 

104 days (SD = 70.9, N = 88) and one butterfl y survived 
for over nine months. Males lived longer than females and 
the dry-season form lived longer than the wet-season form 
(Supplement 4). There were no differences between but-
terfl ies originating from different species of plants, which 
was to be expected given the small sample sizes per spe-
cies of plant. Nevertheless, we found that butterfl ies lived 
longer when they were heavier (Cox model clustered by 
seasonal form: pupal mass exp(coef) 0.038 SE of exp(coef) 
= 1.583, P < 0.001; sex exp(coef) = 0.439 SE of exp(coef) 
= 0.264, P < 0.001, likelihood ratio test = 11.4 on 2 DF, P = 
0.003). Thus, the species of host plant does affect adult lon-
gevity through its effect on body size. We found no effect 

of larval development time or growth rate on butterfl y life 
span (Cox model with development time, sex and seasonal 
form: development time Z = 0.44, P = 0.66; sex Z = –3.13, 
P = 0.002; forms Z > 2.7, P < 0.01). 

Correlations between oviposition, feeding 
preferences, and performance
Are oviposition preferences refl ected in performance?

More clutches were laid on species of plants on which 
a high proportion of the hatchlings survived to pupate (re-
gression weighted by the number of oviposition experi-
ments in which a particular species of grass was present: 
F1, 16 = 7.14, P = 0.017, R2 = 31%; Fig. 3a). However, ovi-
position preferences were neither correlated with larval 
growth rate on species of plant (weighted regression: F1, 15 
= 0.014, P = 0.91, R2 < 1%; Fig. 3b) nor with pupal mass 
(weighted regression: F1, 15 = 0.010, P = 0.94, R2 < 0.1%). 
Correlations were very similar when calculated using ovi-
position preferences based on the number of eggs rather 
than the number of clutches (Supplement 5).

Correlation between larval performance measures
Larval survival was higher on plants on which larval 

growth rates were higher (Fig. 4). However, this was only 
marginally signifi cant (simple regression F1, 17 = 4.102, P = 
0.058). Notably, low growth rate was associated with low 
survival, but on species of plants on which larvae could 
grow fast, survival ranged from low to high.

Does larval choice refl ect performance?
Larval preferences for species of plants were neither 

predicting larval survival (weighted regression: T1, 16 = 
–0.935, P = 0.364, R2 = 5%) nor growth rate on these plants 

Fig. 2. Average percentage survival of larvae on species of grass 
in each batch with standard errors with absolute oviposition prefer-
ence based on number of clutches. When survival was 0%, it was 
depicted as 0.3% to distinguish it from missing data.

Fig. 3. Relationships between oviposition preferences and larval 
survival, and oviposition preferences and growth rate in the but-
terfl y M. leda. This illustrates that females preferred to lay eggs 
on species of grass on which larval survival was high (weighted 
regression: F1, 16 = 7.14, P = 0.017, R2 = 31%), but oviposition 
preferences were not correlated with average larval growth rate 
(weighted regression: F1, 15 = 0.014, P = 0.91, R2 < 1%). Lower nor-
malized David scores correspond to more preferred plant species.
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(weighted regression: T1, 15 = 0.268, P = 0.793, R2 < 1%). 
Similarly, we found that adult oviposition preferences did 
not predict larval host-plant preferences (F1, 15 = 2.267, P = 
0.153). We also found no trends when the choice of small 
larvae was tested against survival (expected because most 
mortality occurred during the fi rst few days; F1, 15 = 0.875, 
P = 0.364), and when choice of large larvae was tested 
against growth rate (expected because most growth occurs 
in large larvae; F1, 15 = 0.2608, P = 0.617).

DISCUSSION

We performed oviposition and larval-food preference 
experiments, reared larvae on different species of plants, 
and measured adult longevity of the tropical grass-feeding 
butterfl y M. leda. We show that this species can indeed 
complete its life cycle on a wide range of species of grass. 
Nevertheless, it has pronounced oviposition preferences 
that appear to primarily optimize survival of hatchlings.

Our results show that M. leda will lay eggs on a wide 
variety of grasses (all 30 species tested, including creepers, 
clusters, sedges, and bamboos), and larvae can complete 
their development on nearly all grasses provided (18 out 
of the19 species tested, including two species of bamboo). 
This is corroborated by the long list of plant species on 
which it is recorded in the wild throughout its wide bio-
geographical range (Larsen, 2005). Therefore, M. leda can 
use the vast majority of species of grass as host plants in 
nature. Nevertheless, it is far from indiscriminate.

We found that butterfl ies laid more eggs on plant species 
on which their larvae had a higher survival rate. A similar 
result is reported for the African satyrine butterfl y Bicyclus 
safi tza (Nokelainen et al., 2016). However, in contrast to 
most other studies, we found no correlation between ovi-
position preference and larval growth rate (Gripenberg et 
al., 2010; Nokelainen et al., 2016). This indicates that ovi-
position preferences maximize hatchling survival rather 
than larval growth rate in this species. Perhaps the lack of 
correlation between oviposition preference and growth rate 

is in part due to within plant species variation among indi-
vidual plants. The individual plants used in the oviposition 
experiment were necessarily not those fed to larvae in the 
larval performance experiment. The quality of the grasses 
will have differed among batches because they grew under 
varying outdoor conditions (Scheirs et al., 2002), despite 
daily watering. Such variation is indicated by differences 
among batches in the relative survival and growth rate 
among plant species (Fig. 2, Supplement 3), and differ-
ences in preference for and performance on maize seed-
lings versus older maize plants (Table 1). However, by per-
forming oviposition experiments over an extended period 
(six months) and by using several batches to obtain larval 
performance data, our data may better represent preference 
for and performance on different species of plants than if 
only a single set of plants and conditions was used. Argu-
ably, the wide range in larval survival rates among species 
of grass that we recorded would exert strong selection on 
oviposition preferences, which could lead to the observed 
preference for grass species on which larval survival is 
high.

Among dicotyledonous plant feeding insects there are 
also exceptions to the rule that females tend to prefer to 
oviposit on plants on which their larvae grow best, espe-
cially among generalists (Gripenberg et al., 2010; de la 
Masselière et al., 2017). Such exceptions may not neces-
sarily mean that oviposition preferences are not adaptive 
(Craig & Itami, 2008). Oviposition preferences may rather 
refl ect differences in larval survival on different species of 
plants. This may include early mortality caused by plant 
defences, for instance as reported in this study, but also 
mortality due to natural enemies (Damman, 1987; Singer 
& Stireman, 2005; Kursar et al., 2006; Singer et al., 2014). 
For example, M. leda butterfl ies laid few eggs on Eleusine 
indica (L.) Gaertn, even though both larval survival and 
growth rate were high on this species of grass. However, 
this species has narrow, dark green leaves on which the 
light green with yellow larvae of M. leda are conspicuous 
and would thus probably suffer a high predation rate in the 
fi eld. On the other hand, it may well be that there is selec-
tion to prefer S. barbata because M. leda larvae appear to 
be highly cryptic on it. Indeed, S. barbata is regarded as an 
important host plant of M. leda in the wild in this region 
(S. Kalesh, pers. comm.). Nevertheless, other grasses are 
also used in the wild and these may confer other fi tness 
advantages. Furthermore, apparent suboptimal oviposition 
preferences can be due to, for example, time constraints 
and sensory limitations (Craig & Itami, 2008; Sahoo & 
Kodandaramaiah, 2018).

Host-plant generalists may use plants with a wide variety 
of plant architectures that each select for particular clutch 
sizes and positioning of eggs on the plants. Therefore, 
host-plant generalists might be expected to show plastic 
oviposition behaviour. Indeed, we found that in M. leda, 
clutch size differed between species of plants, and the po-
sitioning of eggs varied with plant architecture. That eggs 
were typically laid on the penultimate leaves of creeping 
grasses may be explained by nutrition and by avoidance of 

Fig. 4. The relationship between larval survival and growth rate on 
species of plants, which indicates that the larvae of M. leda that on 
average had a low growth rate also tended to have a low survival 
rate (simple regression F1, 17 = 4.102, P = 0.058). Data points rep-
resent Estimated Marginal Means per plant species with respective 
s.e. calculated for all experiments.
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natural enemies. Eggs laid on second leaves will hatch on 
a tender young leaf, which is probably more nutritious than 
both the youngest leaf and older leaves (Barbehenn et al., 
2017). Furthermore, walking predators may be less likely 
to fi nd prey at the shoot tips of complex plants since there 
are many such tips, compared to other plant parts (Casas 
& Djemai, 2002). The frequent choice of (rare) withered 
leaves that larvae cannot feed on may be explained by 
lower predation pressure on such leaves. Laying on with-
ered leaves would then be similar to laying eggs away from 
a plant (Wiklund, 1984; Bergman, 2000; Lindman et al., 
2013). This indicates that butterfl ies fi rst assess the overall 
plant quality and then oviposit on sites most suitable for 
hatchlings, or where natural enemies may least expect to 
fi nd eggs. Overall, these butterfl ies appear to adapt their 
fi ne-scale oviposition behaviour to plant traits, a plasticity 
that may be expected especially in a generalist species, be-
cause generalists utilize plants with a wide variety of traits.

The expectation is that larvae will survive best on plants 
on which they have high growth rates (Williams, 1999). 
However, this relationship appeared weak in our data and 
was only marginally signifi cant. This may be explained by 
the conditions during the fi rst few days being particularly 
critical for larval survival, while growth rate differences 
are more important in later larval development. Plants on 
which hatchling survival is low may have defences against 
small larvae (e.g. hairs or tough cuticle) that large larvae 
can overcome. These more defended plants may be more 
nutritious so that larvae can achieve a high growth rate on 
them once they outgrow the plant’s defences. In our sam-
ple, this may particularly be the case for B. mutica (Fig. 
2). In this species, stems and leaves are covered with long 
fi ne hairs, which probably impede movements of hatch-
lings (Karban & Takabayashi, 2019). Perhaps hatchlings 
can only survive on B. mutica if they hatch on the youngest 
leaves that are not yet so hairy. Some larvae of the second 
batch (hatchlings) and of the fourth (1 day old larvae) sur-
vived on B. mutica, but none of the third (1 day old larvae). 
The B. mutica plants used for the third batch were more 
mature and had experienced more dry-season conditions 
(despite daily watering) and may thus have been less suit-
able for the hatchlings. This indicates that individual plants 
of a species and leaves on an individual plant on which 
eggs are laid may affect fi rst instar larval survival. The few 
larvae that did survive on B. mutica had a high growth rate. 
Such combinations of low early survival and high growth 
rate may contribute to a weak correlation across plant spe-
cies between larval survival and larval growth. 

Similar to ovipositing adults, larvae are also expected 
to prefer species of plants on which they perform better 
(Wiklund, 1975). However, we found no correlations be-
tween larval choice and larval survival or growth. Large 
larvae may have displayed a steeper preference, because 
they were better able to make a choice rather than accept 
the fi rst plant encountered.

Larval host plants may affect insect longevity through 
their effect on body size (Shirai, 1995). In our study, sam-
ple sizes per species of plant were too low to effectively 

compare adult longevity among butterfl ies reared on dif-
ferent species, or even to use averages per plant to explore 
correlations. Nevertheless, large butterfl ies lived longer, 
suggesting that there is selection to prefer plant species 
on which M. leda tends to produce large pupae. However, 
such a preference was not recorded in our cross-species re-
gression analysis of ovipostion preference and pupal mass.

Future studies may address more detailed questions on 
the oviposition preferences of M. leda butterfl ies and the 
consequences of variation in leaf quality among individual 
plants within species, and individual leaves within plants. 
The limited availability of large cages resulted in us using 
groups of females in oviposition experiments in order to 
include more females and obtain a larger number of eggs 
than would be possible using single females. In the absence 
of such practical constraints, we would have gathered ovi-
position preference data from individual butterfl ies rather 
than groups. Further work will be needed to investigate 
individual variation in oviposition preferences, the possi-
bility that these preferences might be learned or induced, 
and the potential infl uences of oviposition and larval feed-
ing on responses to the different hosts (Friberg & Wiklund, 
2016; Hopkins, 1916; Schäpers et al., 2017).

CONCLUSIONS

Melanitis leda is a host-plant generalist that will lay eggs 
on a wide variety of grasses, and their larvae can complete 
their development on nearly all of them. Nevertheless, it is 
far from indiscriminate because it shows strong oviposi-
tion preferences, behavioural responses to plant architec-
ture, and larval food preferences. Females preferred to lay 
eggs on species of grass on which larvae had high survival 
rates, but oviposition preference was not correlated with 
larval growth rate. Larval survival and growth rate on the 
different species of plants were only weakly correlated 
with each other. Furthermore, larval choice was not corre-
lated with performance or oviposition preferences. Larger 
body size was associated with long life. This study shows 
that this species of butterfl y, which feeds on a wide variety 
of grasses, is nevertheless selective, and especially prefers 
plants on which larval survival is high.
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Supplement 1. Oviposition preferences for potential host plants of M. leda.

Table S1.1. Summary of the results of oviposition experiments summarized as dyadic interactions based on the number of clutches (see 
Methods for details). The number in each cell below the diagonal denotes the number of occasions in which the plant in the row was 
preferred over the one in the column heading, while above the diagonal the plant species in the column heading was preferred. The latter 
are “reversals” of the preference hierarchy in which on average a less preferred plant is chosen. Column names are abbreviations of the 
row names.

Loosers
Winners

S. b C. f. Z. m.
young P. p. R. c. B. m. C. d. P. s. B. m. D. s. O. t. E. i. A. c. A. c. 

crawl
Unid.
bo.

Z. m. 
old P. r. M. r. O. c.

Setaria barbata x 3 8 4 1 0 0 0 1 1 0 0 0 0 0 0 0 0 0
Cymbopogon flexuosus 1 x 0 2 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0
Zea mays ( young) 0 0 x 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Pennisetum polystachion 7 2 7 x 1 0 2 0 0 0 0 0 0 0 0 0 0 0 0
Rottboellia cochinchinensis 1 2 0 0 x 0 0 0 1 0 0 0 0 1 0 0 0 0 0
Brachiaria mutica 2 1 0 0 0 x 0 2 0 0 0 0 0 0 0 0 0 0 0
Cynodon dactylon 10 0 7 6 0 0 x 0 1 0 0 0 0 0 0 0 0 0 1
Paspalum scrobiculatum 0 1 0 2 0 2 0 x 0 1 0 0 2 0 0 0 0 0 0
Brachiaria milliformis 2 2 0 0 1 0 1 0 x 0 0 1 1 0 0 0 1 0 0
Dendrocalamus strictus 0 2 0 2 0 0 0 2 0 x 1 0 2 0 0 0 0 0 0
Ochlandra travancorica 1 0 0 0 0 0 0 2 0 2 x 0 0 0 0 0 0 0 0
Eleusine indica 0 0 0 0 0 0 0 0 1 0 0 x 2 0 0 0 0 0 0
Axonopus compressus 4 2 0 3 1 4 3 4 1 0 0 0 x 1 0 1 0 1 1
A. c. crawl 6 2 0 2 2 4 3 4 2 0 0 0 5 x 0 2 0 1 1
Unid. bo. 1 0 0 0 0 0 0 2 0 2 2 0 1 0 x 0 0 0 0
Zea mays (old) 9 3 5 8 3 0 8 0 1 0 0 0 0 0 0 x 0 2 2
Panicum repens 3 3 0 1 1 1 0 0 0 0 0 0 1 1 0 0 x 1 0
Melinis repens 14 2 7 8 0 5 10 4 0 0 0 0 5 3 0 2 1 x 2
Oplismenus compositus 11 3 7 8 2 1 12 0 1 0 0 0 1 1 0 4 1 6 x

Table S1.2. Results of oviposition experiments summarized as dyadic interactions based on the number of eggs. The number in each cell 
below the diagonal denotes the number of occasions in which the plant in the row heading was preferred over the one in the column, while 
above the diagonal the plant species in the column heading was preferred. The latter are “reversals” to the preference hierarchy. Column 
names are abbreviations of the row names.

Loosers
Winners

S. b C. f. Z. m. 
young P. p. R .c. B. m. C. d. P. s. B. m. D. s. O. t. E. i. A. c A. c. 

crawl
Unid.
bo.

Z. m. 
old P. r. M. r. O. c.

Setaria barbata x 4 6 5 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0
Cymbopogon fl exuosus 1 x 0 2 0 0 0 1 0 0 0 0 2 0 0 0 0 0 0
Zea mays (young) 0 0 x 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
Pennisetum polystachion 5 2 6 x 2 1 0 0 1 0 0 0 0 0 0 0 1 0 0
Rottboellia cochinchinensis 2 2 0 0 x 0 0 0 1 0 0 0 0 1 0 1 0 0 0
Brachiaria mutica 3 4 0 0 0 x 1 1 0 0 0 0 1 0 0 1 1 1 0
Cynodon dactylon 9 0 6 7 0 0 x 0 0 0 0 0 0 0 0 0 0 0 1
Paspalum scrobiculatum 0 1 0 2 0 1 0 x 0 1 1 0 2 0 0 0 0 0 0
Brachiaria milliformis 2 1 0 0 1 0 1 2 x 0 0 1 2 0 0 0 0 1 1
Dendrocalamus strictus 0 2 0 2 0 0 0 3 0 x 1 0 2 0 0 0 0 0 0
Ochlandra travancorica 0 0 0 0 0 0 0 1 0 1 x 0 0 0 0 0 0 0 0
Eleusine indica 0 0 0 0 0 1 0 0 0 0 0 x 2 0 0 0 0 0 0
Axonopus compressus 4 2 0 3 1 3 3 4 1 0 0 0 x 2 0 1 0 1 2
A. c. crawl 6 2 0 2 2 2 3 4 2 0 0 0 6 x 0 2 0 2 2
Unid. bo. 0 0 0 0 0 0 0 2 0 3 3 0 0 0 x 0 0 0 0
Zea mays (old) 7 3 4 7 2 0 5 0 0 0 0 0 0 0 0 x 0 3 2
Panicum repens 5 3 0 1 1 1 0 0 3 0 0 0 1 1 0 1 x 2 1
Melinis repens 13 2 6 7 0 3 9 4 2 0 0 0 5 1 0 0 2 x 2
Oplismenus compositus 13 5 6 9 2 3 12 0 3 0 0 0 3 2 0 5 2 8 x
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Supplement 2. 

Table S2. Results of the larval food choice experiment. The number in each cell below the diagonal denotes the number of occasions on 
which the plant in the row heading was preferred over the one in the heading, while above the diagonal the plant species in the column 
heading was preferred. The latter are “reversals” of the preference hierarchy. Column names are abbreviations of the row names.

S. b. O. bush O. t. A. c. D. s. C. h. B. m. R. c. Z. m. C. f. P. s. B. m. E. i. M. r. O. c. C. d. P. p. P. r.
Setaria barbata x 1 0 0 3 0 0 2 0 3 0 4 0 0 3 1 1 0
Oplismenus bush 1 x 1 2 0 0 3 0 0 0 0 0 0 0 0 1 0 0
Ochlandra travancorica 0 0 x 3 0 0 0 3 1 0 0 0 0 2 0 1 0 0
Axonopus compressus 4 0 2 x 0 1 4 3 2 0 0 4 0 0 5 3 2 0
Dendrocalamus strictus 0 1 1 1 x 2 0 1 2 2 3 1 2 0 0 2 0 0
Chrysopogon hackelii 2 1 1 0 3 x 0 1 0 6 0 1 2 2 0 0 1 1
Brachiaria milliformis 1 3 1 0 2 2 x 0 0 0 0 0 2 0 1 1 1 0
Rottboellia cochinchinensis 5 0 0 2 1 1 3 x 4 0 4 2 2 2 1 1 0 0
Zea mays (young) 4 1 1 5 1 1 0 1 x 0 0 0 1 0 0 2 2 0
Cymbopogon fl exuosus 2 0 0 2 0 5 0 4 2 x 0 2 0 0 3 0 1 0
Paspalum scrobiculatum 0 0 1 2 3 1 0 0 2 0 x 0 3 1 1 0 3 0
Brachiaria mutica 3 0 0 4 3 1 0 1 0 3 1 x 0 3 6 0 7 0
Eleusine indica 2 0 0 4 3 3 1 6 0 0 2 1 x 1 0 0 2 0
Melinis repens 0 0 0 2 2 0 0 0 1 1 3 2 2 x 0 0 1 1
Oplismenus compositus 6 4 1 1 1 1 3 2 1 2 2 1 2 0 x 0 1 0
Cynodon dactylon 2 3 3 0 2 2 6 3 0 0 3 0 0 0 3 x 0 0
Pennisetum polystachion 5 1 0 4 0 1 2 3 1 4 0 5 1 0 6 1 x 1
Panicum repens 0 0 0 3 1 0 0 1 1 0 3 3 3 8 0 0 2 x

Supplement 3. Results for the different batches in the performance experiment.

Table S3.1. Percentage larval survival from hatching to pupation, where N hatch = the total number of hatchlings tested, and N the number 
of sleeves per plant per batch. Note that for batch 1 we have no results for larval survival.

 N hatch
Batch 2 Batch 3 Batch 4

N Average StDev N Average StDev N Average StDev
Dendrocalamus strictus 89   1 0.0 5 11.8 23.6
Axonopus compressus 117 6 21.2 18.1 6 19.9 13.1 3 27.8 25.5
Oplismenus bush 24   2 0.0 0.0 1 12.5
Zea mays (old) 26 3 22.2 25.5   
Zea mays (young) 104 5 30.0 27.4 2 42.9 20.2 5 56.2 26.7
Chrysopogon hackelii 92   3 22.4 30.5 4 10.8 15.7
Brachiaria mutica 112 3 22.4 4.2 7 0.0 0.0 2 11.5 1.4
Pennisetum polystachion 275 6 0.0 0.0 7 14.3 24.7 20 22.4 22.6
Cynodon dactylon 40 2 31.5 12.0 2 60.7 15.2 1 16.7
Paspalum scrobiculatum 100   2 21.4 30.3 12 25.1 31.6
Ochlandra travancorica 71   2 0.0 0.0 5 6.7 14.9
Oplismenus compositus 231 5 4.0 8.9 5 17.3 20.5 14 23.6 22.2
Setaria barbata 162 4 20.0 14.1 4 55.7 44.0 14 44.7 27.5
Brachiaria milliformis 38 3 50.0 17.3 2 25.0 35.4  
R. cochinchinensis 103   4 23.8 31.6 11 31.2 17.2
Cymbopogon fl exuosus 166 2 10.0 14.1 6 6.7 16.3 6 10.9 15.1
Unid, tough Eleusine 91   1 30.0 5 22.3 10.5
Eleusine indica 175 2 0.0 0.0 5 35.7 33.5 15 37.1 31.8
Melinis repens 167 2 0.0 0.0 2 16.7 0.0 10 19.1 18.6
Panicum repens 51 3 0.0 0.0 3 0.0 0.0  
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Table S3.2. Larval development time from egg hatch to pupation for N individual females and males per batch, with extremes per batch 
marked in bold. See Methods for further details.

Larval development time (days)

Batch Plant
Females Males

N Average StdDev N Average StdDev 
1 Zea mays (young) 5 47.4 5.9 4 37.0 3.6

Pennisetum polystachion 5 44.2 1.8 1 44.0
Setaria barbata 9 43.3 2.7 4 45.5 4.1

 Triticum aestivum 6 53.0 4.6 6 54.0 3.3
2 Axonopus compressus 10 27.2 1.3 3 31.3 3.2

Zea mays (old) 5 29.8 1.5 1 27.0
Zea mays (young) 7 27.1 1.9 6 27.8 1.9
Brachiaria mutica 4 29.0 7.6 3 29.7 5.5
Cynodon dactylon 1 35.0 6 31.7 2.7

Oplismenus compositus 1 38.0 1 35.0
Setaria barbata 3 29.3 2.5 5 31.6 3.7

Brachiaria milliformis 7 30.7 2.4 7 29.6 5.5
 Cymbopogon fl exuosus 1 31.0  1 22.0  
3 Axonopus compressus 3 24.3 0.6 2 26.0 1.4

Zea mays (young) 4 25.5 1.3 1 28.0
Chrysopogon hackelii 2 28.5 0.7 2 38.0 1.4

Pennisetum polystachion 4 34.8 5.1 3 32.7 3.1
Cynodon dactylon 3 26.7 1.5 4 26.5 2.5

Paspalum scrobiculatum 1 28.0 2 33.5 2.1
Oplismenus compositus 1 31.0 4 35.3 5.9

Setaria barbata 7 24.4 2.4 8 23.1 2.3
Brachiaria milliformis 1 27.0 1 27.0

Rottboellia cochinchinensis 1 27.0 4 24.0 1.4
Cymbopogon fl exuosus 1 30.0 2 39.0 1.4

Eleusine indica 6 23.7 2.1 6 21.7 1.5
 Melinis repens 3 30.5 4.9 2 26.5 0.7
4 Dendrocalamus strictus 7 38.1 3.8 7 31.6 2.2

Axonopus compressus 3 23.3 2.5 2 22.5 0.7
Oplismenus bush 1 35.0  
Zea mays (young) 32 23.0 4.3 20 22.9 4.1

Chrysopogon hackelii 3 36.0 3.6 2 37.5 19.1
Brachiaria mutica 2 26.5 0.7 1 26.0

Pennisetum polystachion 25 24.8 3.3 25 24.2 3.5
Cynodon dactylon 1 21.0

Paspalum scrobiculatum 7 23.3 3.0 7 25.0 3.1
Ochlandra travancorica 2 33.5 2.1 4 27.8 1.3
Oplismenus compositus 12 22.6 3.6 16 23.7 3.8

Setaria barbata 21 20.7 2.2 24 20.0 2.6
Rottboellia cochinchinensis 10 21.6 4.0 17 21.4 4.0

Cymbopogon fl exuosus 4 31.3 6.7 11 28.0 4.0
Unid, tough small Eleusine 10 28.4 2.8 10 27.0 2.5

Eleusine indica 22 20.5 2.4 21 18.7 2.5
Melinis repens 10 23.2 3.3 18 21.8 2.9
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Table S3.3. Average pupal mass of N individual females and males for each batch.

Pupal mass (g)

Batch Plant
Females Males

N Average StdDev N Average StdDev 
1 Zea mays (young) 5 0.415 0.039 4 0.354 0.054

Pennisetum polystachion 5 0.376 0.033 1 0.337
Setaria barbata 9 0.358 0.059 4 0.301 0.043

 Triticum aestivum 6 0.262 0.037 6 0.300 0.021
2 Axonopus compressus 10 0.435 0.035 3 0.504 0.047

Zea mays (old) 5 0.378 0.070 1 0.325
Zea mays (young) 7 0.383 0.017 6 0.360 0.057
Brachiaria mutica 4 0.471 0.063 3 0.396 0.042
Cynodon dactylon 1 0.291 6 0.308 0.038

Oplismenus compositus 1 0.316 1 0.316
Setaria barbata 3 0.402 0.092 5 0.300 0.083

Brachiaria milliformis 7 0.397 0.033 7 0.388 0.028
 Cymbopogon fl exuosus 1 0.466  1 0.487  
3 Axonopus compressus 3 0.434 0.013 2 0.427 0.060

Zea mays (young) 4 0.360 0.063 1 0.232
Chrysopogon hackelii 2 0.378 0.061 2 0.343 0.123

Pennisetum polystachion 4 0.476 0.075 3 0.429 0.084
Cynodon dactylon 3 0.349 0.022 4 0.414 0.043

Paspalum scrobiculatum 1 0.387 2 0.391 0.025
Oplismenus compositus 1 0.379 4 0.371 0.058

Setaria barbata 7 0.388 0.055 8 0.362 0.040
Brachiaria milliformis 1 0.370 1 0.433

Rottboellia cochinchinensis 1 0.455 4 0.481 0.079
Cymbopogon fl exuosus 1 0.353 2 0.286 0.043

Eleusine indica 6 0.451 0.051 6 0.410 0.059
 Melinis repens 3 0.335 0.098 2 0.283 0.100
4 Dendrocalamus strictus 7 0.330 0.055 7 0.310 0.074

Axonopus compressus 3 0.411 0.024 2 0.328 0.030
Oplismenus bush 1 0.337  
Zea mays (young) 32 0.358 0.066 20 0.315 0.030

Chrysopogon hackelii 3 0.308 0.120 2 0.348 0.105
Brachiaria mutica 2 0.349 0.025 1 0.244

Pennisetum polystachion 25 0.415 0.052 25 0.385 0.049
Cynodon dactylon 1 0.378

Paspalum scrobiculatum 7 0.456 0.054 7 0.408 0.067
Ochlandra travancorica 2 0.372 0.056 4 0.357 0.040
Oplismenus compositus 12 0.376 0.041 16 0.321 0.070

Setaria barbata 21 0.398 0.039 24 0.369 0.050
Rottboellia cochinchinensis 10 0.476 0.054 17 0.432 0.070

Cymbopogon fl exuosus 4 0.368 0.099 11 0.316 0.046
Unid, tough small Eleusine 10 0.316 0.043 10 0.306 0.063

Eleusine indica 22 0.452 0.026 21 0.413 0.051
Melinis repens 10 0.393 0.029 18 0.384 0.039
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Table S3.4. Average larval growth rate from egg hatch to pupation of N individual females and males for each batch (pupal mass to the 
power 1/3 divided by development time).

Growth rate

Batch  
Females Males

N Average StdDev N Average StdDev 
1 Zea mays (young) 5 0.016 0.002 4 0.019 0.002

Pennisetum polystachion 5 0.016 0.001 1 0.016
Setaria barbata 9 0.016 0.001 4 0.015 0.002

 Triticum aestivum 6 0.012 0.001 6 0.011 0.005
2 Axonopus compressus 10 0.028 0.001 3 0.026 0.003

Zea mays (old) 5 0.024 0.002 1 0.025
Zea mays (young) 7 0.027 0.002 6 0.026 0.002
Brachiaria mutica 4 0.028 0.004 3 0.025 0.005
Cynodon dactylon 1 0.019 6 0.021 0.001

Oplismenus compositus 1 0.018 1 0.019
Setaria barbata 3 0.025 0.003 5 0.021 0.004

Brachiaria milliformis 7 0.024 0.002 7 0.025 0.004
 Cymbopogon fl exuosus 1 0.025  1 0.036  
3 Axonopus compressus 3 0.031 0.001 2 0.029 0.003

Zea mays (young) 4 0.028 0.002 1 0.022 #DIV/0!
Chrysopogon hackelii 2 0.025 0.002 2 0.018 0.002

Pennisetum polystachion 4 0.023 0.004 3 0.023 0.003
Cynodon dactylon 3 0.026 0.001 4 0.028 0.003

Paspalum scrobiculatum 1 0.026 2 0.022 0.001
Oplismenus compositus 1 0.023 4 0.021 0.002

Setaria barbata 7 0.030 0.004 8 0.031 0.004
Brachiaria milliformis 1 0.027 1 0.028

Rottboellia cochinchinensis 1 0.028 4 0.033 0.001
Cymbopogon fl exuosus 1 0.024 2 0.017 0.000

Eleusine indica 6 0.033 0.004 6 0.034 0.003
 Melinis repens 3 0.024 0.001 2 0.025 0.002
4 Dendrocalamus strictus 7 0.018 0.002 7 0.022 0.003

Axonopus compressus 3 0.032 0.003 2 0.031 0.000
Oplismenus bushs 1 0.020  
Zea mays (young) 32 0.031 0.007 20 0.030 0.005

Chrysopogon hackelii 3 0.019 0.004 2 0.021 0.009
Brachiaria mutica 2 0.027 0.001 1 0.024

Pennisetum polystachion 25 0.031 0.005 25 0.031 0.004
Cynodon dactylon 1 0.034

Paspalum scrobiculatum 7 0.033 0.004 7 0.030 0.005
Ochlandra travancorica 2 0.021 0.000 4 0.026 0.001
Oplismenus compositus 12 0.033 0.005 16 0.030 0.006

Setaria barbata 21 0.036 0.004 24 0.036 0.005
Rottboellia cochinchinensis 10 0.037 0.006 17 0.037 0.007

Cymbopogon fl exuosus 4 0.023 0.004 11 0.025 0.003
Unid, tough small Eleusine 10 0.024 0.002 10 0.025 0.001

Eleusine indica 22 0.038 0.005 21 0.040 0.005
Melinis repens 10 0.032 0.004 18 0.034 0.004

Supplement 4. Adult longevity of M. leda butterfl ies reared on different species of grass. Males lived longer than females, and dry season 
forms (DSF) lived longer than wet season forms (WSF).

Table S4. Results of Cox model of adult life span of M. leda butterfl ies with sex and seasonal form as predictors. Males are compared 
with females and intermediate and wet season forms with dry season forms.

Coef exp(coef) SE(coef) Z P
Sex = male –0.749 0.473 0.261 2.87 0.004
Form = intermediate 1.250 3.491 0.330 3.79 0.000
Form = wet season 0.685 1.984 0.289 2.37 0.018
Likelihood ratio test = 22 on 3 df, P < 0.001, N = 76.
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Supplement 5. 
Table S5. The correlation between two measures of oviposition preference (based on number of eggs and clutches) and for each meas-
ure correlations with performance. The two measures of oviposition preference are highly correlated and yield similar results: only larval 
survival is signifi cantly correlated with oviposition preference.

Predictor Normalized David score based on egg numbers Normalized David score clutches
Response d.f. F p R2 F p R2
Norm DS Clutch 16 87.64 < 0.001 84%
Clutch size 16 0.25 0.62 2% 0.054 0.82 < 1%
Larval survival 16 10.4 0.005 39% 7.14 0.017 35%
Larval growth rate 15 0.4 0.54 3% 0.014 0.91 < 1%
Pupal mass 15 0.38 0.55 2% 0.01 0.94 < 1%
Larval preference 15 2.34 0.15 13% 2.27 0.15 13%

Fig. S4. Proportional survival over time of M. leda butterfl ies kept 
indivdiually in captivity. DSF – dry season form, WSF – wet season 
form.


