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A long-term goal in evolutionary ecology is to explain the incredible diversity
Subject Areas: of insect herbivores and patterns of host plant use in speciose groups like
tropical Lepidoptera. Here, we used standardized food-web data, multi-
gene phylogenies of both trophic levels and plant chemistry data to model
interactions between Lepidoptera larvae (caterpillars) from two lineages
(Geometridae and Pyraloidea) and plants in a species-rich lowland rainforest
in New Guinea. Model parameters were used to make and test blind predic-
activity, Papua New Guinea, Pyraloidea tions for two hectares of an exhaustively sampled forest. For pyraloids, we
relied on phylogeny alone and predicted 54% of species-level interactions,
translating to 79% of all trophic links for individual insects, by sampling
insects from only 15% of local woody plant diversity. The phylogenetic
distribution of host-plant associations in polyphagous geometrids was less
conserved, reducing accuracy. In a truly quantitative food web, only 40% of
e-mail: simon.t.segar@gmail.com pair-wise interactions were described correctly in geometrids. Polyphenol
oxidative activity (but not protein precipitation capacity) was important for
understanding the occurrence of geometrids (but not pyraloids) across their
hosts. When both foliar chemistry and plant phylogeny were included, we
predicted geometrid—plant occurrence with 89% concordance. Such models
help to test macroevolutionary hypotheses at the community level.
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1. Introduction

Plants, insect herbivores and their insect natural enemies constitute over 75% of all
species on earth [1]; all three are crucial for ecosystem functioning. For decades
researchers have sought to explain the incredible diversity of insects on plants,
from both evolutionary and ecological perspectives [2,3]. Specifically, the relative
contribution to diversification made by (i) reciprocal adaptation between plants
and insects versus (ii) sequential invasions of plant lineages by insects has been
a source of much debate [4]. Is global insect diversity an emergent property of
inter-species interactions between trophic levels, and selection imposed by insects,
or simply a function of plant diversity and multiple changes in resource use?

Electronic supplementary material is available
online at https://dx.doi.org/10.6084/m9.
figshare.c.3918193.

THE ROYAL SOCIETY

PUBLISHING © 2017 The Author(s) Published by the Royal Society. Al rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2017.1803&domain=pdf&date_stamp=2017-11-08
mailto:simon.t.segar@gmail.com
https://dx.doi.org/10.6084/m9.figshare.c.3918193
https://dx.doi.org/10.6084/m9.figshare.c.3918193
http://orcid.org/
http://orcid.org/0000-0001-6621-9409
http://orcid.org/0000-0003-4126-3897
http://orcid.org/0000-0002-1942-5717
http://orcid.org/0000-0002-4138-1378
http://orcid.org/0000-0002-8720-4887
http://orcid.org/0000-0002-2912-7094
http://orcid.org/0000-0001-7918-8023
http://rspb.royalsocietypublishing.org/

Downloaded from http://rspb.royalsocietypublishing.org/ on November 9, 2017

Novel plant traits open up new herbivore-free ‘adaptive zones’.
Escalation in toxicity is suggestive of an evolutionary arms race
[2,5], indeed some specialist herbivores eventually sequester or
overcome these defences and diversify [6,7]. By contrast, mul-
tiple sequential invasions by insect lineages across different
plant clades may have led to high levels of insect diversification
independently of plant diversification [8,9]. Understanding
how phylogenetic insect herbivore—plant interaction networks
are structured is key to distinguishing between these two
processes [8]. Two of the main questions in the field of
insect—plant interactions are therefore how and why herbivores
vary in their host specificity and phylogenetic host range [10].
Answering these questions will further our understanding of
species richness and pest occurrence; and may allow us to
hypothesize how novel networks are structured [11].

The evolutionary history of many herbivorous insect groups
consists of frequent minor hosts shifts; 90% of herbivores use no
more than three plant families [12]. While major host shifts
occur less frequently, they can open up new adaptive zones
[8,13]. Central to testing hypotheses of diversification is the
assessment of factors determining the variation and taxonomic
scale of insect host specificity, and the suitability of novel plant
lineages as hosts [14,15]. Studies of host-plant relationships
have shown that plant phylogeny, or taxonomy, can predict
insect assemblage structure and diversity to a limited extent
[16,17]. However, shared evolutionary history of host plants is
only a partial explanation for dietary range [18]. A predictive
phylogenetic framework considering two trophic levels along
with plant traits is necessary to generate baseline expectations
of host use. Such a framework has, so far, been lacking in
most studies of host specificity [16,19]. Here, we focus on com-
munities with a rich macroevolutionary literature, allowing us
to formulate some expectations relevant to this level.

There is, as envisaged by Ehrlich & Raven [2], an arms race
between herbivorous insects and plants which drives co-
adaptation and patterns of host use through “escape and radiate’
diversification. Recent evidence adds support to this hypothesis;
co-adaptation between insects and plants has been demon-
strated [6,7], and selection for defensive trait escalation exists
[20]. One clear expectation from this ‘coevolutionary frame-
work” [3] is a high level of herbivore community similarity
and host specificity at the plant genus level [14]. Phylogenetic
signal in both plant traits and insect host use is driven by co-
adaptation, and should lead to predictable network structure.
Convergence in chemistry between plant clades will drive
long distance host shifts and lead to adaptive radiations. The
support for some of the predictions made by Ehrlich &
Raven [2] has been mixed, with clear cases of sequential radi-
ation and phylogenetic tracking [21] being more prevalent
than co-diversification [4,9]. Two additional scenarios have
been proposed: (i) the ‘oscillating radiation” and (ii) ‘musical
chairs” hypotheses. Oscillating radiation [8] involves repeated
yet phylogenetically scattered shifts by derived generalist
insect species to specialize on new host plants, after an initial
expansion of host range. The ability to use ancestral hosts is
retained. Under this scenario, long distance host shifts will
structure communities, although insects will use both derived
and ancestral host ‘nodes’. This should lead to the highest phy-
logenetic signal through the host network. Such dynamics have
been reported for the butterfly family Nymphalidae [22], and
more recently in polyphagous lymantriine moths [23]. In
turn, the generality of the oscillation hypothesis has also been
called into question [24], and the ‘musical chairs’ hypothesis

relaxes the assumption that shifting species undergo changes [ 2 |

in niche breadth or stem from generalist taxa (but see [25]).
Shifts are continuous and within specialist clades, being
phylogenetically local in their scale. In this context, we expect
to detect many short-range host shifts within communi-
ties, allowing for accurate predictions of host use and high
phylogenetic signal in the herbivore network.

In this study, we demonstrate how simultaneously consider-
ing the evolutionary history of hosts and herbivores, alongside
host traits that may vary partially independently from host phy-
logeny, can provide novel and perhaps unexpected insights into
how both groups have diversified in complex natural systems.
We focus on plant—insect food webs in a natural forest in
Papua New Guinea, making and testing predictions of network
structure across two hectares of exhaustively sampled forest.
Furthermore, we untangle the contribution of shared evolution-
ary history and plant defensive traits by including data on the
major defensive attributes of plant polyphenols.

Polyphenols are fantastically diverse and phylogenetically
widespread compounds. Polyphenols have been implicated in
insect—herbivore defence, but their mode of operation and
exact role is not always clear, especially as measures of total
content without detailed compositional or activity data are
usually not sufficient [26,27]. Therefore, we have included
two types of defensive activities connected with tannins and
other polyphenols: oxidative activity shows how easily poly-
phenols are oxidized in the alkaline gut of insect herbivores,
thus causing oxidative stress; and protein precipitation
capacity shows how well polyphenols, especially tannins,
may bind with dietary proteins before entering the alkaline
gut regions of insects, thus making their diet less nutritive [27].

We aim to test the predictive power of phylogenetic models
and plant traits to detect network structure, with the added
expectation that such a predictive approach can distinguish
between underlying evolutionary processes, providing support
for some of the hypotheses outlined above. We expect that
incorporating data on one of the most widespread groups of
plant defensive compounds will help us to detect convergence
in trait space across hosts, improving our predictions for insect
species with broad host use. In comparison, insect phylogenetic
relationships may be a better predictor of occurrence for more
phylogenetically specialized or more highly coevolved insect
lineages. The relative contribution of host and herbivore phylo-
genies, as well as the predictive power of plant chemistry, is
therefore tested for two families of caterpillars with contrasting
host-use patterns.

2. Material and methods
(a) Sampling insects

We sampled all caterpillars from a locally representative selection
of 88 host plants in a 10 x 20 km area matrix of primary and
secondary lowland rainforest in Madang province, Papua New
Guinea. We refer to this standardized dataset as the ‘Madang’ data-
set. This selection of plants reflected the local diversity of
vegetation, and focused on three families that are locally species-
rich (Moraceae, Euphorbiaceae and Rubiaceae) as well as a selec-
tion of 28 plant families represented by one or more species. Our
sampling was standardized across all host trees and is described
elsewhere in detail [14,28] and here in electronic supplementary
material, appendix S1. We focused our analyses on the food
webs of feeding individuals from species in two ecologically
dominant lineages: Geometridae and Pyraloidea (Lepidoptera).
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In combination they comprise 50% of all caterpillar individuals
sampled by Novotny et al. [14], placing them among the most
species-rich caterpillar lineages sampled from the PNG flora.
All insects were identified to morpho-species, while a subset was
barcoded to confirm species boundaries [14]. We also destructively
sampled two hectares of lowland rainforest (1 ha primary and 1 ha
secondary) around Wanang village (75km from the Madang
sampling area); this forest was contiguous with the Madang
sampling area until the onset of commercial logging in 2005, and
both sites share many plant and Lepidoptera species [29]. All
trees > 5 cm DBH were felled in order of size; the felled trees
and the surrounding area were immediately searched for caterpil-
lars by teams of 15 local assistants; for detailed methods see [30,31]
and electronic supplementary material, appendix S1. The forest in
Wanang was sampled for caterpillars in accordance to local host
abundance so that every tree in the two one-hectare plots was
sampled exhaustively for caterpillars, regardless of size. We refer
to this expanded dataset as the ‘Wanang’ dataset, and refer to
interactions found only in the Wanang dataset as additional, e.g.
involving a host or insect not sampled in the Madang dataset.
While the Madang dataset represents the most commonly available
data format [32], comprising a phylogenetically stratified selection
of plant species sampled with a uniform sampling effort, the
advantage of the Wanang dataset is that it captures ‘all’ local inter-
actions; it is a truly quantitative food web. We used the Madang
dataset to make (and test) blind predictions of the host-plant associ-
ations of insects from the Wanang felled plot dataset. Overall, our
comparison provides an excellent test of our ability to scale up our
models, calibrated using selective and standardized collections, to
continuous areas of natural forest. However, our approach has the
advantage of using the most commonly available type of dataset,
represented by the Madang data, to make predictions for the
Wanang data that most accurately represent local food webs.

(b) Estimating phylogenies

We generated multigene molecular phylogenies for both hosts and
their caterpillar herbivores’. For hosts we used sequence data
generated in previous studies [14,30]. We estimated caterpillar
phylogenies by integrating existing DNA barcode (COI) data
and newly collected data from four nuclear genes (CAD, wingless,
RpS5 and DDC) with extensive sequence data from published
studies (electronic supplementary material, appendix S2). We
used published primers and protocols [33] to sequence indivi-
duals with existing barcode sequences in BOLD to ensure that
only individuals actually sampled from plant hosts were included
in our study. Detailed phylogenetic methods are given in electronic
supplementary material, appendix S1.

(c) Quantifying polyphenols, oxidative activity and
protein precipitation capacity

Plant tissue was collected in the field over 251 days between
2013 and 2014, and we sampled leaf discs of 2.4 cm in diameter
from 10 young but fully expanded leaves per individual tree for
between three to six individuals per species. Collections were
made throughout the year to capture seasonal variation. We exam-
ined the influence of time between collections on variation around
the mean, assessed the contribution of intra- and inter-specific
variation using linear mixed models, and analysed replicate
samples of highly variable species with UPLC-QqQ-MS/MS [34]
(electronic supplementary material, appendix S1). All leaf discs
were weighed fresh and stored in UPLC grade acetone at —20°C
before quantitative extraction and analysis at the University of
Turku in Finland (electronic supplementary material, appendix
S1). We quantified the portion of total phenolics that is easily
auto-oxidized at the alkaline pH especially common to the
midgut of lepidopteran larvae. This oxidative activity was

measured in both mg g ' dry weight and in % of total phenolics n

derived from the Salminen & Karonen assay calibrated with
gallic acid [27] for all 88 species in the Madang dataset. To quantify
the protein precipitation capacity of each species, we used the
radial diffusion assay [35], with BSA as the protein and calibrated
with pentagalloyl glucose as the tannin. We acknowledge that
while polyphenols are likely to play an important role in plant
defence, they represent only one major group of plant secon-
dary metabolites. Many plant families (particularly Moraceae,
Rubiaceae and Euphorbiaceae) contain other types of secondary
metabolites (e.g. alkaloids and terpenes) that can be toxic to
insect herbivores or sequestered as chemical defences [36].

(d) Statistics: foliar chemistry and unipartite

phylogenies

We calculated the phylogenetic signal (Pagel’s Lambda) of both
chemical variables across the 88 plant species surveyed in the
Madang dataset. The power of the chemical variables to predict
host associations was tested with binary logistic regression, using
generalized linear phylogenetic models [37] to account for phylo-
genetic non-independence. Explanatory variables included both
chemical activity measures. We dissected the effects of traits and
phylogeny further, using phylogenetic eigenvector regression
(PVR). Our main aim was to capture the higher-level bifurcating
structure of the host phylogeny. While PVR has flaws [38], it is
informative when used alongside model-based approaches. We
decomposed a patristic distance matrix of the host phylogeny
using principal coordinates analysis (PCoA); all eigenvectors
were positive, so no correction was applied. We used the first 10
eigenvectors to explain over 80% of the variance in phylogenetic
structure. These eigenvectors were first included in quasi-binomial
regressions, without chemical variables. We selected significant
explanatory vectors according to quasi-AlCc, specifying the dis-
persion parameter for each model [39]. We subsequently ran
simplified models including the chemical variables. We used the
predicted probabilities of occurrence to calculate the accuracy of
our models using a decision boundary of 0.5 and plotted the
true positive rate against the false positive rate to generate a recei-
ver operating characteristic (ROC) curve; the area under the curve
(AUC) was used to assess the predictive power of our models.

(e) Statistics: modelling host use using bipartite
phylogenies

Our analytical workflow is presented graphically in electronic
supplementary material, figure S1. We used the phylogene-
tic bipartite linear models (PBLMs) of Ives & Godfray [40] as
implemented in the R package ‘Picante’ [41] to assess the phylo-
genetic signal through each level of our food webs and predict
trophic interactions between hosts and insects in our standardized
food webs. Bipartite phylogenies refer to matching pairs of phylo-
genies from two trophic levels, which can be combined with a
matrix of host use data. The PBLM models of Ives & Godfray
[40] allow the inclusion of covariates associated with one or both
interactants. We included both host oxidative activity and protein
precipitation capacity as covariates and ran additional PBLM
models for the Madang data, assessing model fit using the
reduction in the mean square error (MSE). In all models we
excluded singleton interactions, e.g. any matrix entry of one, and
square root-transformed all abundance data. We ran PBLMs
with phylogenetic correlation for both lineages of caterpillars sep-
arately to estimate the phylogenetic signal through the host (dy,)
and herbivore (d,) matrices. We used 1000 iterations for the
‘optim” procedure and 100 bootstrap replicates.

We then validated our models by assessing the strength of the
correlations between quantitative observed and predicted values
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Table 1. Model coefficients and significance for phylogenetic logistic regressions between moth occurrence and foliar chemistry for the Madang dataset.

response explanatory estimate s.e. z p-values
Geometridae oxidative activity 0.317 0.109 2.902 0.004
Geometridae protein precipitation capacity —0.038 0.029 —1.290 0.197
Pyraloidea oxidative activity 0.030 0.054 0.563 0.573
Pyraloidea protein precipitation capacity 0.015 0.021 0.700 0.484

following Ives & Godfray [40]. Furthermore, we directly compared
observed and predicted networks based on their matrix fill. We
filled the predicted network with the highest estimated interaction
strengths for each association derived from our models (the rank
probability of that interaction occurring), keeping the row and
column sums equal to the observed network. Both observed and
predicted networks were transformed into binary (presence—
absence) networks. This essentially retains only the most probable
interactions in accordance with the observed matrix sums. To com-
pare the structure of these networks, we generated matching
distance matrices based on Euclidean distances and correlated
these distance matrices using a Mantel test with Pearson’s product
moment correlation.

We also calculated the proportion of “direct hits” (exact predic-
tions) for moth groups and compared this value to a series of
increasingly constrained null distributions generated through
1000 randomizations using the CO randomization in the R package
‘Vegan’ [42]. The first null distribution (total randomization)
was generated from the observed data by keeping only column
totals (moth species) constant; the second respected the rows
(host species) as grouped into major plant clades (monophyl-
etic groups of similar ages, electronic supplementary material,
figure S2) but allowed column fill to be randomized; the third con-
strained interactions at the plant family level; and the fourth
constrained interactions at the plant genus level. We compared
the observed proportion of exact hits and the mean as generated
under total randomization and the mean arising from the
most similar taxonomic randomization. We also assessed how
our models worked at various taxonomic levels by calculating
the proportion of interactions they predicted at the clade (electronic
supplementary material, figure S2) and family levels. The signifi-
cance of any difference between the modelled ‘direct hit” values
and the mean values obtained from randomized distributions
(hereafter ‘random mean’) was tested using two-tailed tests.

Finally, we tested the ability of our models to predict the
host-plant use of 20 locally abundant caterpillars in the
Wanang felled plots, representing the 10 most abundant geome-
trids and 10 most abundant pyraloids. This was done by using
the covariance matrices and phylogenetically corrected means
of association strength generated in our PBLMs after adding
the additional hosts sampled for caterpillars in Wanang to our
phylogeny (using rbcl sequence data and constraints). It was
then possible to extrapolate host use data onto our expanded
host set in a second round of predictive models [40].

3. Results
(a) Phylogenies

We obtained mitochondrial COI barcode data from all speci-
mens included and nuclear DNA sequence data for 80% of
non-singleton taxa (electronic supplementary material, appen-
dix S2). Our alignments included up to 2.9 kb of mitochondrial
and nuclear sequence data. After the removal of singleton
matrix entries and missing data, we retained 43 geometrids
and 63 pyraloids in our Madang dataset. The reader is referred

to electronic supplementary material, figures S2-S4 for
labelled molecular phylogenies of both plants and insects. Jus-
tifications of taxonomic changes indicated by molecular and
morphological data are found in electronic supplementary
material, appendix S3, including the recognition of Syllepte pla-
neflava Hampson as a new synonym of Eusabena paraphragma
(Meyrick) (Crambidae).

(b) Using trait data for predictions

Neither of the chemical traits that we measured showed signifi-
cant increases in variation around the mean with time between
collection, while there was more variation between than within
species (electronic supplementary material, appendix S1;
figures S5 and S6). We found moderate phylogenetic signal
in trait values (oxidative activity: A = 0.698, p = 0.001, protein
Pprecipitation capacity: A = 0.703. p = 0.001).

The probability of geometrid occurrence was predicted
well by both oxidative activity (21% of the deviance) and
host phylogeny (22% of the deviance), while protein precipi-
tation explained a smaller non-significant proportion of the
deviance (less than 1%) (table 1; electronic supplementary
material, figure S6). When included in separate PVR models
alongside phylogeny, oxidative activity had a significantly
steeper slope (0.237) than protein precipitation capacity
(0.044) (p =0.027). The model including oxidative activity
and phylogeny had an accuracy of 81% and an AUC of 89%.
There was a strong significant positive relationship between
geometrid occurrence and oxidative activity. While moderate
oxidative activity predicted geometrid occurrence, phylogeny
predicted occurrence on low-activity hosts (electronic sup-
plementary material, figure S7). The significant phylogenetic
axes separated (i) magnoliids and monocots from higher
angiosperms, (ii) Malpighiales from Rosales and Fabales, and
(iii) malvids from the rest. Pyraloid occurrence was not signifi-
cantly related to either oxidative activity (2% of the deviance)
or protein precipitation capacity (less than 1% of the deviance)
(table 1).

(c) Phylogenetic linear bipartite models

(i) Madang predictions

For both geometrids and pyraloids, PBLM model fit was best
when phylogeny was included. The MSE was lower for
the models incorporating our phylogenetic estimates than
those that used star phylogenies (total polytomies) for both
trophic levels (geometrids: MSEp,, = 1.23, MSEg,, = 1.65,
MSEg;ownian = 4.85, pyraloids: MSEpa, = 1.52, MSEg,, =
1.77, MSEg;ownian = 3.59), but including oxidative activity as
a covariate improved model predictions only for geometrids.
For both families of caterpillars, we also estimated the
strength of phylogenetic signal through both the host (dy)
and herbivore (d,) phylogenies. Significantly non-zero
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values of dy, indicate related host-plant species being eaten by
the same herbivores (although the herbivores themselves
need not be related), while high values of d,, indicate related
herbivore species eating the same hosts. We found contrast-
ing results for each family, with phylogenetic signal being
clearly non-zero [43] and stronger through the host level
(dn=10.15, 95% CI: 0.01-0.44) than the herbivore level
(dp <0.01, 0.001-0.26) in geometrids, and weaker through
the host level (d,, =0.05, <0.001-0.27) than the herbivore
level in pyraloids (d, = 0.20, 0.03-0.45). This indicated that
host-plant phylogeny best predicted geometrid host use,
while insect phylogeny best predicted pyraloid host use.
Closely related geometrids can use distantly related hosts
(which are clustered in several ‘islands” across the host phylo-
geny). Host use between closely related insects is more
conserved in pyraloids, with clades of insects using the
same subset of plant hosts. Several pyraloid clades are even
restricted to related plant species. The interaction networks
between hosts and herbivores can be visualized as co-
phylogenetic plots (figure 1). Phylogenetic signal of host
use is not always deep, but clearly relevant for many clades.

The mean correlation between observed and predicted
values was 0.24 for pyraloids and 0.32 for geometrids. For
both geometrids (r = 0.72, p = 0.001) and pyraloids (r = 0.94,
p = 0.001) there was a significant positive correlation between
observed and predicted matrix structure (electronic sup-
plementary material, figure S9). Our phylogenetic models
predicted 24% of all 80 interactions between geometrids and
their hosts exactly (random mean = 11%, p < 0.001) and 45%
of all 191 interactions between pyraloids and their hosts
(random mean = 12%, p < 0.001); in both cases the predictive
power was significantly better than random. We predicted
the correct plant clade for 50% of geometrid interactions and
71% of pyraloid interactions (figure 2).

(i) Wanang predictions

We predicted host use in the 10 most abundant pyraloid and 10
most abundant geometrid caterpillar species surveyed in the
exhaustively sampled Wanang felled plots’. These 20 species

represented 3122 (60%) of the 5199 pyraloid caterpillars and
620 (48%) geometrid caterpillars sampled at Wanang (exclud-
ing singleton interactions in both cases). Of these 20 species,
18 were recorded in our phylogenetically standardized
survey; one geometrid (Idiochlora celataria) and one pyraloid
(Paraphomia disjuncta) were added into the phylogenies for
the Wanang analysis. The Wanang caterpillar host use data
are deposited in Dryad [44]. In Wanang, we sampled these pyr-
aloids from 19 additional plant species that were not sampled
in our standardized survey (an expanded set of hosts). Our
models predicted 54% of additional interactions with this
expanded set of host plants (mean “direct hits” under total ran-
domization of the matrix = 20%, p < 0.001). For geometrids,
we sampled 27 additional hosts in Wanang and predicted
40% of additional interactions (random mean = 21%, p <
0.001). It is worth noting that our predictive models performed
well in terms of predicting the major interactions in the dataset
(e.g. the strongest links in the network). Host use across the
expanded set of hosts was correctly predicted for 79% of all
pyraloid individuals (1901 out of 2430 interactions across 19
additional plants with 619 individuals maintaining the same
host species as in the standardized dataset) and 53% of all geo-
metrid individuals (192 out of 360 interactions across 27
additional plants with 130 individuals maintaining the same
host species as in the standardized dataset).

4. Discussion

We explored the evolution of insect herbivore diversity and the
pervasive nature of phylogenetic constraints and/or plant
traits in host use by using predictive models to explore food
webs. This was done by studying two lineages of caterpillars
(Geometridae and Pyraloidea) across 122 plant species in a
lowland tropical rainforest. We sought to understand cases of
predictive power and breakdown in the context of existing
hypotheses aimed at explaining evolutionary diversification.
For geometrids, we demonstrated that both host phylogeny
and foliar polyphenol chemistry were reasonable predictors
of host use, acting in a complementary manner to predict
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Figure 2. The distributions and predicted proportion of hits under different randomizations. Expectations under totally random assignment of host use and con-
strained at the clade level are given in blue for geometrids and red for pyraloids. Actual predictions are given in filled lines of the same colour for each moth lineage.
Predictions under randomization within families (white) and genera (grey) are given for comparison. Dashed lines show the number of interactions correctly

predicted at the clade level for each moth lineage.

suitable hosts, suggesting an evolutionary history of host
shifting. By contrast, pyraloids generally responded less
strongly to oxidative activity, and neither group responded
strongly to protein precipitation capacity. Pyraloid phylogeny
itself was a good predictor of host use, indicating phylogenetic
constraints at the herbivore level and an evolutionary history
potentially more dominated by limited host shifts and/or
co-diversification. Including additional measures of chemical
diversity and activity is key to fully understanding how extant
community structure is related to hypotheses of diversification.
We argue that a community approach can complement more
focused macroevolutionary studies.

Variation in host range between herbivorous insects has
been subject to intensive study from both evolutionary and
ecological perspectives and at multiple taxonomic scales, from
families to populations [1845]. Of particular interest are
clades of herbivores that exhibit variation in host specificity
[46] and /or phylogenetic lability of host use [47] as these may
include radiating lineages. These lineages play a key role in
most evolutionary hypotheses regarding insect diversification.
Here, we argue that baseline phylogenetic expectations are
needed to formulate further hypotheses about the proximate
and ultimate reasons for such variation in host use patterns.
Detailed data on plant defensive traits (e.g. secondary metab-
olites) and ecological interactions (e.g. between parasitoids
and bacterial gut symbionts) might improve the explanatory
power of such models considerably, although the key covariates
(and levels of host specificity) may vary between herbivore
guilds. A systematic approach is required to fully understand
the evolution of herbivore host use.

When we consider broad phylogenetic patterns of host use,
we can see that, overall, incorrect predictions are generated
more frequently for geometrids than pyraloids. This is largely
because of lower phylogenetic signal through the geometrid

phylogeny. However, combining traits and phylogeny can
improve predictions substantially when considering the lower
trophic level for geometrid interactions, and mismatches in
observations and predictions can help shape our understanding
of insect herbivore host use. Network mismatches in geometrid
host use often involve missed or incorrect assignment of moth
species to hosts belonging to the plant families Euphorbiaceae
and Myrtaceae. Our community sample for geometrids com-
prised five subfamilies, and almost all of them used
Myrtaceae along with a wide selection of other plant families.
Members of the subfamily Geometrinae commonly used
Euphorbiaceae and/or Phyllanthcaeae and Myrtaceae as core
hosts, while several species of Ennominae used a phylogeneti-
cally diverse set of hosts. Many species can make long
distance host shifts that are harder to predict based on phylo-
geny alone. Members of the Ennominae tribe Boarmiini often
use a phylogenetically broad set of hosts, and Robinson et al.
[48] list records from 28 families for Ectropis bhurmitra (electronic
supplementary material, appendix S4). Within Larentiinae there
are also many polyphagous species [49]. This suggests that even
‘super generalists’ may have preferred (core) hosts that represent
islands from which host expansion can proceed; perhaps these
are ancestral hosts. It also suggests that exposure to several
hosts may build up the necessary metabolic mechanisms that
broaden host range [50] so that host shifts beget host shifts.
Overall, there is limited evidence here for clades of geometrids
radiating across plant lineages. Indeed, a pattern of convergence
onto key plant nodes and phylogenetic overdispersion is more
in line with diversification processes involving multiple long-
distance radiations [8] as predicted by the ‘oscillating radiation’
hypothesis. These results concur with recent findings in
Lymantriinae [23]. The power of convergent plant defences as
predictors is also in line with a relaxed interpretation of the
‘escape and radiate” hypothesis, but there is a distinct disparity
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in phylogenetic signal between networks. It is also possible that
particularly polyphagous species occur within Geometridae as
phylogenetically apical taxa capable of colonizing new hosts
[22], requiring consideration of the micro-taxonomic scale.

Some moths consume tannin-rich foliage. It has been
shown that C-glycosidic ellagitannins—with the highest
oxidative activity of all polyphenol classes—can be found
in both Myrtales and Fagales [51]. Similarly, oligomeric
ellagitannins—with slightly lower oxidative activity—are
found in Myrtales, Fagales and Rosales. We show here that
the leaves of Euphorbiaceae and Myrtaceae have relatively
high oxidative activity, and that there is a positive relationship
between geometrid occurrence and oxidative activity. Many
plant families found to have high oxidative activity in this
study and elsewhere [51] are major geometrid hosts (electronic
supplementary material, appendix S4). In fact, many outbreak
geometrid species are associated with plant genera rich in
ellagitannins that are primarily responsible for oxidative
activity [52], e.g. Betula [53] and Quercus [54,55]. In contrast
with the proanthocyanidins (syn. condensed tannins) that
accumulate in mature leaf tissue and are less actively oxidized
at high pH (as found in caterpillar guts), ellagitannins are often
richer in the younger foliage used by geometrid moths [54,55].
Nevertheless, it has been shown that some moths are well
adapted to consume tannin-rich foliage and even though oxi-
dative damage may occur in the midgut, it is not necessarily
sufficient to increase the resistance of trees to tannin-tolerant
caterpillars [56,57]. It is even possible that a net benefit exists,
if ellagitannins and their oxidative activity contribute to
increased resistance of larvae against pathogens and parasites
for example [58,59].

In contrast with geometrids, host family-level associations
are more predictable for clades of pyraloids with closely related
moths using the same clades of plants. Many pyraloids are
from the subfamily Spilomelinae, which may represent a
more recent radiation that has been through fewer ‘oscillating
radiations’ (e.g. fewer host shifts overall) sensu Janz & Nylin
[8] and retained more phylogenetic signal in terms of host
use. Certainly, the relative age of the Spilomelinae clade that
we sampled (node height = 0.256) is considerably younger
than for Geometridae (node height = 0.507). Host use in pyra-
loids does not relate directly to host phylogenetic distance but
instead to insect phylogeny (specialization and radiation of
insect clades), suggesting a role for co-adaptation rather than
phylogenetic resource similarity. Perhaps short-distance host
shifts are more important in accessing new resources for pyra-
loids, in line with the ‘musical chairs” hypothesis. Intriguingly,
semi-concealed pyraloids do not appear to accumulate across
plants with either low or high polyphenolic activity at this
phylogenetic scale.

Our host records largely overlap with documented host-
use records (electronic supplementary material, appendix S4),
making our results relevant to both wider lepidopteran
evolutionary ecology and pest species. Although the generic
classification of some moths is difficult and not always available
in the pest control literature [60], a combination of molecular
phylogenetic data and natural host-use data may help predict
novel hosts with economic importance. This is especially true
in Pyraloidea, where host preference seems more phylogeneti-
cally conserved, and where more pest species are found. For
example, we predicted that Parotis sp. AAC8820 (near marginata)
fed on the previously unsampled Wanang hosts Tabernaemon-
tana andacaqui, Alstonia scholaris (Apocynaceae) and Uncaria

appendiculata (Rubiaceae), while we accurately predicted that

Glyphodes sp. AAD1816 (near stolalis) fed on Ficus (Moraceae).
Indeed, Glyphodes stolalis is known to infest Ficus trees, while
Parotis marginata is a pest of Alstonia scholaris. Studying the
host use of entire communities of insects in their natural habitats
can provide insights into their potential as pests, and is therefore
useful for applied branches of biology.

We sampled 88 species of woody plants from a local species
pool of around 600 [61]. We used bipartite models and host
records to predict 40—54% of interactions across an expanded
set of 34 locally dominant plant species sampled according to
abundance (53-79% of all trophic links at the individual
level). In terms of predicting the strongest links, our models
performed well, but sometimes missed weak links. In tropical
regions, it is unlikely that entire floras will ever be sampled
completely for insects, making predictive models of host use
important for estimating diversity. In temperate regions, it has
been possible to achieve higher predictive power, but it was
necessary to sample thousands of hosts, millions of caterpillars
and almost two-thirds of the local vascular plant flora [11].

Our model framework allowed us to compare phylogenetic
conservatism between two ecologically dominant Lepidoptera
lineages. Our results give insights into the evolutionary
hypotheses of host use, the contribution of conserved and
labile traits, and the evolution of polyphagy both between
and within [45] species. It is unlikely that any of the evolution-
ary processes put forward can explain all insect herbivore
diversity, with inter-dependence between partners and con-
straints to host shifts being highly variable between clades.
We suggest that detailed studies of proximate mechanisms
would also give extra insights into how host use has evolved
in herbivores, but suggest that this is best done in a bipartite
phylogenetic context. Finally, we suggest that predictive
models of trophic interactions represent an efficient way of
testing our hypotheses.
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