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ABSTRACT

Decrease in the species composition similarity of herbivore assemblages with increasing phylogenetic distance between host plants is a widespread pattern. Here we used
data for caterpillars in the Brazilian Cerrado to investigate how the similarity in caterpillar species composition decreases as the taxonomic level and genetic distance
(GD) of their host plants increases. In addition, we elucidate the plant taxonomic level that provides the greatest contribution to turnover in the caterpillar species
composition among host taxa. Adult Lepidoptera were reared from caterpillars collected from 52 plants over 13 yr in the same area, with each host plant sampled for
1yr. Most species were specialists, with 66 percent of genus specialists among the nonsingleton species. The similarity in caterpillar species composition across plant
taxa decreased from host species to genera, and from host genera to orders. Above this level, the similarity was consistently low. The GD between plants explained 82
percent of the variation in the similarity of caterpillar species composition. The contribution of caterpillar species turnover among host orders from the same superorder
and among host superorders from the same subclass explained 70 percent of the caterpillar species richness as a whole. Our results lend support to the view that most
tropical caterpillars are host specialists. Our findings further indicate that the number of orders and superorders of plants provide the greatest contribution to the total
caterpillar richness compared with all of the other host taxonomic levels combined.
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INTERACTIONS INVOLVING HERBIVOROUS INSECTS AND THEIR HOST
PLANTS comprise one of the richest components of most terrestrial
food webs (Jaenike 1990, Godfray ez al. 1999, Price 2002). Hence,
understanding the interaction patterns between plants and their
herbivorous insects is an important step toward obtaining a better
general comprehension of the processes that regulate interaction
networks. One of the oldest generalizations concerning food webs
that are applicable to plant—herbivore networks is that specialized
interactions are not randomly established (Cattin ez /. 2004).

The feeding specialization of herbivorous insects ranges from
monophagy (i.e., extreme specialists) to polyphagy (i.e., broad
generalists). Despite such variation, it has been widely reported that
most herbivorous insect species feed on a small fraction of phylo-
genetically related plant species that are available in local floras
(Strong er al. 1984, Jaenike 1990, Futuyma & Mitter 1996).
Phylogenetically related plants also tend to harbor similar species
compositions of herbivore insects (@Ddegaard 2000, Jermy &
Szentesi 2003, Irschick er al. 2005, Weiblen ez al. 2006, Dyer et al.
2007). Because host phylogeny has not been fully resolved, several
authors have used the taxonomic relatedness of plants as a surrogate
in studies investigating the evolution of feeding specialization in
herbivore insects (Futuyma & Mitter 1996, Qdegaard et al. 2005).

Although there is a broad consensus concerning some aggregate
patterns involving plant—insect interactions (Strong er al. 1984,
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Lewinsohn er al. 2005), several gaps in the quantitative aspects of
these patterns remain. For instance, it is unclear whether the species
composition similarity among herbivore assemblages decreases grad-
ually or sharply with the phylogenetic distance of their host plants
(Futuyma & Mitter 1996, Lewinsohn et al. 2005). Odegaard et al.
(2005) investigated this question for phytophagous beetles in Panama
by minimizing the undesirable influence of the variation in plant spe-
cies composition on the degree of feeding specialization of the herbi-
vores (e.g., Novotny ez al. 2006). They found that similarity dropped
at decreasing rates from species to genus, to family, and to order,
which indicated that the most recent taxonomic branching events
were most important for host utilization among those insects.

In the present study, we focused on local interactions between
folivorous caterpillars (Lepidoptera) and their host plants in the
Brazilian Cerrado to investigate how the degree of similarity in the
species composition of caterpillars among different host plant
species is affected by the plant taxonomic distance (TD). This
Neotropical biome is considered a global biodiversity hotspot that
harbors approximately 11,600 vascular plant species, among which
about 44 percent are endemic (Furley 1999, Klink & Machado
2005, Sano et a/l. 2008). The cerrado entomofauna is also believed
to have very high species richness (Becker 1991, Brown & Gifford
2002). The total richness of Lepidoptera is estimated to comprise
9000 species (Becker 1991), which represent nearly 11 percent of
the Neotropical Lepidoptera richness (Diniz & Morais 1997).

Our study system consisted of field collection and a laboratory
rearing program for immature Lepidoptera on their host plants that
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were sampled at a site in the core area of the Brazilian Cerrado
(Diniz & Morais 1997, Diniz et al. 2001). This data base was used
as follows: (1) to investigate whether the similarity in caterpillar
species composition gradually decreases with increasing taxonomic
levels of their host plants or, alternatively, decreases sharply at one
particular level; (2) to describe the relationship between host plant
genetic distance (GD) and the similarity in caterpillar species com-
position; and (3) to elucidate the taxonomic levels at which differ-
ences in caterpillar species turnover among host taxa differ from the
expected outcome according to a null model in which caterpillar
individuals fed randomly on their host plants.

METHODS

Stupy siTE—This study was conducted in the Fazenda Agua
Limpa (15°30 S, 47°25’ W), which is a 5000-ha protected exper-
imental station that is owned by the University of Brasilia in the
Federal District of Brazil. The region is characterized by a distinct
dry season from May to September during which < 7 percent of
the annual rainfall occurs; the mean annual rainfall is 1417 mm,
and the mean annual temperature is 22.3°C (based on continual
records from 1980 to 2004; RECOR Meteorological Station,
http://www.recor.org.br, located approximately 10 km from the
study site). The local alticude ranges from 1048 to 1160 m asl. The
experimental station contains different vegetation physiognomies
with a predominance of cerrado sensu stricto, which is the focal hab-
itat of our study. Further information about the Cerrado vegetation
can be found in Oliveira-Filho and Ratter (2002), and details about
the vegetation at the study site are described by Felfili ez a/. (2000).

STUDY SysTEM.—We sampled caterpillars from 52 host plant species
in 27 families and 16 orders (Table S1). These host plants include
species from seven of the ten families with the greatest species rich-
ness in the Brazilian Cerrado (Sano e a/. 2008). The sampled plant
species are representative of this area and correspond to 76 percent
of the importance value index (IVI=relative density+relative
frequency+relative basal area) (Fonseca & Silva 2004) and to
80 percent of the basal area (Felfili ez al. 2000). The host species
varied in size with a predominance of shrubs, which is characteristic
of the cerrado sensu stricto.

SAMPLING METHODS.—Field sampling was conducted from 1993 to
2006. We sampled caterpillars weekly on 15-20 plant individuals up
to a height of 2.5 m for each plant species for 1yr (N = 900 individ-
uals for each plant species). For each host individual, the foliage
was carefully examined for at least 5 min. The sampling program was
designed to avoid a repeated collection on the same host individuals.
All externally feeding caterpillars, including leaf rollers and leaf ders,
were collected from the foliage by hand and reared in clear plastic jars
at an ambient temperature and humidity in the laboratory. Fresh
leaves from the appropriate host plant were provided as needed. All of
the data presented herein were based on adults that emerged in the
laboratory. Voucher specimens were deposited in the Entomological
Collection of the Zoology Department of the University of Brasilia.

PLANT RELATEDNESS.—T'o examine the decrease in similarity in the
caterpillar species composition with an increased TD of their host
plants, we used an approach similar to that described by @degaard
et al. (2005) for phytophagous beetles in Panama. First, we grouped
the host plant species into different taxonomic levels according to the
Angiosperm Phylogeny Website (Stevens 2008). Subsequently, we
calculated the degree of species composition similarity among the cat-
erpillar assemblages within distinct host taxonomic levels using the
Bray—Curtis (BC) and Sgrensen similarity indices (Magurran 2004).
The species composition similarity of the caterpillar assemblages
among conspecific hosts was denoted as Distance 1. According to the
same approach, we used the following nomenclature: the species sim-
ilarity of the caterpillar assemblages among species within genus was
designated as Distance 2; genera within family as Distance 3; families
within order as Distance 4; orders within superorder as Distance 5;
superorders within subclass as Distance 6; and subclasses within class as
Distance 7. In the case of Distance 1, we used samples from interca-
lated dates spanning 1 yr because our data did not permit a comparison
of the caterpillar fauna between host individuals. Note that Distance 1
differs from the evolutionary context of comparisons between host spe-
cies and higher taxonomic levels. Following the approach of @degaard
et al. (2005), we tested magnoliids at the subclass level (Distance 6).
We did not use the solution provided by @degaard ez al. (2005) for the
covariance problem because in our approach, the similarity in caterpil-
lar species composition within each taxonomic level was calculated by
pooling all caterpillar species collected for each host taxa.

GD BETWEEN HOST PLANTS.— The sequences of the chloroplast ribu-
lose-1,5-bisphosphate carboxylase gene (rbcL) were downloaded
from GenBank (see accession numbers in Table S2) and aligned
using MEGA4 software (Tamura ez /. 2007). The data set com-
prised 37 sequences of 1180 bp. We estimated the pairwise GD
from the evolutionary divergence between sequences by maximum
composite likelihood method (confidence was assessed by 1000
bootstrap replicates) using MEGA4 software (Tamura ez al. 2004,
2007). The included
Ist+2nd+3rd+noncoding. All of the positions with gaps and

codon positions were as follows:
missing data were eliminated from the data set (complete deletion
option). Following the criteria proposed by @degaard ez al. (2005),
closely related species or related genera were used to determine the
phylogenetic relationships of plant species that lacked DNA
sequences (Table S2).

DatA ANALysIs.—For each taxonomic level, the similarity in cater-
pillar species composition among plant taxa was calculated using
the BC and Sgrensen similarity indices (Magurran 2004). A gener-
alized linear model (McCullagh & Nelder 1989) in which the
binomial distribution was attributed to the dependent variable was
used to test differences in the similarity in caterpillar species com-
position among plant taxonomic levels. To adjust for any super
dispersion of the data due to an excess of zeros, the quasi-likelihood
method was used to estimate the heterogeneity factor that was in-
corporated into the variance function. The breaking point for the
segmented regression model was also calculated to estimate the tax-
onomic level of the plants after which the dependent variable did
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not demonstrate a significant variation. This model fits the average
similarity index of the caterpillar species composition from the low-
est to the highest host plant taxa as a continuous function. The
model provides an improvement of the approach used by @degaard
et al. (2005), in which the mean similarities of beetles were
compared between two consecutive taxonomic levels using ztests.
To examine whether the similarity in caterpillar species composi-
tion varied with the host plant GD, we used a logarithmic regres-
sion as described by @degaard er al. (2005) and Novotny ez al.
(20006), in which each point corresponded to a species pair.

The above-described analyses focused on the shape of the re-
lationship between the similarity in caterpillar species composition
and plant relatedness. Another important feature of our study was
the determination of the plant taxonomic level at which differences
in the caterpillar species composition among hosts (turnover)
differed from a null expectation based on the random use of plants
by caterpillars. To address this issue, we used the additive partition-
ing of 8 diversity proposed by Crist ez /. (2003). This approach was
originally developed for a hierarchical sampling design, but it can
also be used to measure the partitioning of diversity between two
noninclusive species sets (e.g., hosts/parasites, plants/herbivores).
Here we used an unrestricted individual-based randomization algo-
rithm in which the probability of an individual caterpillar being
found on a given host species is equal to the relative abundance of
caterpillars on that specific host. This weighting procedure was used
because the number of plant species was distributed unequally
among plant taxa at the same taxonomic level.

The species similarities and additive partitioning of f diversity
were calculated using EstimateS 8.0 (Colwell 2008) and PARTI-
TION 3.0 (Veech & Crist 2009), respectively. All other statistical
analyses were performed using R language (R Development Core
Team 20006).

RESULTS

We obtained 2827 adult Lepidoptera belonging to 377 species and
39 families. The four richest families (Elachistidae, Gelechiidae,
Geometridae, and Pyralidae) represented 47 percent of the species
and 53 percent of the individuals. Most of the caterpillar species
(VN =253) were found on only one host species, of which almost half
(IN=119) of these were singletons. Only 72 species of Lepidoptera
(19%) were detected on two or more plant families and 59 species
(16%) on two or more host species from different orders, of which
35 fed on plant species from two or more superorders, and seven fed
on plants from different subclasses. Excluding singleton species,
only 88 (34%) of the caterpillar species were found on two or more
host genera, and 70 percent were plant family specialists.

A strong decrease was observed in the degree of similarity in
caterpillar species composition from different conspecific hosts to
different confamilial genera (Fig. 1). The segmented regression
model demonstrated a mean decrease of 35.8 percent in the degree
of similarity in caterpillar species composition (BC) between
contiguous host taxonomic levels (r=9.307, P < 0.001). The
estimated breaking point for the segmented regression model was
4.98+0.0002 (mean=+SE), indicating that the similarity in
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FIGURE 1. Relationship between the Bray—Curtis (BC) similarities of caterpil-
lar assemblages for each taxonomic level of host plants vs. the taxonomic distance
(TD) between host plants in the Brazilian Cerrado. Expected values for the
function BC = exp(1.2818 — 1.028 x TD)/(1 — exp(1.2818 — 1.028 x TD).

caterpillar species composition did not change significantly after
Distance 5 (host orders within superorders) (Fig. 1). The model
BC=exp(1.028 x TD) fits the (R*=0.935,
P=0.012). The same pattern was observed for the Sgrensen coefhi-

observed data

cient of similarity with a slightly smaller value of R = 0.89.

The BC similarity in caterpillar species composition decreased
with an increased GD between the host plants (Fig. 2). Plant relat-
edness explained 82 percent of the variation in the similarity in
caterpillar species composition between pairs of host species
(BC=18.945-19.91 log[GD]; #=68.8, df=1033, R*=0.82,
P < 0.001). Consistent with the results of the plant taxonomic
analysis, we found the same decreasing pattern using Sgrensen’s
similarity index (R*=0.58).

The caterpillar species turnover among host taxa differed
significantly from the random expectation for all plant taxonomic
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FIGURE2. Relationship between the Bray—Curtis (BC) similarity of caterpillar
assemblages on host plants vs. the genetic distance (GD) between host plants for

all pairwise combinations of plants in the Cerrado.
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FIGURE 3. Additive partition of caterpillar species richness across six plant
taxonomic levels. Values are expressed as the percent of the total richness of cat-
erpillars explained by each taxonomic level. The observed partitions were com-
pared with the expected values from the individual-based randomization (H1).
o, within host species; 3}, among species from the same genus; f5,, among genera
from the same family; 3, among families from the same order; 4, among orders
from the same superorder; fis, among superorders from the same subclass;

P, among subclasses of angiosperms.

levels according to the individual-based null model. The turnover
in caterpillar species composition was lower than that expected
based on the null model from different taxa within host species to
genera within host families. Higher values were, however, obtained
for the caterpillar species turnover from host families within a plant
order to higher taxonomic levels (Fig. 3). The pooled contributions
of species to the family level accounted for < 20 percent of the
total caterpillar richness. The total caterpillar richness was mostly
explained by differences in the caterpillar species composition
among orders (32.7%) and superorders (38.8%) of hosts.

DISCUSSION

The present study demonstrated that most caterpillar species feed
on a small fraction of the host plant species on a local scale. Among
the nonsingleton caterpillar species, only 34 percent were found on
two or more host genera, and 70 percent were restricted to a single
host family. These findings are similar to those previously reported
for Lepidoptera in tropical regions. Janzen (2003) recorded that 61
percent of the Saturniidae in Costa Rica are host family specialists,
and Barone (1998) found that 85 percent of the leaf-chewer species
(mostly Lepidoptera) in Panama are family specialists (see also
Novotny & Basset 2005). In a study of caterpillars on trees in
Papua New Guinea, Novotny ez a/. (2002a) showed that 77 percent
of the species were family specialists, whereas 67 percent of species
were genus specialists. In contrast, they found a lower percentage of
monophagy (11%) in comparison to the results obtained in the
present study (51.9% among the nonsingleton species). This differ-

ence can be explained by the finding that half (21 out of 41) of the
sampled host genera were represented by only one species in our
study area. Six host genera contained two or more species sampled
for caterpillars, and ten of the remaining genera had congeners,
which were rare in the study area.

Low intrageneric species richness at the local scale is particularly
common among the Cerrado flora. This finding is similar to the
results obtained by Novotny et al. (2004) in secondary rain forest
vegetation in New Guinea and lends support to the hypothesis that
the plant species composition plays an important role in the local de-
gree of the feeding specialization of caterpillar species. Aside from this
characteristic of the Cerrado flora, the caterpillar fauna in this
vegetation is characterized by a high proportion of shelter building
microlepidoptera. This results in an even more restricted relationship
of the caterpillars with the host plants (e.g., Loeffler 1998, Novotny &
Basset 2005) and consequently a high degree of diet specificity.

Our results showing relatively narrow diet breadths for cater-
pillar species imply that the composition of caterpillar species is
similar between closely related host species. The similarity in
caterpillar species composition between plants decreased mainly
from host species in the same genus to host families in the same
order. Overall, this decrease in similarity was characterized by a
steeper drop from conspecific host individuals to confamilial
host genera and continued to decrease to host orders in the same
superorder (.e., Distance 5). Above this taxonomic level, the sim-
ilarities in caterpillar species composition between host taxa of the
same taxonomic group were consistently low. @degaard er al.
(2005) found very similar results for phytophagous beetles in two
lowland forest sites in Panama. They demonstrated a steeper de-
crease in the similarity of beetle species between congeneric or
confamilial host species and small changes in similarity from fam-
ilies to subclasses. Therefore, Ddegaard et al’s (2005) hypothesis
that the most recent taxonomic branching events are the most
important determinants of host utilization among phytophagous
beetles is also supported by our data for caterpillars in the Brazilian
Cerrado.

In contrast to results for beetle species in a Panamanian forest,
the decrease in similarity in herbivore species composition with an
increased GD between host species occurred at a faster rate for
caterpillars in the Brazilian Cerrado. The slope of our log model
was almost three times greater (7.4 and 19.9) than that obtained by
Odegaard er al. (2005), which indicates that the caterpillar fauna
differs greatly even between genetically close host species. In addi-
tion, none of the plant—host species pairs with GD values > 0.8
had similarities in the herbivore species composition (BC) above 20
percent in our data set, whereas @degaard ez a/. (2005) found sim-
ilarity values between 20 percent and 40 percent for several host
species pairs with GD values above 0.8. We hypothesize that the
lower similarity found in our study can be attributed to the higher
specialization of Lepidoptera caterpillars compared with beetles (see
Weiblen et al. 2006).

The structure of plant—herbivore relationships is often investi-
gated by considering hosts as habitats (or sites) and their associated
insect fauna as local assemblages (Frenzel & Brandl 2001). In the
present study, we used the additive partitioning of f§ diversity (Crist



et al. 2003) to evaluate the taxonomic levels that provide the great-
est contribution to turnover in the caterpillar species composition
among host taxa. We found that the turnover in caterpillar species
composition was lower than what would be expected at random
from the species to the family level and was significantly higher
above the family level. The pooled contributions of species to the
family level accounted for < 20 percent of the total caterpillar
richness. In fact, the total caterpillar richness was mostly explained
by differences in caterpillar species composition among orders
(32.7%) and superorders (38.8%) of hosts. These findings appear
to be inconsistent with previous studies that demonstrated the pres-
ence of low herbivore similarity (or high turnover) among lower
plant taxonomic levels (genus, family) in tropical regions (Frenzel
& Brandl 2001, Novotny ez al. 2002b, Dyer et al. 2007). This in-
consistency is, however, due to the additive partitioning approach,
which sorts the total herbivore species richness across several taxo-
nomic levels, whereas the typical measures of species composition
similarity do not account for the nested configuration of the taxo-
nomic classification.

It is well-known that plant species richness explains a large part
of the variation observed in herbivore richness across geographical
gradients and spatial scales (see Lewinsohn & Roslin 2008).
Novotny et al. (2002a) found that most herbivore insects in a New
Guinea rain forest are oligophagous and feed on several congeneric
plant species. They suggested that there is a low spatial turnover in
herbivore species composition among tropical sites due to the com-
monality of species-rich plant genera in that region (see also
Novotny ez al. 2007). Our results demonstrate a higher degree of
monophagy compared with those documented for New Guinea
and also indicate that a higher turnover of caterpillar species occurs
from order to higher taxonomic levels of host plants. It will be im-
portant to determine whether this result can be confirmed in other
host plant systems or whether it is a singular characteristic of this
system in the Cerrado.
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TABLE S1. The p/amt species examined, cla::iﬁm’ accordz'ng to APG
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TABLE S2. Correspondence of the sampled plant species in the Cerr-
ado vegetation with those used for genetic distance.
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