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of assessing any aspect of rare species accurately. We apply 
DSI* to an extensive dataset on interactions between insect 
herbivores from four folivorous guilds and their host plants 
in Papua New Guinean rainforests. We demonstrate that 
DSI*, contrary to the original DSI, is largely independent 
of sample size and weakly and non-linearly related with sev-
eral host specificity measures that do not adjust for plant 
phylogeny. Thus, DSI* provides further insights into host 
specificity patterns; moreover, it is robust to the number and 
phylogenetic diversity of plant species selected to be sam-
pled for herbivores. DSI* can be used for a broad range of 
comparisons of distinct feeding guilds, geographical loca-
tions and ecological conditions. This is a key advance in 
elucidating the interaction structure and evolution of highly 
diversified systems.

Keywords Host plant range · Distance-based 
specialization index (DSI*) · Statistical comparability · 
Papua New Guinea

Introduction

Trophic specialization is a key concept in ecology, but it is 
also surprisingly difficult to measure, with different meth-
ods often providing contradictory results. In its simplest 
form, it can be expressed as a list or number of diet items. 
Such lists can be refined into more informative specializa-
tion indexes by including other relevant information. For 
example, one can include aspects of resource diversity and 
selection that take frequency into account, or quantify use 
relative to availability (Colwell and Futuyma 1971; Manly 
et al. 1993). Furthermore, the amount of reciprocal speciali-
zation, in which species being the sole consumers of a given 
resource are considered more specialized (Blüthgen et al. 
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ferences in resource availability, sampling effort and abun-
dances preclude comparisons of incompletely sampled biotic 
interaction webs. Here, we extend the distance-based spe-
cialization index (DSI) that measures trophic specialization 
by taking resource phylogenetic relatedness and availability 
into account into a rescaled version, DSI*. It is a versatile 
metric of specialization that expands considerably the scope 
and applicability, hence the usefulness, of DSI. The new 
metric also accounts for differences in abundance and sam-
pling effort of consumers, which enables robust compari-
sons among distinct guilds of consumers. It also provides 
an abundance threshold for the reliability of the metric for 
rare species, a very desirable property given the difficulty 

Communicated by Andreas Prinzing.

Electronic supplementary material The online version of this 
article (doi:10.1007/s00442-017-3980-7) contains supplementary 
material, which is available to authorized users.

 * Leonardo R. Jorge 
 leonardorejorge@gmail.com

1 Animal Biology Department, Biology Institute, University 
of Campinas, Campinas, SP 13083-970, Brazil

2 Biology Centre of Czech Academy of Sciences and Faculty 
of Science, University of South Bohemia and Institute 
of Entomology, Branisovska 31, 370 05 Ceske Budejovice, 
Czech Republic

3 Bell Museum and Department of Plant Biology, University 
of Minnesota, 1479 Gortner Avenue, Saint Paul, MN, USA

4 Smithsonian Tropical Research Institute, Apartado, 
0843-03092 Panama City, Republic of Panama

5 Maestria de Entomologia, Universidad de Panama, 
080814 Panama City, Republic of Panama

http://crossmark.crossref.org/dialog/?doi=10.1007/s00442-017-3980-7&domain=pdf
https://doi.org/10.1007/s00442-017-3980-7


552 Oecologia (2017) 185:551–559

1 3

2006), and phylogenetic relationships among resource items 
can also be accounted for (Symons and Beccaloni 1999; 
Weiblen et al. 2006; Pellissier et al. 2012). The evolution-
ary relationship of resources is widely recognized as the 
most relevant trait mediating resource selection by herbi-
vores and parasites (Ehrlich and Raven 1964; Poulin et al. 
2011; Jorge et al. 2014), as it gives insights both related to 
resource trait similarity and coevolutionary processes. Thus, 
it is a more meaningful measure of resource breadth than 
counts of resource items.

The comparison of specialization between species within 
and among communities is also made difficult by the sen-
sitivity of most metrics to sampling design and consumer 
abundance or frequency. This sensitivity is caused by the 
fact that many trophic interactions occur with extremely 
low frequency in food webs (Lewinsohn et al. 2005) and 
host specificity depends on the size of the host species pool 
(Jorge et al. 2014). These problems constrain host specific-
ity comparisons between food webs of different dimensions 
and those sampled with different effort. This is especially 
true when considering how the host specificity of rare and 
common species differs. The range of potential (and actual) 
hosts used increases with the host species pool for general-
ist consumers, whereas strictly monophagous species are 
not affected. These problems often compromise the accurate 
measurement of specialization along ecological gradients, 
including latitudinal, altitudinal or successional gradients. 
For instance, Novotny et al. (2006) found no latitudinal 
trends in herbivore host specificity after they standardized 
plant abundance and phylogenetic diversity between tropi-
cal and temperate food webs, while Forister et al. (2015) 
documented higher specialization in the tropics without such 
standardization. These issues are especially important when 
comparing herbivores that belong to different guilds, which 
differ in feeding mode, overall abundance and mean spe-
cialization, and are often sampled using distinct methods.

A solution to some of these issues was advanced recently 
in the distance-based specialization index (DSI-Jorge et al. 
2014), a host specialization measure that considers host phy-
logeny and is robust to differences in the abundance and 
sample size of host species. For any biotic resource, it is 
defined as a deviation of observed phylogenetic relatedness 
of resource species used by a given consumer species from 
a null expectation assuming random use of resources. This 
null expectation is generated from the resource species pool 
based on the availability of each resource species—which 
comprises its abundance, sampling intensity and local co-
occurrence with each consumer species. More details and a 
formal definition of DSI are offered in the following section.

Here, we develop this approach to address another issue 
that makes the comparison of specialization difficult: its 
sensitivity to the abundance of herbivores sampled. To 
this end, we developed a standardization method for DSI 

and test its performance using one of the most comprehen-
sive plant–insect data sets available. We measure the diet 
specificity of four guilds of folivorous insects intensively 
collected or reared from a phylogenetically diverse set of 
rainforest woody plant species in Papua New Guinea. These 
guilds have previously been shown to have very different 
interaction structures with their host plants, comprising a 
wide range of species from rare to abundant and from spe-
cialists to broad generalists (Novotny et al. 2010), and thus 
they provide an outstanding testbed for our approach. We 
tested whether this scaled metric was indeed unaffected by 
herbivore abundance, and then compared it to other currently 
employed specialization metrics that do not incorporate 
plant phylogeny. We then addressed another common issue 
with host specificity studies, the inclusion of only a subset 
of the host community in the study. We used a rarefaction 
procedure to assess the sensitivity of DSI to the richness and 
phylogenetic scope of the pool of host plant species included 
in the samples. We show that rescaled DSI is independent of 
sampling intensity and plant abundance, making it suitable 
for specialization analyses that provide robust comparisons 
of a wide range of food webs.

Rescaling DSI

In its original formulation (Jorge et  al. 2014), DSI is a 
Z-score. Hence, it measures specialization as a deviation 
from a random expectation (Eq. 1):

in which  MPDi (mean pairwise phylogenetic distance) is 
the observed average relatedness of all host plants used by 
herbivore species i weighted by their abundances.  Nulli is 
the distribution of mean pairwise phylogenetic distances 
obtained by randomly drawing host sets from the host pool 
available to that herbivore species. For each herbivore spe-
cies, the pool of hosts is defined as the set of host plants that 
co-occur with that herbivore, with the abundances observed 
in the sites in which the herbivore was recorded. From this 
pool, a set of hosts with the number of interactions observed 
for that herbivore is sampled. We note that any measure of 
interaction frequency can be used, but that the number of 
individuals representing a link is the most natural, because 
this is universally measured and best reflects the probability 
of that link occurring in additional sampling. This proce-
dure is iterated many times sequentially (999 in our case) 
to obtain a null distribution of MPDs, whose mean and 
standard deviation are noted as mean(Nulli) and sd(Nulli) 
in Eq. 1. Therefore, DSI can be used either as a continuous 
metric of specialization, or to classify consumers according 
to their deviation from random expectation into specialists 

(1)DSI
i
=

(
MPD

i
−mean (Null)

i

sd (Null)
i

)

(−1)
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(that use a set of resources clustered in phylogenetic space), 
generalists (over-dispersed) or non-selective (random), using 
significance thresholds in a manner analogous to established 
metrics of phylogenetic structure (Webb et al. 2002; Kem-
bel 2009). Note that, similarly to these metrics, we multiply 
the Z-score by (−1) to invert values, so that positive DSI is 
obtained for phylogenetically clustered diets, more appropri-
ate for a specialization index.

Similarly to any measure of effect size, DSI’s power 
increases with the number of interactions observed, and thus 
a monophage, for example, will have different specialization 
values depending on the number of interactions recorded for 
that species. As the number of host plants sampled in a given 
iteration of the null model increases, a larger proportion of 
the variability in MPDs is contained within iterations, and the 
variability among iterations, sd(Nulli), decreases as the number 
of interactions observed for each herbivore species increases. 
Thus, DSI is dependent on observed herbivore abundance, and 
the maximum possible absolute DSI values covary with the 
number of individuals (as well as interactions) recorded for 
each species. This dependency is strikingly apparent in our 
large and functionally heterogeneous data sets, which comprise 
a wide range of insect abundance values (shown for one guild 
in Fig. 1).

To overcome this problem and enable the comparison 
of consumers that differ in their recorded sample sizes, 
we propose to rescale the DSI index. DSI* is calculated as 
DSI divided by its maximum or minimum possible values 

determined for a given consumer species, based on its sample 
size and on the phylogeny of potential resource species (Eq. 2): 

 where  DSIi is as in Eq. 1 and |DSIlim| is the absolute value 
of the minimum (for negative  DSIi) or maximum (for posi-
tive  DSIi) limit for  DSIi of each herbivore species i, also 
calculated from Eq. 1. Minimum MPD = 0 corresponds to 
strict monophages, and as it is multiplied by (−1) in Eq. 1, 
it yields the maximum DSI value for the combination of 
plant phylogeny and number of interactions observed for 
that species. Given that MPD is measured among plant indi-
viduals, the maximum value cannot be estimated by simply 
assigning individuals to the two most distant host species 
in the plant phylogeny. Therefore, we estimate maximum 
MPD by an optimization algorithm of simulated annealing 
to find the distribution of individuals among resource spe-
cies that maximizes the mean distance among individuals. 
This heuristic algorithm is adequate for combinatorial opti-
mization problems, and was implemented for this specific 
problem in the R language using the simulated annealing 
functionality present in the function optim (Bélisle 1992). 
The rescaled DSI* varies between −1 (maximum achievable 
generalization) and 1 (monophages or maximum achievable 
specialization).

These rescaled values allow the comparison of specializa-
tion between herbivore species and between different data 
sets, whereas the original DSI values, as a continuous met-
ric, are less comparable between different data sets, thus 
limiting its use to the classification of species into special-
ists, generalists and non-selective feeders. The routine to 
calculate DSI* is included in the dizzy R package to measure 
specialization in resource use, available at http://github.com/
leorjorge/dizzy.

Materials and methods

We calculated rescaled DSI for the species in four guilds 
of folivorous insects in Papua New Guinea rainforests. 
Plant–herbivore interaction webs were sampled following 
protocols described in Novotny et al. (2002, 2010, 2012). 
Folivores were classified into guilds according to their 
feeding mode (chewing, sucking) and the intimacy of the 
association with their host plant (Novotny et al. 2012): 
mobile chewers are all externally feeding hemimetabol-
ous larvae and all adults (Orthoptera, Phasmatodea, and 
Coleoptera); exposed chewers—all externally feeding and 
fully exposed holometabolous larvae (Lepidoptera, Coleop-
tera); semiconcealed chewers—all leaf rolling and leaf tying 

(2)DSI
∗

i
=

DSI
i

|
|DSIlim

|
|
,
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Fig. 1  Relationship between sample size (the number of individuals 
of herbivores) and the non-scaled distance-based specialisation index 
(DSI) for 170 species belonging to the guild of semi-concealed larval 
chewers in Papua New Guinea. Continuous lines mark the confidence 
interval thresholds to classify species as specialist (SP), non-selective 
(NS) or generalist (GE) feeders. The dashed lines indicate the maxi-
mum and minimum possible DSI for each sample size, used to rescale 
DSI
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holometabolous larvae (Lepidoptera); miners—all leaf min-
ing species (Lepidoptera, Coleoptera, Diptera).

Within each of these guilds, the full scope of herbivorous 
taxa was investigated. Folivorous guilds were sampled from 
59 to 87 woody plant species per guild (125 plant species in 
total) at three study sites (Baitabag, Ohu, and Mis Villages) 
located within a 10 × 20-km area encompassing a mosaic of 
secondary and primary lowland hill forest in Madang Prov-
ince (Papua New Guinea) for at least one year between 1995 
and 2008. Plant selection included all major plant lineages as 
well as three clusters of closely related, congeneric species 
(Ficus, Macaranga, and Psychotria species; see Table S1 for 
plant list). A phylogeny of this set of plants was developed 
by Szefer et al. (2017), and further details are available as 
supplementary material S1.

Each plant species was sampled with equal effort (1500 
 m2 of foliage area) for each guild, removing potential effects 
due to variations in host plant abundance. The insects, or 
leaves with semiconcealed or mining larvae, were hand col-
lected from foliage. Mobile chewer adults were tested for 
feeding on the plant species from which they were collected; 
only insects that fed were included in the analyses. Larvae 
were reared to adults as far as possible; see Novotny et al. 
(2002, 2010, 2012) for further details. Host plant records 
supported by a single herbivore individual were excluded 
from the data set as poorly supported. This data filtering 
removed singleton species—which cannot be evaluated for 
host specificity—from the data set.

Larvae from all guilds and all adults were assigned to 
species. All adult insects were later identified by specialists 
as far as possible (Miller et al. 2003), and larval species were 
linked to corresponding adult species. Species identifications 
were often verified by dissection of genitalia and reference to 
type specimens. Comparisons of mitochondrial cytochrome 
oxidase I DNA sequence divergence with morphology were 
used for over 10,000 insect specimens (Lepidoptera in all 
guilds and Coleoptera and Diptera in miners) to verify our 
species boundaries, including polymorphic species and cases 
of sexual dimorphism (Hulcr et al. 2007; Craft et al. 2010). 
The complete interaction data are available online from 
(Novotny et al. 2012) at http://dx.doi.org/10.5061/dryad.
rg155q32.

Analysis

We measured distance-based specialization (DSI) for all 
herbivore species, and applied rescaling as described above 
to obtain DSI*. Since only a single locality was studied, co-
occurrence between plants and herbivores does not apply 
to this dataset, and the uniform sampling effort among host 
plants simplifies the measurement of availability, given that 
the observed abundance of herbivores on plants is a direct 
estimate of actual frequencies on plants. Thus, a null model 

that samples plant individuals with equal frequency is ade-
quate for this dataset. We compared the specialization values 
between guilds by means of a one-way permutation test, 
followed by pairwise comparisons among groups corrected 
by the method of Benjamini and Hochberg (1995).

When a subset of the plant community in a given site 
is used to survey plant–herbivore interaction structure and 
diet specialization, there is potential for bias in the esti-
mation. Especially for metrics that are counts of resource 
items, the higher the coverage, the higher the potential to 
detect generalization. To assess the bias in the calculation of 
specialization related to the size and phylogenetic scope of 
the host plants screened for herbivores, we calculated DSI* 
and host richness for sub-sets of the host plant species actu-
ally sampled for each guild. We used a technique similar 
to sample-based rarefaction of communities. In our case, 
increasingly large sets ranging from two to the total number 
of host-plant species are selected instead of communities, 
and specialization is measured for the herbivores feeding on 
those plants. Three different approaches were used to select 
these sets: (1) a random set of host plants, with 100 iterations 
for each sample size; (2) the set of host plants maximizing 
phylogenetic diversity (PD—Faith 1992), selected for each 
sample size; and (3) the set of host plants minimizing PD 
was selected for each sample size. For simulations (2) and 
(3) we used the algorithms implemented in the pda software 
(Chernomor et al. 2015) to select the sets maximizing and 
minimizing PD.

We measured specialization using other established 
metrics for the four guilds of herbivores: host species rich-
ness; host Simpson diversity (calculated from the distribu-
tion of herbivores among host plant species); d’ (Blüthgen 
et al. 2006), a measure of reciprocal specialization widely 
employed in interaction network studies; and DSI* meas-
ured assuming no phylogenetic relationships between host 
plants (using a polytomic phylogeny instead of the actual 
phylogenetic relationships). Given that this metric assum-
ing no phylogenetic relationships uses the same null models 
and standardization as DSI*, it still incorporates resource 
abundance and corrects for differences in consumer frequen-
cies. We calculated the congruence between these metrics by 
means of linear models with one metric as response, and a 
second metric as well as the guilds as the predictor.

Results

Almost 60 thousand individual interactions were observed 
between 688 herbivore and 125 plant species (Table 1). 
Specialization varied widely among guilds, with a fivefold 
difference in richness of host species between more gen-
eralistic mobile chewers and specialized miners (Table 1). 

http://dx.doi.org/10.5061/dryad.rg155q32
http://dx.doi.org/10.5061/dryad.rg155q32
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Differences found with this simple measure of host breadth 
are also found, after adjusting for host-relatedness and avail-
ability in DSI and in DSI*, which is additionally adjusted for 
sample size. The differences between guilds were highly sig-
nificant (p < 0.0001) for all guild pairs, except exposed vs. 
semiconcealed larval chewers, with a marginally significant 
difference (p = 0.049). DSI* was also unrelated to sampling 
intensity for all guilds (Fig. 2). 

The plant rarefaction simulations showed that both meas-
ures of specialization, DSI* and number of host species, are 
affected by the number of plant species sampled (Fig. 3). 

Moreover, positive or negative bias in phylogenetic diver-
sity of plants selected did not affect this tendency (blue and 
red curves in Fig. 3). Importantly, the mean number of host 
plants recorded per herbivore increased monotonically and 
almost linearly as more plant species were sampled, whereas 
DSI* almost stabilized, in both cases beyond approximately 
20 plant species analyzed.

DSI* was significantly correlated with currently used 
specialization metrics, with similar results for host-plant 
richness (R2 = 0.43), Simpson diversity (0.56) and DSI* 
measured without phylogenetic weighting (0.57); richness 
and Simpson diversity were also correlated (R2 = 0.52). In 
contrast, correlation of Blüthgen’s d’ with DSI* was low 

Table 1  Summary statistics 
and specialization metrics for 
four guilds of folivorous insects 
in Papua New Guinea

Guild Richness Abundance Host plants Mean # of hosts DSI DSI* d′

Mobile chewers 245 29331 59 6.96 5.93 0.71 0.28
Exposed larvae 149 6427 73 1.66 10.22 0.93 0.66
Semi-concealed chewers 170 12925 83 3.39 10.33 0.86 0.6
Miners 124 9740 63 1.24 8.85 1 0.72
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although significant (R2 = 0.17; Fig. 4); and likewise, with 
richness (R2 = 0.12) and Simpson diversity (R2 = 0.18). 
It is important to highlight that the relationship of DSI* 
with these metrics was strongly non-linear and with high 
variability.

Discussion

In this study, we further developed a recently devised spe-
cialization metric, DSI, that measures specialization while 
accounting for the phylogenetic relatedness and ecological 
availability of resource species. By incorporating a res-
caling procedure, the improved metric DSI* also adjusts 
the abundance of the consumer species, which allows the 
comparison of species with very different abundances, or 
of communities with different ranges of resource species 
richness.

With this new procedure, we show clear differences in 
the mean and variability of specialization among the four 

guilds of folivorous insects on Papua New Guinea forest 
trees. DSI* had low sensitivity to the range of host plants 
sampled for herbivores, as its values stabilized at 20 plant 
species sampled in our data sets. Finally, we showed that 
DSI* is related to other simple measures of specialization, 
but has a very weak relationship with a currently widely 
employed metric, d′.

Rescaling DSI relative to the limits imposed by the sam-
ple size of herbivores and the phylogenetic tree topology 
ensures comparability of heterogeneous data sets or distinc-
tive functional groups. DSI was designed (Jorge et al. 2014) 
as a broadly applicable resource specialization metric. It 
was first applied to compare species belonging to the same 
functional group, assessed with a common sampling proto-
col (Jorge et al. 2014), a special case with no differences in 
sampling method to influence comparisons. In the rescaled 
version that we present here, this approach is generalized 
and comparability among heterogeneous consumer sets 
enhanced in three ways. First, the metric has a straightfor-
ward interpretation—values are bounded by maximum and 
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Fig. 3  The effect of the number of plant species selected for sam-
pling and two measures of mean host specialization (a, b mean DSI*, 
c, d mean number of host species) for the herbivores belonging to 
two guilds (a, c mobile chewers, b, d semi-concealed larval chewers). 
In each graph, dots represent the mean specialization for all species 

feeding on the selected set of plants, and the black lines its standard 
deviation. Blue and red lines represent, respectively, the specializa-
tion measured when selecting a set of plants with the minimum or 
maximum possible phylogenetic diversity
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minimum values that represent extremes of achievable diet. 
Secondly, DSI* values are directly comparable among any 
given set of herbivores, regardless of their abundance, occur-
rence and the set of host plants in which they were sampled. 
Finally, the option to test for significance of specialization is 
retained, as in the unscaled version of DSI, by reference to 
an explicit null model of non-selective consumption.

Additionally, as the thresholds for classification between 
specialization categories can also be rescaled, it is possible 
to appraise whether the sampling effort of herbivores and 
phylogenetic diversity of the plants is sufficient to detect spe-
cialization or generalization. If the minimum or maximum 
possible DSI do not deviate from the non-selective thresh-
olds for a given phylogeny, the sample size must be consid-
ered too small to measure specialization. Our analysis shows 
that the range of DSI* values consistent with random host 
selection narrows down considerably with increasing sample 
size, as the statistical power of the test increases (Fig. 2). 
The ensuing classification of species into host specificity 
categories, particularly the random plant selection, should 
be treated with caution for poorly sampled species.

The choice of subsets of the local plant community to 
assess herbivore specialization is a recurring controversy in 
insect–plant interaction studies (Novotny et al. 2006; Dyer 
et al. 2007). The detection of herbivores feeding on multiple 
hosts increases with the number of sampled plant species. 
However, it is not clear how much bias is introduced by 
not sampling the entire plant community. Moreover, given 
the prevalence of phylogenetic clustering of herbivore diets 
(Ehrlich and Raven 1964; Weiblen et al. 2006; Jorge et al. 
2014), if the set of host plants included in a study is phyloge-
netically clustered or overdispersed, specialization measures 
are likely to be biased, even when measured by indices that 
adjust for plant phylogeny. To further probe this problem, 
we compared DSI* with the simpler metric, the number of 
host-plant species, by rarefaction of sampled plant species. 
This showed that DSI* is less sensitive to sampling extent 
than the number of host species. In the present study DSI* 
stabilized for plant samples greater than 20–30 species, or 
about one-third of the total set of resource species (Fig. 3). 
Sampling phylogenetically biased sets of host plants did 
affect DSI* values; as expected, minimizing phylogenetic 
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Fig. 4  Relationship between the rescaled distance-based specializa-
tion index (DSI*) proposed in this study and four other measures of 
specialization or diet breadth. a Host richness, b host Simpson diver-
sity, c DSI* assuming no relationship among hosts (a polytomic phy-

logeny), d d’ (proposed by Blüthgen et al. 2006). Blue dots represent 
exposed larval chewers, green dots semi-concealed larval chewers, 
red dots adult chewers and orange dots are leaf-miners
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diversity of host plants returns both lower DSI* values and 
higher numbers of host plant species than random or maxi-
mized phylogenetic diversity.

By a commonly employed criterion, stabilization of the 
rarefaction curve, we ascertain a minimum number of host 
plants necessary for a reliable estimation of specialisation in 
this community. This approach can be widely employed to 
test for sufficient coverage of resource diversity to measure 
consumer specialization in communities, regardless of the 
specialization metric employed. Furthermore, if a phylogeny 
of the plants is available, the sensitivity to the phylogenetic 
bias in plant sampling can also be assessed.

The gain in comparability and flexibility of DSI* detailed 
above allowed us to increase the number of host-plant spe-
cies for each guild, since we were not restricted to a fixed set 
of plants across all guilds. In this study, the new specializa-
tion values do not deviate significantly from previous analy-
ses of a standardized subset of plant species (Novotny et al. 
2010, 2012). This result shows that the differences between 
guilds is large enough to be robust to different metrics, and 
reinforces that this combination of information from dif-
ferent sets of plants for each herbivore guild, with differ-
ent richness and sample sizes, does not change the overall 
conclusions.

Although DSI* is correlated with other specialization 
metrics, this correlation was variable and the relationship is 
strongly non-linear, which indicates that these metrics cap-
ture different aspects of specialization (Fig. 4). The more 
meaningful and rigorous DSI* gives a very different special-
ization pattern, both within and among guilds. Thus, even 
though it is generally correlated with established metrics, the 
addition of phylogenetic relatedness, resource availability 
and consumer abundance yields unique results, not avail-
able in studies employing other measures of specialization. 
This distinction is even more evident when comparing the 
congruence between metrics for the guilds separately. For 
the correlation with richness of host plants (Fig. 4a), the 
largest deviations are found in the mobile chewers, which 
have a high proportion of non-selective feeders and feed 
on widely varying numbers of hosts regardless of phylo-
genetic relationship, while miners are classified as highly 
specialized by both indices. For Simpson host diversity, the 
divergence between metrics is higher in miners, which feed 
on very few and closely related host species, but may have 
different abundance distributions on these plants (Fig. 4b). 
Additionally, both of these metrics and also DSI* without 
the phylogeny (Fig. 4c) do not allow for overdispersion of 
diets, and thus perform very poorly for generalist species. 
We deem this recognition of generalists as herbivores with 
overdispersed diets a conceptual advance, since it introduces 
a mechanism for generalization.

The differences with Blüthgen’s d′ are even more 
striking. Monophagous species always have DSI* = 1, 

whereas they may have a wide range of d’ values because 
d’ stipulates reciprocal specialization (specialists feed on 
plants not used by other species), which corresponds to 
linkage symmetry (Bascompte et al. 2006). In contrast, 
DSI* requires no such symmetry between consumers and 
resources. These metrics express different concepts, whose 
ecological and evolutionary implications are equally dis-
tinct, for example d’ relates to the ecological resilience of 
interactive webs (Bascompte et al. 2006). In plant–herbi-
vore interaction webs, evolutionary relationships among 
plants are important and herbivores sharing the same plant 
species may not be in direct competition. For these, as well 
as other biotic interaction webs, we propose that DSI* 
is more meaningful as a general metric for comparisons 
among consumers than other specialization metrics.

Comparative studies among insect herbivore species in 
a broad range of feeding guilds, geographical locations and 
ecological conditions are key to comprehending interac-
tion structure and the evolution of these extremely diverse 
species (Lewinsohn et al. 2005; Lewinsohn and Roslin 
2008). Even though here we focus on an intensive study 
within a single local community, the framework developed 
enables robust comparisons among quite distinct commu-
nities, and a community-level specialization metric based 
on DSI* has been recently developed (Jorge et al., submit-
ted). The importance of phylogenetic information for the 
host specificity assessment in food webs has been long 
recognized (Ehrlich and Raven 1964; Strong et al. 1984; 
Lewinsohn et al. 2005), but only recently are species-level 
phylogenies becoming widely available for phylogenetic 
approaches on the community level. DSI* provides an 
analytical tool to use this information in host specificity 
analyses.

Acknowledgements This study is part of VN’s visit to the Univer-
sity of Campinas, supported by Fapesp (grant #14/16006-0). LRJ was 
supported by a postdoc scholarship from Fapesp (grant #14/16082-
9). VN acknowledges financial support by The Grant Agency of 
the Czech Republic (14-04258S), the European Research Founda-
tion (669609) and the National Science Foundation (DEB-841885, 
-9628840, -9707928, -0211591, and -0515678). STS acknowledges 
funding from a Univ. of South Bohemia Postdoc project (reg.no. 
CZ.1.07/2.3.00/30.0006) (funded by the EU Education for Com-
petitiveness Operational Programme, the European Social Fund 
and the Czech State Budget). TML received a research grant from 
CNPq (311800/215-7). We thank the very careful reading and insight-
ful suggestions made by the reviewers, which greatly improved the 
manuscript.

Author contribution statement LRJ co-developed the idea of the 
paper, led the analysis and writing; VN contributed to idea of the paper, 
insect data set, and manuscript writing; STS and GDW developed plant 
phylogeny data and analysis, commented on the manuscript; SEM led 
taxonomic analysis of insects, commented on the manuscript; YB 
contributed to the insect data, commented on the manuscript; TML 
co-developed the idea of the paper, contributed to writing.



559Oecologia (2017) 185:551–559 

1 3

References

Bascompte J, Jordano P, Olesen JM (2006) Asymmetric coevolutionary 
networks facilitate biodiversity maintenance. Science 312:431–
433. doi:10.1126/science.1123412

Bélisle CJP (1992) Convergence theorems for a class of simulated 
annealing algorithms on ℝd. J Applied Probability 29:885–895. 
doi:10.1017/S002190020004376X

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: 
a practical and powerful approach to multiple testing. J R Stat Soc 
Ser B Methodol 289–300

Blüthgen N, Menzel F, Blüthgen N (2006) Measuring specialization in 
species interaction networks. BMC Ecol 6:9

Chernomor O, Minh BQ, Forest F et al (2015) Split diversity in con-
strained conservation prioritization using integer linear program-
ming. Methods Ecol Evol 6:83–91. doi:10.1111/2041-210X.12299

Colwell RK, Futuyma DJ (1971) On the measurement of niche breadth 
and overlap. Ecology 52:567–576. doi:10.2307/1934144

Craft KJ, Pauls SU, Darrow K et al (2010) Population genetics of 
ecological communities with DNA barcodes: an example from 
New Guinea Lepidoptera. Proc Natl Acad Sci 107:5041–5046. 
doi:10.1073/pnas.0913084107

Dyer LA, Singer MS, Lill JT et al (2007) Host specificity of Lepi-
doptera in tropical and temperate forests. Nature 448:696–699. 
doi:10.1038/nature05884

Ehrlich PR, Raven PH (1964) Butterflies and plants: a study in coevolu-
tion. Evolution 586–608

Faith DP (1992) Conservation evaluation and phylogenetic diversity. 
Biol Conserv 61:1–10. doi:10.1016/0006-3207(92)91201-3

Forister ML, Novotny V, Panorska AK et al (2015) The global distri-
bution of diet breadth in insect herbivores. Proc Natl Acad Sci 
112:442–447. doi:10.1073/pnas.1423042112

Hulcr J, Mogia M, Isua B, Novotny V (2007) Host specificity of ambro-
sia and bark beetles (Col., Curculionidae: Scolytinae and Platy-
podinae) in a New Guinea rainforest. Ecol Entomol 32:762–772. 
doi:10.1111/j.1365-2311.2007.00939.x

Jorge LR, Prado PI, Almeida-Neto M, Lewinsohn TM (2014) An inte-
grated framework to improve the concept of resource specialisa-
tion. Ecol Lett 17:1341–1350. doi:10.1111/ele.12347

Kembel SW (2009) Disentangling niche and neutral influences 
on community assembly: assessing the performance of com-
munity phylogenetic structure tests. Ecol Lett 12:949–960. 
doi:10.1111/j.1461-0248.2009.01354.x

Lewinsohn TM, Roslin T (2008) Four ways towards tropical herbivore 
megadiversity. Ecol Lett 11:398–416

Lewinsohn TM, Novotny V, Basset Y (2005) Insects on plants: diver-
sity of herbivore assemblages revisited. Annu Rev Ecol Evol Syst 
36:597–620. doi:10.1146/annurev.ecolsys.36.091704.175520

Manly BFJ, McDonald L, Thomas D (1993) Resource selection by 
animals: Statistical design and analysis for field studies. Springer

Miller SE, Novotny V, Basset Y (2003) Studies on New Guinea 
moths. 1. Introduction (Lepidoptera). Proc Entomol Soc Wash 
105:1034–1042

Novotny V, Basset Y, Miller SE et al (2002) Low host specificity of 
herbivorous insects in a tropical forest. Nature 416:841–844. 
doi:10.1038/416841a

Novotny V, Drozd P, Miller SE et al (2006) Why are there so many 
species of herbivorous insects in tropical rainforests? Science 
313:1115–1118. doi:10.1126/science.1129237

Novotny V, Miller SE, Baje L et al (2010) Guild-specific patterns 
of species richness and host specialization in plant–herbivore 
food webs from a tropical forest. J Anim Ecol 79:1193–1203. 
doi:10.1111/j.1365-2656.2010.01728.x

Novotny V, Miller SE, Hrcek J et al (2012) Insects on plants: explaining 
the paradox of low diversity within specialist herbivore guilds. 
Am Nat 179:351–362. doi:10.1086/664082

Pellissier L, Fiedler K, Ndribe C et al (2012) Shifts in species richness, 
herbivore specialization, and plant resistance along elevation gra-
dients. Ecol Evol 2:1818–1825. doi:10.1002/ece3.296

Poulin R, Krasnov BR, Mouillot D (2011) Host specificity in phy-
logenetic and geographic space. Trends Parasitol 27:355–361. 
doi:10.1016/j.pt.2011.05.003

Strong DR, Southwood R, Lawton JH (1984) Insects on plants: com-
munity patterns and mechanisms. Blackwell Scientific, Oxford

Symons FB, Beccaloni GW (1999) Phylogenetic indices for measuring 
the diet breadths of phytophagous insects. Oecologia 119:427–
434. doi:10.1007/s004420050804

Szefer P, Carmona CP, Chmel K et al (2017) Determinants of litter 
decomposition rates in a tropical forest: functional traits, phy-
logeny and ecological succession. Oikos. doi:10.1111/oik.03670

Webb CO, Ackerly DD, McPeek MA, Donoghue MJ (2002) Phylog-
enies and community ecology. Annu Rev Ecol Syst 33:475–505. 
doi:10.1146/annurev.ecolsys.33.010802.150448

Weiblen GD, Webb CO, Novotny V et al (2006) Phylogenetic disper-
sion of host use in a tropical insect herbivore community. Ecol-
ogy 87:S62–S75. doi:10.1890/0012-9658(2006)87[62:PDOHU
I]2.0.CO;2

https://doi.org/10.1126/science.1123412
https://doi.org/10.1017/S002190020004376X
https://doi.org/10.1111/2041-210X.12299
https://doi.org/10.2307/1934144
https://doi.org/10.1073/pnas.0913084107
https://doi.org/10.1038/nature05884
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1073/pnas.1423042112
https://doi.org/10.1111/j.1365-2311.2007.00939.x
https://doi.org/10.1111/ele.12347
https://doi.org/10.1111/j.1461-0248.2009.01354.x
https://doi.org/10.1146/annurev.ecolsys.36.091704.175520
https://doi.org/10.1038/416841a
https://doi.org/10.1126/science.1129237
https://doi.org/10.1111/j.1365-2656.2010.01728.x
https://doi.org/10.1086/664082
https://doi.org/10.1002/ece3.296
https://doi.org/10.1016/j.pt.2011.05.003
https://doi.org/10.1007/s004420050804
https://doi.org/10.1111/oik.03670
https://doi.org/10.1146/annurev.ecolsys.33.010802.150448

	Phylogenetic trophic specialization: a robust comparison of herbivorous guilds
	Abstract 
	Introduction
	Rescaling DSI
	Materials and methods
	Analysis

	Results
	Discussion
	Acknowledgements 
	References




