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Abstract: Since its inception, biodiversity has largely been understood as species diversity and assessed as such.
Interactions among species or functional groups are gradually becoming part of an expanded concept of biodiversity.
As a case study of the development of a research program in biodiversity, we summarize our multi-decade studies
on interactions of Asteraceae and flowerhead-feeding insects in Brazil. Initially, host species were treated as
independent replicates in order to assess the local and turnover components of their herbivore diversity. Research
then expanded into sampling entire interactive communities of host plants and their associated herbivores in
different localities and regions, enabling new research lines to be pursued. Interaction diversity could be assessed
and factored into spatial and among-host components, suggesting a new field of interaction geography. Second,
host specialization, a key component of interaction diversity, was reframed considering simultaneously relatedness
and local availability of plant hosts. Third, with the influence of complex network theory, community-wide species
interactions were probed for topological patterns. Having identified the modular structure of these plant-herbivore
systems, later we demonstrated that they fit a compound hierarchical topology, in which interactions are nested
within large-scale modules. In a brief survey of research funded by Fapesp, especially within the Biota-Fapesp
program, we highlight several lines of internationally recognized research on interaction diversity, notably on plant-
frugivore and plant-pollinator interactions, together with new theoretical models. The interplay of field studies
with new theoretical and analytical approaches has established interaction diversity as an essential component for
monitoring, conserving and restoring biodiversity in its broader sense.

Keywords: plant-animal interactions, Asteraceae, interaction networks.

Das interacoes inseto-planta as redes ecoldogicas

Resumo: Desde seu inicio, a biodiversidade geralmente tem sido entendida e avaliada principalmente como
diversidade de espécies. Interagdes entre espécies ou grupos funcionais vém sendo incorporadas em um conceito
expandido de biodiversidade. Como um estudo de caso da evolug@o de um programa de pesquisa em biodiversidade,
resumimos aqui nossos estudos das interagcdes de Asterdceas com insetos enddfagos em capitulos no Brasil,
desenvolvidos por varias décadas. Inicialmente a diversidade de herbivoros foi estimada em diferentes espécies
hospedeiras, tratando-as como réplicas independentes para estimar os componentes locais e de substituicdo da
diversidade dos insetos associados. Posteriormente, passamos a amostrar comunidades interativas de plantas e insetos
associados em diferentes localidades e regides, o que abriu novas linhas de investigagao. A diversidade de interagoes,
agora fatorada em componentes espaciais e inter-hospedeiras, sugere um novo campo, a geografia de interagdes.
Em segundo lugar, um componente essencial da diversidade de interagdes, a especializagao trofica, foi redefinida
como func¢do da contiguidade filogenética bem como da disponibilidade local de plantas hospedeiras. Terceiro,
sob influéncia da teoria de redes complexas, foram investigados padrdes topologicos de comunidades interativas.
Identificamos a estrutura modular dessas comunidades de plantas e herbivoros; posteriormente, demonstramos a
topologia hierarquica dessas interagdes, composta por modulos internamente aninhados. Numa revisao sucinta
de pesquisas sustentadas pela Fapesp, especialmente no programa Biota-Fapesp, destacamos diversas linhas de
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pesquisa sobre diversidade de interagdes que alcangaram reconhecimento internacional, tais como interagdes de

plantas e frugivoros ou polinizadores, além de novos modelos teoricos. A conjugacao de estudos de campo com

novas abordagens tedricas e analiticas firmou a diversidade de interagdes como um componente essencial para

monitorar, conservar e restaurar a biodiversidade em seu sentido mais amplo.

Palavras-chave: interagées planta-animal, Asteraceae, redes de interagaoes.

Introduction

In this paper, we review a set of Fapesp-funded studies that centered
on a particular aspect of biodiversity within the framework of the Biota-
Fapesp program: the diversity of interactions, or interaction biodiversity
for short. Although this represents a relatively narrow segment of studies
within the Biota-Fapesp Program, its importance was noted early on
and has increased steadily in the last decades.

We will explore this as follows. First, we briefly review studies in
the decades that preceded the Biota-Fapesp Program (BFP). Second, we
comment on the research and theoretical context at the time the BFP was
launched. This serves to situate the research program that we undertook,
which to some extent embodies the initial thrust into interaction
diversity within the BFP. Next, we present the initial questions and
study design, focusing on the choice of study system and sites, along
with other practical issues. Then, we summarize results, showing how
they unfolded new questions that led to further research. Finally, we
point at studies within the BFP that targeted other ecological systems as
well as theoretical issues. We conclude speculating on future directions
in interaction diversity research.

In a series of projects in which we investigated the interactions and
diversity of flowerhead-feeding insects associated with Asteraceous host
plants in Brazil, the geographical and thematic scope expanded in what
can be regarded as a research program (Lakatos 1970). Rather than a
standard synthesis of projects and their results, we chose to present
an account of this program, the circumstances and choices which led
to certain research objectives, and how these evolved over more than
two decades. We hope this format will be of interest to ecologists and
historians of science concerned with the development of the BFP and of
ecological research in Brazil. Even more, we hope that it will be useful
especially to young researchers who face such choices and decisions in
setting up their own research.

Research Funded by Fapesp, 1962—-1991

In these three decades, very little research concerned species
diversity. The Fapesp database on grants during this early period only
includes project titles and disciplines. Of the 39.4 thousand total records,
we scanned actual research grants, plus doctoral and postdoctoral
scholarships (overseas scholarships were excluded because there was
no information whether their research concerned an ecological system
in Brazil).

Of the 409 total records in the field of Ecology, 139 were actual
research grants, none of which included interaction or diversity in their
titles. Local diversity was assessed in projects on freshwater plankton
communities (9); plant communities, especially in the cerrado biome
(6), and marine rocky shore communities (5). These studies were
largely descriptive. One project, which explicitly addressed insect-
plant diversity at different scales, is reported below (Results, section 1).
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In 1988, an international symposium on plant-animal interactions,
held in Campinas was co-funded by Fapesp, CNPq and the U.S.
National Science Foundation. The symposium, attended by more than
300 participants, highlighted evolutionary and ecological aspects of
various ecological systems, including their diversity. The ensuing book
(Price etal. 1991) received highly positive reviews (see e.g. Berenbaum
1991, Thompson 1991) and was instrumental in raising international
awareness of Brazilian ecological science, with species interactions
figuring conspicuously among the main research themes pursued from
then onwards.

The Scientific Context

1. The emergence of biodiversity

Biological diversity, first employed by Lovejoy (1980), extended
the concept of species diversity to encompass other modes of biotic
diversity. The formulation by Norse et al. (1986) was adopted in the
Convention of Biological Diversity (CBD 1992): “ ‘Biological diversity’
means the variability among living organisms from all sources including,
inter alia, terrestrial, marine and other aquatic ecosystems and the
ecological complexes of which they are part; this includes diversity
within species, between species and of ecosystems.” The shortened
form biodiversity was widely propagated after Wilson (1988); within a
few years, it became a prime keyword in publications, including books
and new journals. Nevertheless, there is no strong consensus on the
concept of biodiversity, either theoretical or operational. In practice,
most studies and data on biodiversity focus on species diversity; in
second place comes genetic (largely intraspecific) diversity. As to
diversity “of ecosystems”, it is the most equivocal of the categories in
the CBD’s definition. Harper & Hawksworth (1995) criticize “ecosystem
diversity” for conflating two discrepant concepts; instead, they advocate
“community diversity” or “ecological diversity” to characterize a further
level of biodiversity.

Initial global assessments (Groombridge 1992, Heywood 1995) had
outlined rough general patterns of biodiversity, but also exposed huge
knowledge gaps that limited their application. These were especially
critical in the so-called megadiverse countries, largely in tropical
regions, where many species had never been collected, let alone
described. Thus, after the CBD was put in place, a major aim of many
large-scale enterprises, including the Biota-Fapesp program, was to
thoroughly sample ecological communities in undercollected regions,
before they disappeared (NRC 1980, Raven & Wilson 1992). If thisis a
concern even for well-studied taxa such as birds (Lees & Pimm 2015),
it is a huge task for much larger and much less-described taxa, such as
many insect groups (Berenbaum 2017).

Biodiversity emerged without a central or unifying theory. Theories
pertaining to community ecology, biogeography, population genetics,
evolution or paleobiology can engender hypotheses or models applicable
to distinct spatiotemporal domains of biodiversity. In the 1990s, the
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Theory of Island Biogeography (MacArthur & Wilson 1967) was still
the most influential forerunner of a general theory of biodiversity. This
audacious model that predicted species diversity from few variables
and premises stimulated ecologists to seek powerful explanatory and
general models, rather than describing and classifying communities.
For instance, conservation units modeled as islands within human-
modified landscapes subtended propositions of optimal reserve design
(Wilson & Willis 1975).

2. Including interactions in biodiversity

The vast majority of insect herbivores feed on a small set of related
host plants. This pattern and the Theory of Island Biogeography inspired
Janzen (1968, 1973) and others to consider host plants as ecological
or evolutionary “islands”, asking which variables might determine
differences in the number of species that feed on various hosts, by
analogy with the variables that set species diversity on geographical or
ecological islands. Even before, Southwood (1961) had raised a similar
question regarding herbivores associated with British trees.

These pioneering papers prompted a flurry of studies of insect
diversity on native, introduced or cultivated plant species (see Strong
etal. 1984, Lewinsohn et al. 2005). Geographical distribution, antiquity
in the region and taxon size of the host plants were the most common
predictors of herbivore diversity. These initial studies sought species
lists culled from the literature, either records of insects that feed on a
major crop in different geographical regions (such as the pests of cacao,
Strong 1974), or monographs of insect taxa that listed their known hosts
(e.g. British agromyzid flies that mine leaves of Umbelliferae; Lawton
& Price 1979). In the first case, these are bottom-up diversity studies
focused on a particular set of plants — called source webs according to
Cohen (1977). In the second case, studies focus on a given herbivore
taxon or guild (e.g. leaf miners which can include different insect orders)
and their hosts, or sink webs (Cohen 1977).

Almost all initial analyses, which relied on data-mining in the
literature, were produced for large areas: countries, continents or the
entire known geographical distribution of host plants. These held no
information on assemblages of insects on local host populations. Far
fewer studies did investigate local insect assemblages on host plants,
mostly asking whether their richness or composition were limited by
interspecific competition (e.g. Strong 1977, Benson 1978, Lawton 1984).

A key question emerged from these initial results: how is the
diversity of herbivorous insect assemblages on local plant populations
related to the regional, or total diversity, of insects associated with
those host species? In other words, are they subject to the same factors
and do they respond similarly to them at these different scales? If
competition limits the local coexistence of closely-related species, their
local diversity should be uncoupled from regional diversity. This could
only be resolved obtaining commensurate data for insects associated
with each host plant in several local populations across its geographic
range. A pioneering study assessed the local and regional diversity of
gall-making cynipid wasps on different species of North-American oaks
(Cornell 1985). The results showed that local and regional diversities
of cynipids on different host species were highly correlated with their
hosts’ geographical range, with no evidence of competitive limitation of
local assemblages. However, would this conclusion hold for interactions
involving other taxa or feeding guilds? More importantly, would the
same pattern be found in tropical herbivorous insects and their host
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plants, given the much larger diversity of insects and plants, and the
rarity of most species, in the tropics?

The foregoing questions can be considered the beginnings of
interaction diversity, an expression first used by Thompson (1996, 1997)
to highlight the significance of interactions to biodiversity, especially in
the tropics. These questions also motivated the research program whose
development we recount in the following sections.

Designing Research in Interaction Diversity

1. Questions evolve

The initial aim of this research program was to untangle the diversity
of insect herbivore assemblages associated with various host plants.
Here, host plants corresponded to resources which, with their herbivore
assemblages, form source webs (Cohen 1977). Given the high diversity
of most insect taxa in the tropics, would this be reflected as high local
(alpha) diversity on host populations? Or, given the local rarity of most
tropical insects (e.g., Price et al. 1995), would there be high turnover of
herbivorous species among local populations of a host species, entailing
a high beta diversity in the herbivore assemblages? Of course, while
the high total, or regional (gamma) diversity of herbivores could be
due solely to high alpha or high beta diversity, they are not mutually
exclusive and could both contribute to a high gamma diversity. In formal
terms, we followed Whittaker (1977) and considered gamma diversity as
the product of average alpha diversity and beta diversity; thus, regional
diversity is local diversity multiplied by turnover among localities.

To answer these questions, a number of different plant species
would have to be sampled for associated herbivores across a region.
An important point is that, at first, insect assemblages were analyzed
separately for each host, so that each plant species represented a replicate
for the decomposition of its herbivore diversity into alpha and beta
components, as in Cornell (1985). However, we were aware that hosts
and their interactive assemblages are not truly independent replicates,
since hosts are phylogenetically linked to various degrees, and they
share herbivore species as well.

In a further stage we came to envisage sets of local host species
with their herbivores as distinct ecological entities. As our framework
broadened, so did our questions: how did the diversity of assemblages
of herbivores scale with the local diversity of their host plants? Did they
accumulate more across hosts, over space, or over both? In other words,
what is the beta diversity of herbivores over space and across hosts
(Novotny 2009)? The answer to these questions would depend critically
on the overlap of herbivore species between plants and, conversely, on
the overlap of host species between different herbivores. For that, it
became necessary to effectively sample host plant communities; thus, the
entities investigated expanded from sets of source webs to community
webs (Cohen 1977). This framework also brought into play the extensive
theory and empirical studies on host specialization (Bernays & Chapman
1994), a key element in evolutionary and ecological processes that
determine interaction diversity. Host specialization can be invariant
over a herbivore’s range, or it can exhibit local specialization, shifting
hosts among localities (Fox & Morrow 1981), adding a further variable
to the diversity of interactions in geographical space.

In the late 1990s, the theory of complex networks, which
combined graph theory, statistical mechanics and increased computing
power, was applied at once in many areas of science and technology
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(Strogatz 2001, Newman 2003). In a complex network, the distribution
of links connecting its units is neither constant nor random. Food
webs are instances of complex networks because consumer species
rarely use their resources indiscriminately. Although even the more
complete empirical webs are much smaller than other kinds of real-word
webs, their statistical properties conform to complex webs of that size
(Dunne et al. 2002).

Two other non-random network patterns that called the attention
of ecologists were nestedness and modularity. Nested patterns were
found in biogeography and landscape ecology (Atmar & Patterson
1993) and later extended to species interactions. Regarding ecological
networks, mutualisms at first were mostly probed for a nested pattern of
interactions among plants and animal agents (Bascompte et al. 2003). As
noted below, our group was among the first to demonstrate modularity
in plant-herbivore networks (Prado & Lewinsohn 2004). With these new
findings and the application of complex network theory to ecological
systems, the architecture or the topology of interactions became a
new investigation thread in the latter phase of our research program,
introducing an additional layer of variables and potential determinants
to the questions that were being addressed earlier on.

2. Choosing an ecological system

The choice of a study system for field studies in community ecology
is a critical step in research design. First, the system must be adequate
for performing experiments or obtaining field data that can answer
the intended questions. Second, the question of why that taxonomic
group — or that interactive system — was chosen over others, requires
consideration (Lawton 1992); hopefully, the study’s results will apply
beyond the idiosyncratic limits of that system. Third, logistic constraints
can make or break a project. Not all can be foreseen, but planning
ahead, including conceivable setbacks or misfortunes, will invariably
be worth the effort.

A plant-based ecological network is most often circumscribed to a
taxon and/or a growth form. The choice of Asteraceae for this research
program involved many criteria that attend to the above issues, some
of which are summarized here.

Asteraceae is the second largest family of flowering plants, with
almost 25,000 described species (Christenhusz & Byng 2016). In
Brazil, more than 2,200 species are currently recognized, of which at
least 1,300 are endemic (Roque et al. 2020). It is found in all continents
and is studied by an impressive array of taxonomists, also in Brazil
(Roque et al. 2017); its phylogeny, by now, is also better covered than
most other major families (Funk et al. 2009, Mandel et al. 2019). A key
advantage of this plant family was that the Botany Department of the
University of Campinas had two experienced specialists on Asteraceae,
Hermoégenes Freitas Leitdo Filho and Jodo Semir (both deceased). This
ensured invaluable guidance in selecting sampling regions and sites,
training to distinguish species in the field, and swift identification of
most sampled host populations.

The majority of Asteraceae are herbs, shrubs, or vines; most tree
species are also fairly small. This allows sampling without any special
climbing or collecting apparatus, at a much faster pace than surveying
or collecting forest trees. In previous work, entire plants were surveyed
and dissected for herbivores. The choice to concentrate solely on
flowerhead feeders was made for three main reasons: first, because of the
small size of flower heads (in most Brazilian species), many samples
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could be gathered and carried efficiently; second, this ensured that
all herbivores were reared from reproductive individuals that could
be identified; third, herbivores that feed on flower heads are more
diversified than on other plant organs, for reasons such as structural
complexity and nutritional quality.

The widespread distribution of Asteraceae, especially in open
habitats, allowed comparisons of host populations and species at
distances ranging from a few to several thousand kilometers, in
different geographical regions and in distinct ecological communities,
from coastal restingas to highland meadows at elevations up to 1,500 m.
Sampled plants ranged from narrow endemics to cosmopolitan
species, including some that are serious economic pests in other
continents. Given the worldwide distribution and importance of
Asteraceae, cross-continental comparisons with other studies could
also be envisaged.

Regarding the herbivores, preliminary studies and the literature
indicated that certain groups in several insect orders and families had
diversified on Asteraceous hosts, especially within Diptera, Lepidoptera
and Coleoptera. Here, again, an early decision was to concentrate on
endophagous feeders whose immatures develop within flower heads.
External feeding folivores, especially when sampled with mass-
collecting devices (such as foliage sweeping, vacuuming or fumigation)
include an undefined number of non-feeding stragglers. Not only do
these insects have to be collected from identified plant individuals, but
their association should be confirmed by feeding trials in situ or in the
lab (Novotny et al. 2002). By including only internal feeders reared
from field samples, we ensured that the interaction data obtained were
robust and consistent. Although, by this criterion, a part of known
Asteraceous associated insects were excluded (such as certain genera of
Hemiptera), the bulk of flower head feeding diversity was represented in
the data and results. The assistance of experienced specialists in Brazil
ensured that insects were reliably sorted to morphospecies and, as far
as possible, identified as well. Further identification and description of
several new species were attained through collaboration and visits to
overseas specialists.

3. Practical issues

A common difficulty in planning tropical field-based studies regards
the optimization of sampling. Though we do not know any proper survey
on this issue, many projects seemingly suffer from an imbalance between
collecting and post-processing. Since field work is costly to organize and
to garner adequate human and financial support, one tends to collect as
many samples as possible and extend sampling to the limit of field time.
The full processing routine in these surveys involves the transcription of
field information, rearing, sorting, identifying, counting or measuring,
and databasing sampled biological material. Information or biological
material may be lost if all samples cannot be adequately stored, identified
and handled in the field and lab. Incomplete processing means wasted
resources and reduces the total sampling volume or extent; moreover,
it may imbalance or even compromise the study design.

To avoid losses during field trips, small practical improvements
may confer large gains. Plant vouchers were pressed at once in the field
and later dried in a portable oven. In long field trips, adult insects start
emerging almost immediately. By carrying a small CO, gas cylinder on
trips, we were able to stun and extract adults from the collecting/rearing
containers without damaging them or affecting other immatures in the
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collected flower heads. Emerged adults were also fixed or mounted at
once. The time required to tend and check samples for adults, extract
and mount them, and care for plant vouchers, set a practical limit to the
distance and duration of field trips.

Results and Unfolding Questions

1. Local and regional diversity of herbivores and their hosts

Initial research on flowerhead feeders of Brazilian Asteraceae
posed the following questions: whether (i) local herbivore diversity was
proportional to regional diversity on a host plant, (ii) both local and
regional diversity were determined by that host’s geographical range
as found in Cornell (1985), (iii) herbivore species turnover among

A

host taxon
size

localities contributed significantly to regional diversity. Extensive
surveys with standardized samples in Southeast Brazil ranged from
coastal dune and “restinga” habitats, to upland and montane natural
fields in the Espinhago mountain range in Minas Gerais. In this
initial study, 266 standardized flowerhead samples of 70 species of
Asteraceae were obtained, of which 28 were sampled in two or more
localities (Lewinsohn 1991). Here, as in the following studies, the main
herbivore groups were Diptera (mainly Tephritidae, Agromyzidae and
Cecidomyiidae), and Lepidoptera (mainly Tortricidae, Pterophoridae
and Pyralidae). In the Coleoptera, only some species of Anthonomus
and Apion were reared out and confirmed as true endophagous feeders.

Figure 1A shows the key results of this project. Initially, simple
regressions indicated that local (alpha) and regional (gamma) diversity
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Figure 1. Path analyses for local and regional diversity of flowerhead feeders of Asteraceae. (A) several subfamilies, especially, Asteroideae and Mutisioideae, in
Brazil; modified from Lewinsohn (1991, Figure 23.6). Flowerhead size: dry weight. Host taxon size: number of species in host tribe. Host area: ordinal variable,
three classes. Alpha diversity: insect richness, standardized by rarefaction on twenty host individuals. Positive paths blue, continuous arrows; negative paths red,
stippled. Only main path coefficients are shown. Analysis for 44 plant species. (B) Carduoideae in Europe, modified from Zwolfer (1987, Figure 4, grey arrows
from Figure 3). Flowerhead size: diameter. Host taxon size: log number of species in host genus. Host area: number of countries in Europe where the host species
is found. Alpha diversity: insect richness in 100 flowerheads. Two other causal variables, habitat and host life type, had no significant effects and were excluded for

simplicity; thin arrows are non-significant. Analysis for 37 plant species.

http://dx.doi.org/10.1590/1676-0611-BN-2022-1399

http://www.scielo.br/bn


http://dx.doi.org/10.1590/1676-0611-BN-2022-1399
http://www.scielo.br/bn

Biota Neotropica 22(spe): €20221399, 2022

Lewinsohn, T. M. et al.

were strongly correlated, and that host geographical range was a
significant determinant of regional, but not local, diversity. However,
the path analysis summarized in Figure 1A paints a different picture.
Once the relationship of host geographical range with regional diversity
is decomposed, the effect is clearly indirect, by way of the number of
sampled localities, and no direct effect of area on regional diversity
is detected. Since plant species with wider areas were proportionally
sampled in more localities, this is no sampling artifact, and shows
that beta diversity contributes significantly to regional diversity of the
associated herbivores. Results also showed that the size of flower heads
had no influence on herbivore diversity. Since Asteraceae plants produce
dozens to tens of thousands of flower heads, there is no reason to expect
that herbivores would be constrained by interspecific competition within
individual flower heads. On the other hand, hosts belonging to larger
taxa had more diverse local herbivore assemblages, but their regional
diversity was only influenced through local diversity in the specified
path model (for alternative path models, see Lewinsohn 1991).
Figure 1B shows the same path model with results obtained by
Zwolfer (1987) for flowerhead feeding insects on European Asteraceae.
This study focused on the subfamily Carduoideae (thistles), whereas
our study included other subfamilies. Also, variables were measured
in somewhat different ways, as shown in the figure caption. Despite
those differences, the resulting path models are strikingly similar. In
both studies, beta diversity, or herbivore turnover among localities,
together with local herbivore diversity, are major determinants of
regional diversity. However, widespread hosts do not have more
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diversified local assemblages than hosts with smaller geographical
ranges, contrary to the results of Cornell (1985) with gall-making wasps
on North American oaks.

A further notable convergence is that, in both studies, the taxon size
of each host does influence herbivore diversity. Hosts belonging to larger
taxa tend to have more diverse local assemblages and, indirectly only,
regional assemblages as well. A possible explanation for this effect is
that larger host taxa support more species in local communities, which
would then include more potential hosts for herbivores. However, in
our initial study, plant species were treated as replicate units (as in
Cornell 1985 and Zwolfer 1987) as if they, together with their local
insect assemblages, were essentially autonomous. The new questions
raised by these results could only be addressed by investigating entire
local plant-herbivore communities, rather than treating each host and
its associates as an independent source web.

2. Interaction geography

The sampling program for interactive communities of Asteraceae
and their flowerhead feeders was carried through in a series of projects
over a decade, from 1994 onwards. Together, these projects covered
four main geographical regions, in each of which five or more localities
were sampled (Figure 2). Three of these regions are mountain ranges,
where Asteraceae are especially diversified. Local communities of
Asteraceae can exceed 180 species in the South (e.g. the southernmost
site in Figure 2), or 250 species in the Espinhago range. The main study
localities were sampled three to five times at different times of the year in

Figure 2. Regions and main localities sampled for Asteraceae and flowerhead-feeding insects in South and Southeast Brazil, between 1994 and 2002. Representative
assemblages and interactions (recorded through rearing immatures from flowerhead samples) are shown as binary bipartite networks with plant species on the
bottom and herbivores on top. County abbreviations: BJa (Bom Jardim da Serra, Santa Catarina); Mogi (Mogi Mirim, Sdo Paulo); CJo (Campos do Jordao, Sao

Paulo); SCa (Serra do Cabral, Minas Gerais).
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order to include hosts with different seasonal phenologies. With support
from many specialists in Brazil and overseas (see Acknowledgements),
associated insects could be reliably sorted to species in 14 families. Our
main database comprises 3,310 interactions among 485 Asteraceae and
284 herbivore species.

These data multiplied the dimensions of interaction diversity to
explore. By rearing insects from each host population, we produced
maps of the actual pairwise links between each host and herbivore
species. Moreover, these links could be quantified, either as the numbers
of insects reared from each host, or by their frequency in plant samples
(Figure 3). Previous studies, from Murdoch et al. (1972) onwards, had
investigated the correlation of plant and insect diversity; however,
by mass-collecting insects from the vegetation, they were limited to
correlating the total diversities of plants and insects across samples or
localities. Data on individual links allowed, first, to measure diversity
of hosts per herbivore and, conversely, of herbivores per host — the
reciprocal specialization of plants and insects. Second, the total (i.e.
regional) diversity of the interaction links could be decomposed into
local (alpha) and differentiation (beta) diversity, analogously to the
spatial factoring of species diversities (Novotny 2009). As Figure 3
illustrates for two localities in the same region, besides changes in
species composition there are switches in interactions. This sets the
basis for a new domain of biogeography, interaction geography, which
integrates information on the spatiotemporal distribution of sets of
interacting species, with the distribution of the interactions themselves,
as illustrated by the network diagrams in Figure 2.

Among the main findings of these studies, large-scale beta diversity
of hosts and herbivores was strikingly different. Beta diversity of

B 5 20

24 8 11 1415 16 17 18 19 21 22

Asteraceae among regions was much higher than that of herbivores,
due to a much higher level of regional endemism of the plants. This also
meant that extreme host specialization is rare among their associated
herbivores. As a functional group, internally feeding and developing
insects are more specialized than externally feeding herbivores (Gaston
et al. 1992). Nonetheless, in this interactive system, monophagous
herbivores, especially those associated with endemic plants, were highly
exceptional. The higher beta diversity of plants than of their herbivores
implies that insects need to shift among host species in different regions
and localities. Thus, differences among herbivores in host ranges and
host shifts became key elements to advance our understanding of the
organization of this interactive system.

3. Specialization

As the importance of specialization for interaction diversity
became clearer, we realized that specialization was usually assessed
solely as individual species’ actual diets, leaving out the community
context. This caused two shortcomings for understanding interaction
diversity: first, the connection between host range variation and insect
diversity could not be ascertained, which is essential to estimate the
components of diversity in interacting species. Second, comparisons
of herbivore specialization across communities were compromised by
the lack of reference to the plants available in each community and
their phylogenetic or taxonomic breadth. These are serious problems
for detecting macroecological patterns or comparing specialization in
different communities along an environmental or disturbance gradient.

The notion that herbivores feed on closely related plant species,
and that host range should consider the relatedness of hosts, instead

23 24 25 27 28 29 30 33
23 3537
24 27 28 29 30 32 33 3436

25 27 30 32 33 34
26 31

Figure 3. Bipartite networks for the tribe Eupatoriecae (Asteraceae) and their flowerhead-feeding insects in two localities in the Mantiqueira mountain range:
(A) Itatiaia, (B) Campos do Jordao (see Figure 2). Rectangles on top are insect species, ellipses on the bottom are host species. The widths of the rectangles and
ellipses represent the relative abundance in each level; basal widths of the wedges represent the relative frequency of each pairwise interaction. In insects, colors
represent three feeding guilds (strict endophages with complete development within one flowerhead, green — Diptera, red — Lepidoptera; blue — facultative endophages).
Different colours of plants represent subtribes of Eupatorieae. See Almeida (2001) for details.
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of only counting the number of known host species, has been present
in the literature for a long time. However, this was addressed by using
arbitrary specialization classes, with no regard either for evolutionary
relatedness or for the set of plants available to a given herbivore
across its range. As phylogenies became available for a wide range
of plant groups (APG IV 2016), including the Asteraceae (Funk

A

DSI*

-1.0

T T T T
Tephritidae Agromyzidae Tortricidae Pterophoridae
family

Figure 4. A schematic representation of herbivore specialization, incorporating
relatedness and availability of host plants. In this framework, herbivores are
classified into three categories: specialists feed on plants that are more closely
related than expected if herbivores used plants according to their abundance;
generalists are the opposite, feeding on plants that are distantly related;
non-selective herbivores use host plants proportionately to their availability.
(A) Herbivores feed on plants with different levels of relatedness. (B) Herbivore
diets can be proportional to availability, or deviate from it, selecting either
similar resources (specialists) or dissimilar resources (generalists). (C) Host
specialization of species in the four most important herbivore families in our
previously described dataset, assessed with the metric DSI* (Jorge et al. 2014,
2017). Species are colored according to the specialization categories in (B).
Adapted from Jorge et al. (2014).

http://www.scielo.br/bn

et al. 2009), we devised a framework for specialization that addressed
these shortcomings (Jorge et al. 2014, 2017). In our new metric, DST*,
specialization is a continuous trait that depends on the phylogenetic
proximity of the plants used by a given herbivore, compared to the set
of plants available in a given community (Figure 4A, B). When we
applied this framework to our data sets on interactions, we found that
most flowerhead feeders are specialized on a subgroup of closely related
species within the Asteraceae. Very few species feed on a disparate
set of plant hosts; these are true generalists, by contrast with the more
common non-selective species that use hosts according to their local
abundance, but which would also be considered generalists according
to conventional criteria (Figure 4C).

4. Network patterns and topologies

In parallel to the development of concepts and methods to tease
apart the role of specialization in interaction diversity, complex network
analysis expanded the questions and hypotheses to be addressed with
interaction data. Ecological systems defined by a particular mode of
interaction —in our case, herbivory — are rendered as bipartite networks,
where two groups of organisms interact with each other, with no direct
interaction within each group. Such networks are usually represented
in two ways: as an adjacency matrix, where rows and columns are,
respectively, plant and herbivore species, and filled cells represent
links among interacting pairs (Figure 5A); or as a network diagram,
where plant and herbivore species are represented by symbols that
are connected when they interact with each other (Figure 5B). In
quantitative networks, cells or links can be weighted by their number
or frequency.

While most studies at the time were concerned with detecting
nested interaction patterns, we demonstrated the modularity in
networks of Asteraceae and their flowerhead feeders and surmised
their importance in similar resource-consumer systems (Prado &
Lewinsohn 2004). In this study, we showed that most flowerhead
endophages form cohesive modules together with clusters of related
plant species (Figure 5), but this pattern could not be ascribed to niche
partitioning among the herbivores. In a later theoretical paper we
summarised the possible structures that could be observed in networks,
highlighting how different visualizations of networks could provide
complementary insights into these structures (Lewinsohn et al. 2006).
We also proposed that simple network topologies, modularity and
nestedness, could be combined in a compound hierarchical topology in
which larger-scale modules are internally nested. Figure SA shows this
compound topology after reanalyzing the data of Prado & Lewinsohn
(2004) with an appropriate procedure. A compound hierarchical pattern
can be produced by distinct ecological and evolutionary processes
operating on different spatial and temporal scales (Pinheiro et al.
2019) and has been found in other types of interaction as well (Felix
et al. 2022).

5. Theoretical advances

Research on interaction diversity patterns and dynamics required
suitable analytical methods. Recurrently, new empirical studies and
resulting data demanded the development of new theoretical models
and statistical procedures to evaluate variables and hypotheses. Parallel
to field studies, we participated in developing and testing these new
procedures, some of which were noted in the preceding sections. Some
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Figure 5. An interaction network of Asteraceae (tribe Vernonieae; 81 species) and insects (Diptera, Tephritidae; 35 species) in the Espinhago Range, Minas Gerais.
Insect-plant links (total = 163, connectance = 0.058) are depicted in two ways. (A) An adjacency matrix with plants in rows, insects in columns. Rows and columns
are arranged first by detecting modules (shown in different colors) and then sorting species in each module for nestedness (details in Pinheiro et al. 2019). (B) a
bipartite network with plants on the left, insects on the right. Modules are identified by the same colors. Data from Prado & Lewinsohn (2004), original figure by

Rafael Pinheiro.

of the theoretical and statistical advances achieved within our research
program are highlighted here.

Lewinsohn (1991) pioneered the use of individual plants as units
in rarefaction analyses, to produce standardized estimates of herbivore
richness. Sample-based rarefaction procedures were later incorporated
into the statistical literature and have become part of the normal arsenal
of diversity analyses (Colwell et al. 2012).

A general framework, extending the biogeographic patterns of
Leibold & Mikkelson (2002) to encompass the entire gamut of network
structures in bipartite networks was expounded in Lewinsohn et al.
(2006); this is widely cited both for the general framework and for noting
the complementarity of matrix, network, and multivariate analytical
methods to address interaction patterns.

Particular aspects of network structure were explored in
subsequent papers. Almeida-Neto et al. (2007) criticized the concept
of “anti-nestedness” and its false analogy with entropy or Atmar
& Patterson’s (1993) temperature. We then developed an index to
measure nestedness in networks based on a concept accepted by most
authors (Almeida-Neto et al. 2008). This index, NODF, has become
the standard measure of nestedness, with nearly 1,000 citations
in the Web of Science base (on 25 March 2022). It was further
extended for measuring nestedness in quantitative and diversity-
based data (Almeida-Neto & Ulrich 2011, Melo et al. 2014, Pinheiro
et al. 2019). An analytic solution, again for measuring nestedness

http://dx.doi.org/10.1590/1676-0611-BN-2022-1399

in bipartite networks, was developed in Araujo et al. (2010), and
qualitative (binary) and quantitative versions of the same networks
were compared in Corso et al. (2015).

Host specialization and its converse, faunal overlap among host
plants, is a key factor in establishing the structure and dimension of
interactive communities. Lewinsohn & Roslin (2008), propounded
specialization as one of four alternative explanations for the high
diversity of herbivores observed in the tropics. Jorge et al. (2014)
developed a novel, more inclusive metric for specialization. In Corso
et al. (2020), specialization is again a key component, evaluated as the
mutual information component of a two-way entropy model, irrespective
of interaction topologies.

Research on Species Interaction Diversity in the BFP

We used the Fapesp virtual library (Fapesp-CDI 2022) to survey
research on species interactions developed from 1998 to 2022.
The entire database was searched for the keywords “interagdo”,
“intera¢des”, “diversidade” and “polinizag¢@o” (interaction, interactions,
diversity, pollination) in research grants and doctoral and postdoctoral
scholarships. We sought studies of interactions between species
groups or taxa, at the community or regional level; many other
studies addressed interactions of a particular species with one or a
few associates. In all, 77 projects, including 35 research grants and
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42 doctoral and postdoctoral scholarships, concerned the diversity of
ecological interactions in that period. Here, we briefly summarize the
main research lines with some examples of their resulting publications.

Plant-pollinator interactions were the most favored theme in
grants and scholarships. Studies varied from detailed studies of figs
and fig-wasps, to more general projects involving well-resolved
plant-pollinator webs. These produced important advances in
the understanding of the interaction of various pollinator groups,
especially hummingbirds, bees and hawkmoths in the Atlantic
Forest and Cerrado. With highly-resolved interaction matrices, they
demonstrated that hummingbird morphology and habitat occupancy
were more important in determining interactions in tropical
species-rich webs than species abundance, the main determinant of
temperate pollination webs (Vizentin-Bugoni et al. 2016, Bergamo
et al. 2017). These studies also contributed to broader syntheses of
tropical pollination networks and their implications for conservation
(Maruyama et al. 2018, Vizentin-Bugoni 2018).

Another major research line addressed frugivory and seed dispersal
by vertebrate species, especially by birds and mammals. These were
mainly explored in the southeastern Atlantic Forest (Figure 6), but
some projects also included the Cerrado and Amazon Forest biomes.
Several studies investigated seed dispersal in fragmented or defaunated
landscapes (Emer et al. 2018, 2019) and assessed its role in ecosystem
restoration and conservation (Vidal et al. 2014). Topologies of plant-
dispersal networks were analyzed at local and regional scales (Donatti
etal. 2011, Emer et al. 2020).

Interactive networks of herbivorous insects and their host plants
were addressed in a number of projects summarized in the present

Figure 6. A frugivory network in the Intervales State Park within the Atlantic
Forest. Green circles are plant species (184); orange squares are bird species (81).
Symbol size is proportional to number of links. The most connected species are
highlighted in yellow, respectively Myrsine coriacea (Primulaceae, 59 links),
and Chiroxiphia caudata (Pipridae, 35 links). Data from Silva et al. (2002),
original figure by Carine Emer.

http://www.scielo.br/bn

paper. Other research lines with arthropods concerned predator-
prey interactions, including their potential for biological control (Barros
et al. 2021), and studies of defensive mutualisms involving ants,
plants —with or without extrafloral nectaries — and herbivores (Rico-Gray
& Oliveira 2007, Sendoya et al. 2016).

Diversity of parasite-host interactions were studied for instance in
helminths and reptiles (Bezerra et al. 2016) and in myxozoan parasites of
freshwater fishes, many of them newly discovered (e.g. Vieira et al. 2021).

Theoretical explorations of patterns and processes in interaction
diversity have also been fruitful. They include, for instance, development
and evaluation of models of interactions in communities (Pires et al.
2011, Lima et al. 2020), evolution of mutualistic interactions (Guimaraes
et al. 2017, Assis et al. 2020, Burin et al. 2021) and reconstruction of
past interactions (Pires et al. 2018).

Also worth noting is the Advanced School on Networks in Ecology,
held in 2011 and entirely funded by Fapesp. This intensive workshop
combined lecturers and young researchers from Brazil and overseas,
in seminars and hands-on projects focused on two themes, interaction
and spatial ecological networks. Many of the participants and several
studies and publications referred here were fostered in this Advanced
School, in various partnerships that are active to this day.

Conclusions and Future Research

1. Interaction diversity is essential to biodiversity

Nowadays, the diversity of interactions among species is considered
an essential component of biodiversity, quite as important as the
diversity of species themselves. This was foreshadowed by Daniel
Janzen before the term biodiversity appeared, in an often-quoted
passage: “Examples of the local or total extinction of Central American
species are recounted ad nauseam [...] What escapes the eye, however,
is a much more insidious kind of extinction: the extinction of ecological
interactions”. Furthermore: “The extinction of an interaction system
occurs in many ways, but there is one consistent characteristic: the
animals and plants involved no longer interact in the manner that
originally led to selection for the production and maintenance of the
traits they now display” (Janzen 1974 p. 49). Thompson (1999) put
it even more forcefully: “The history of evolution and biodiversity is
fundamentally a history of the evolution of species interactions. Species
in pure isolation simply do not make sense.”

Interaction diversity connects two essential facets of biodiversity:
on the one hand, the inventory of taxa and species and their
distribution and time and space; on the other, the functions,
processes and services that living systems perform and maintain.
Elucidating this connection is a central goal for 21* century ecology;
yet, exploring it, especially in field studies, is a formidable task
(Thompson et al. 2012). Singling out and focusing on one functional
interface between two well-defined sets of species leads to a large
gain in tractability, enabling more kinds of biological systems to be
explored across different geographical regions and distinct ecological
conditions. As recounted here, herbivore-plant interactions, as well
as any other mode of structured biotic interaction, can be explored
for a gamut of questions ranging from quite straightforward — how
are their diversities correlated at different scales?, to more complex
ones — to what extent are dynamical properties, such as resilience,
governed by network topologies?
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In most tropical ecosystems, extremely high diversity presents huge
challenges. With relatively few abundant and widespread species, and
many rare and/or spatially restricted species, these challenges multiply
as we consider their interactions. Links among more abundant species
may govern ecosystem processes, an implicit assumption in much of
ecosystem ecology (Pickett et al. 2007). However, the multitude of
interactions that involve rarer species may be equally essential to system
processes, for instance by increasing resilience to species loss, providing
key resources in periods of scarcity, or linking distinct modules of an
interaction matrix (see Figure 4).

In even more general terms, interaction diversity should be taken
as a central component of biocomplexity. Among the three defining
dimensions of biocomplexity in the framework of Cadenasso et al.
(2006), organizational connectivity clearly should encompass interaction
diversity. This completes a progression, from single instances of
pairwise interactions, by way of individual resource-based networks,
to functionally defined sections of entire ecosystems.

2. New opportunities, new applications

Since biodiversity was established, both scientifically (Wilson
1988) and politically (CBD 1992) as a crucial entity of worldwide
concern, the preponderant effort has been vested into assessing and
monitoring species diversity, especially of better-known taxa, such as
vertebrates and flowering plants. However, many scientists as well as
decision makers and social stakeholders have come to realize that other
structural and functional components of biodiversity are essential for
meaningful assessments and, even more so, for predicting imminent
changes and attempting to reduce or recoup losses. Thus, together with
the huge store of undescribed species(the so-called Linnean shortfall)
other shortfalls have to be addressed in order to better grasp and improve
policies for global biodiversity. Among these, the Eltonian shortfall
refers specifically to our shortage of knowledge of interactions among
species, and their functional implications (Hortal et al. 2015).

The incorporation of interaction diversity into routine assessments,
monitoring programs and predictive modeling exercises, though still
incipient, is advancing swiftly. In fact, well-established protocols for
surveying and monitoring diversity of species can easily integrate
procedures for the assessment of interaction diversity. This is illustrated
in Figure 7, with data obtained in cerrado vegetation in the state of
Sdo Paulo. Here, cumulative curves show the total number of species
of Asteraceae and of flowerhead herbivores recorded as more localities
were successively sampled. These standard collectors’ curves are shown
together with a curve for the cumulative number of plant-herbivore
species interactions recorded with the samples. We see that the number
of plant-herbivore interactions increased steadily, in contrast with the
decelerating accumulation of plant and herbivore species. Thus, as
further localities were surveyed, more interactions among already-
known species were discovered; in other words, the beta diversity of
interactions is higher than the beta diversity of species. On the other
hand, connectance, a commonly used measure for network structure,
stabilized as the number of sampled localities increased.

These findings highlight the importance of recording pairwise species
interactions. They suggest that habitat loss induces high extinction rates
of unique plant-herbivore interactions, in keeping with Janzen (1974)
and Thompson (1999). The procedure, illustrated here at the landscape
or regional scale, can equally well be applied to the discovery rates of
species and their interactions within a local community.

A major challenge for studies on ecological networks with tropical
insect faunas is the high proportion of undescribed species (Stork
2018), the abovementioned Linnean shortfall, which for a long time
has precluded ecological studies of poorly known taxonomic groups.
The insects associated with Asteraceae flower heads, for instance,
include several recognizable genera of Cecidomyiidae, but since
most Neotropical cecidomyiid species have not been described, their
taxonomic resolution is constrained to the genus level. Parasitoids are
also poorly known, yet highly important, insects in flower heads. In
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Figure 7. Collector’s curves for species and interactions in cerrado localities in the state of Sdo Paulo (main localities shown in Figure 2). Five of eight localities were
resampled in different seasons, totalling 23 samples (details in Almeida et al. 2005). Continuous curves show the total number of plants, insects and interactions found
as species accumulate. The dashed line shows the connectance, the proportion of potential links actually recorded in each cumulative sample set. Original figure.
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remnants of cerrado vegetation in Sdo Paulo, 192 morphospecies of
parasitoid wasps reared from flower heads of 74 Asteraceae species,
95% of which were identified to the genus level, comprising 103 genera
from 18 families (Nascimento et al. 2014). Even for better known groups
of insects such as fruit-flies (Tephritidae), 40% of the species and three
to six genera were new (Prado et al. 2004, Norrbom & Prado 2006).

The development of molecular tools applied to insect identification
(Jinbo et al. 2011) is likely to expand the capacity of inventorying and
sorting even incompletely described taxa. Even more important for
our purposes are recent essays that concomitantly identify herbivores
and their food plants (Goémez-Zurita et al. 2016) or parasitoids and
their hosts (Sigut et al. 2017, Dong et al. 2020) from DNA extracts
that include gut contents. Once these methods are refined, given
proper reference libraries, the possibilities of studying plant-herbivore-
parasitoid networks in megadiverse regions are almost limitless. We
can envisage that highly-resolved tritrophic or indeed, multitrophic or
multilayer networks (Astegiano et al. 2017) will become more accessible
and widely investigated in the coming decades (Bohan et al. 2017).

Interaction networks can reveal subtle responses in biodiversity
driven by environmental changes. As an example from our study system,
Asteraceae and their flowerhead herbivores were sampled in Cerrado
remnants that ranged from well-preserved to highly impacted (Figure 8).
Disturbance was measured as the proportion of cover occupied by invasive
grasses which, in turn, was highly correlated with frequency of fires and
cattle grazing. The number of interactions increased and then decreased
with progressive disturbance, in accordance with the Intermediate
Disturbance Hypothesis (Connell 1978). In this case, moderate disturbance
allows the dispersal and establishment of additional plants and herbivores,
whereas more intense disturbance provokes the progressive loss, especially
of endemic plants and more specialized herbivore species.

In tropical systems, given the high turnover and prevailing rarity
of most taxa, taxonomic composition and richness are often uncertain
indicators of ecological integrity. Biotic interactions deserve more

Number of plant-herbivore interactions

0 T T v T T T T T
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Index of invasive grass cover

Figure 8. Number of unique interactions between Asteraceous host species
and endophagous flowerhead herbivores in 20 cerrado remnants encompassing
a gradient of invasion by exotic grasses. The disturbance metric is the
mean invasive grass cover (in 45 plots of 30m x 5m per remnant), with the
following ordinal scale: (1) 0%; (2) 1 —25%, (3) 26% — 50%, (4) 51% — 75%,
(5) 75% — 100%. Redrawn from Almeida-Neto et al. (2011).
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attention as markers and indicators of biodiversity responses to various
global change drivers (Memmott et al. 2007, Valiente-Banuet 2014).
Network parameters may be more stable than species composition
and respond more predictably to environmental change. Furthermore,
disturbances may induce shifts in interactions so that networks are
rewired even without species loss (Tylianakis et al. 2007). Interactions
are also fundamental to predict coextinctions that multiply the
consequences of species loss (Vieira & Almeida-Neto 2015).

To conclude, it is important to point out that observing and
monitoring ecological interactions does not necessarily require highly
specialized knowledge or equipment. An outstanding example is the
growing network of citizen science initiatives to monitor pollinators
and pollinator activity that provide an essential ecosystem service
(Ghilardi-Lopes & Zattara 2022).
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