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Preface

Biotic interactions are ubiquitous and have shaped the evolution of Earth’s amaz-
ing biodiversity. Undoubtedly, plant-animal interactions have structured the
majority of ecological networks and the biodiversity of interactions therein
through evolutionary time. From antagonisms to mutualisms, plant-animal inter-
actions are basic pieces of the evolutionary puzzle underpinning natural systems.
Comprehending these relationships in all of their multidisciplinary aspects is fun-
damental to the future of life on a planet where negative human interference in
natural systems is growing at an alarming pace.

Plant-Animal Interactions: Source of Biodiversity is a collaborative approach to
this huge challenge, offering researchers and students new views, without leaving
behind basic information. This book is an effort to pave the way for scientists inter-
ested in improving our knowledge of how plant-animal interactions shape biodi-
versity. Our book calls you to join us in studying and preserving plant-animal
interactions, because they are sources of biodiversity. The book covers the most
important theoretical aspects of this line of study, considering classical, basic, and
naturalistic knowledge, but also presents advanced and applied approaches. Thus,
in the opening chapter, we present a general view of plant-animal interactions. As
editors, we considered it important to provide the foundations of plant-animal
interactions from an evolutionary approach. A great deal of research in ecology
and evolution has examined chemical mediation of plant-animal interactions.
Thus, in » Chap. 2, Lee A. Dyer and Chris S. Jeffrey discuss classical studies
focused on plant compounds that reduce or deter insect damage (herbivory) and
directly or indirectly affect secondary consumers. Here, the authors present a new
view considering two focal theoretical frameworks that drive investigations of
chemically mediated interactions, with a focus on phytochemical mixtures: coevo-
lution and trophic interaction theory. This approach enables us to proceed to the
field of herbivory with Robert J. Marquis and Renan F. Moura, who, in » Chap. 3,
discuss traits that enable plants to escape from their herbivores but have not been
formerly considered part of plant resistance theory. They will brilliantly convince
you that escape from herbivores can be used to effectively reduce herbivore pres-
sure in agricultural systems, and that escape also contributes to biodiversity main-
tenance in preserved ecosystems. This chapter presents a full new perspective on
the antagonistic relationships between plants and animals. However, to understand
how plant defense against herbivory evolves, it is necessary to characterize the
genetic underpinnings of resistance traits, quantify genetic variation in defense
trait production, and characterize how natural selection is acting on these traits.
We thank Liza M. Holeski for giving us » Chap. 4, an amazing review of the
genetic basis of plant-herbivore interactions and the evolutionary and ecological
genetics of plant resistance against herbivory. Different aspects of defense against
herbivory were considered in the previous chapters, and » Chap. 5 continues this
by presenting the role of biotic defenses in plant-animal interactions. Biotic
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defenses are relationships in which one organism (usually a plant or trophobiont
herbivore) attracts predators of its own enemies. In » Chap. 5, a team of young
biologists—Renan F. Moura, Eva Colberg, Estevao Alves-Silva, Isamara Mendes-
Silva, Roberth Fagundes, and Vanessa Stefani, joined by me (the old guy!)—deeply
discuss all types of biotic defense systems and their mechanisms. Full of examples
and exploring a very useful tool, experimental manipulation, this chapter illus-
trates how conditional the outcomes of biotic interactions may be, and how we still
are in the infancy of these studies.

Starting with a holistic view of plant-animal interactions and their impact on
biodiversity, the first five chapters of this book present the chemical and genetic
aspects of plant-animal interactions and explore the most antagonistic relation-
ships among these organisms, herbivory, and defenses against herbivores. However,
recent reviews in plant-animal interactions suggest that mutualistic relationships
(positive results to interacting organisms) are probably the strongest forces gener-
ating biodiversity. We will return to this issue later, after we present and compe-
tently exemplify the two main mutualistic relationships between plants and animals:
pollination and seed dispersal. The following two chapters are very similar in struc-
ture, starting by covering the natural history and basic aspects of the main animal
groups involved in these interactions, and then presenting new pathways for those
interested in these lines of research. In » Chap. 6, Helena Maura Torezan-
Silingardi, Ilse Silberbauer-Gottesberger, and Gerhard Gottesberger draw on their
backgrounds in pollination, and in » Chap. 7, Richard T. Corlett covers seed dis-
persal and frugivory; these colleagues fulfilled the difficult mission of synthesizing
in each of these chapters issues worthy of a whole book. In both chapters the
authors go beyond characterizing and illustrating (with marvelous images) the
most important mutualistic plant-animal interactions, also alerting us to the dras-
tic problems caused by human impacts in natural systems. The reductions in popu-
lations and diversity of pollinators and seed dispersers are contributing to an
enormous loss of ecological services, putting human food security at risk.

Plant belowground interactions with soil microbes alter plant fitness and physi-
ology, affecting the performance of plant-associated aboveground organisms.
Although this issue is clear to all biologists, especially field researchers, these
aspects have only been superficially explored in previous books related to the evo-
lutionary ecology of plant-animal interactions. So, we thank Frédérique Rever-
chon and Alfonso Méndez-Bravo in » Chap. 8§ for giving us a better understanding
of the ecological interactions occurring within the phytobiome and their impacts
on plant-animal interactions and associated biodiversity. This chapter opens up
discussion into the main examples of facilitation in plant-animal interactions, that
is, how these interactions can modify the environment by enlarging the niche for
opportunistic organisms. In » Chap. 9, an emerging group of very competent
young ecologists, headed by Eduardo S. Calixto, and Danilo F. B. dos Santos,
Diego V. Anjos, and Eva Colberg, discuss the concept of ecosystem engineering.
This chapter addresses the concepts, applications, biodiversity implications, and
future perspectives for the study of ecosystem engineers, especially regarding plant-
arthropod interactions.
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With these nine initial chapters, we are sure that the book provides all the
basic, updated, and useful knowledge, including new approaches, for anyone
interested in getting started in studying plant-animal interactions or settling pre-
vious fundamental questions. In the final part we have four chapters that place
this book even further than the previous ones. In » Chap. 10, Pedro Luna and
Wesley Dattilo start by explaining how interactive communities and populations
generate organized networks and how these ecological networks vary over space
and time. They close the chapter by calling attention to the importance of plant-
animal networks in understanding the mechanisms and processes driving the
geographic mosaic of coevolution, as proposed by John N. Thompson. This
chapter complements the initial chapter in considering the geographic mosaic of
coevolution theory as a key approach for understanding of origins and mainte-
nance of biodiversity of interactions. Next, Judith L. Bronstein in » Chap. 11
presents a new and very intriguing question in plant-animal interactions. She
starts by considering that mutualisms are not only present, but are common and
prominent interactions in every habitat on Earth. Thus, in a chapter full of won-
derful examples from pollination, biotic defenses, and other mutualisms, she pro-
poses an underlying rationale for why biological diversity tends to accumulate
around mutualisms. And is mutualism a source of evolutionary innovation?
» Chap. 12, written by Rodrigo A. S. Pereira and Finn Kjellberg, explores this
question by presenting examples of mutualisms that allowed insects and/or
plants to expand their ecological niches. From a naturalistic up to a theoretical
view, this book illustrates how plant-animal interactions are sources of biodiver-
sity. However, in » Chap. 13, Kleber Del-Claro and Rodolfo Dirzo close the
book with a very disturbing topic. They discuss how in the Anthropocene, due to
defaunation and deforestation, human interference in the structure of ecological
networks may be forcing mass, global disruptions of ecological interactions,
potentially leading to the end of the biodiversity of interactions.

All books have a singular history. Plant-Animal Interactions: Source of Biodiver-
sity has a history mediated by a worldwide crisis, the SARS-CoV-2 or COVID-19
or simply the coronavirus pandemic. In normal times it is not easy to edit or to
write a book or a book chapter. In a year of restrictions, suffering, loss of loved
ones, a time when life was turned upside down, working was even harder. We thank
each one of our authors for all of your dedication, resilience, and love of science.
We know how difficult it was. Some of us have been closed in at home during all
this time. Some of us lost loved ones and friends. One has a new baby (a piece of
good news!). One retired and had to move to a new city during the pandemic crisis.
One was forced to quarantine in a hotel room for 2 weeks. One housed the entire
family of a colleague during the fires in California. We are sincerely thankful to you
all.

We, in name of the whole group, thank our financial agencies, universities and
employers. We sincerely thank our editor Jodo Pildervasser and the marvelous
Springer Nature team of collaborators.

Our very special acknowledgement goes to Ms. Eva Colberg for kindly revising
the English of » Chaps. 1, 5, 6, 9, and 10. There are no words to thank her col-
laboration.
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We also thank our families for their support and patience. We thank each mutu-
alistic organism living inside our bodies and cells for our lives, and plants and
animals for their interactions that become this still wonderful world.

Kleber Del-Claro
Helena Maura Torezan-Silingardi
Uberlandia, MG, Brazil
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@ Learning Objectives
This chapter will help readers to understand the following:
1. The importance of biotic interactions in shaping the biodiversity of life;
2. A general characterization of the different types of plant-animal relationships;
3. Plant-animal interactions as the base of almost all ecological networks and the
equal importance of basic and advanced studies in plant-animal interactions;
4. New pathways and the future of plant-animal interaction studies.

Life, as we can see looking out of the window, is a result of successive changes over
time, a byproduct of evolution. Several biological processes are involved in the
production and natural selection of these changes, of which perhaps the most
important of all are biotic interactions.

1.1 Important Pieces of Ancient Natural History

Biotic interactions are present everywhere, in the air, earth, water and same inside
the organism’s body whether vertebrates, invertebrates, plants, fungi or any micro-
organism. From the pioneering studies of Lynn Margulis (e.g. Margulis and Fester
1991) we know that biotic interactions are one of the cornerstones that have shaped
cells, organisms and populations, just as populations of distinct species have struc-
tured communities and ecosystems. Since learning that animal cells are a result of
the interaction of an ancient anaerobic cell in symbiosis with an alien organism,
the mitochondrion (and the mitochondrion and the chloroplast in vegetal cells), we
have been studying deeply the importance and diversity of interactions shaping
life. The mitochondria arose once during evolution, and its origin entailed an
endosymbiosis accompanied by gene transfers from the endosymbiont to the host.
The host that acquired the mitochondrion was an anaerobic nucleus-bearing cell,
a full-fledged eukaryote that was able to engulf the mitochondrion actively via a
phagocytosis which goes back 1.45 billion years in the fossil record given the coin-
cidence of mitochondria with the eukaryotic state (Martin and Mentel 2010). A
more recent but similar example of how interactions are ancient relationships that
involve several organisms’ features like self-recognition, communication and unex-
pected cooperation was presented by Broch et al. (2011), in a surprising evolution-
ary history. The microorganism Dictyostelium is a member of the Amoebozoa, a
taxon that is basal to the Fungi-Metazoa branch. Broch et al. (2011) showed that
D. discoideum is a social amoeba that has a primitive farming symbiosis with bac-
teria. The amoeba is a predator of the bacteria. However, instead of consuming all
bacteria in their patch, the amoebae stop feeding early and incorporate bacteria
into their fruiting bodies. Doing so, the amoebae carry bacteria during spore dis-
persal and can seed a new food crop, a major advantage when edible bacteria are
lacking at the new site. But, when arriving at sites already containing appropriate
bacteria, the costs of early feeding cessation are not compensated for. This example
shows us how biotic interactions are complex even in simple organisms, and also
how variable over time and evolutionary circumstances they can be. So, what are
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the conditions that indicate when bacteria play a more active role as prey, parasite
or optional mutualist? How do circumstantial changes impact trait evolution in
each interacting species?

Understanding how interactions evolve to shape the life and the amazing biodi-
versity that surround us is one of main goals of evolutionary biology. Biotic inter-
actions are dynamic and their outcomes vary in space and time across a wide
spectrum from positive to neutral to negative. All types of interactions (predation,
parasitism, cooperation, mutualism, commensalism, etc.) have been present on
Earth for more than 300 million years. In the evolutionary process the “actors”
(species) can be replaced over time (i.e. through extinction and speciation), but
independent of the actors the “theatrical play” (the interactions) continues (Del-
Claro et al. 2016). These relationships have shaped biodiversity through creation,
extinction, and coevolution of interactions mediated by a balance of loss and gains
(Thompson 2013).

1.2 The Origin of Plant-Animal Interactions

In the early Paleozoic during the Devonian period, by 425 million years (myr) a
tiny green coastal belt could be seen on Earth, the first land-dwelling vascular
plants. Amazingly, less than 100 myr after the first ferns were used by the first her-
bivorous insects in the wetland forests of the Carboniferous period, almost all
types of feeding strategies that an animal could use to eat a plant had developed
(8 Fig. 1.1; e.g. Slansky and Rodriguez 1987; Labandeira 2002). This was particu-
larly true for insect-plant interactions.

Paleozoic Mesozoic Cenozoic

Devonian Carboniferous ~ Permian  Triassic Jurassic  Cretaceous  Pale/Neo/Qua Diet

AN ST

Spores and pollen
Petioles

—I'

eproductive structures

- Ferns

a (Pteridophyta) Leaves

S and Al

ﬁ Primitive Trees 958

9‘7 Cambium

o

= Conifers

o (Gymnosperms) Floxlaedriira\ggrl‘ant Oil and Resin
and Ferns (Angiosperms)

‘ Anthropocene

400, 350y, 300y, 250y, 200y, 150, 100y, 50y, Oy,

O Fig. 1.1  Emergence of land-dwelling vascular plants and guilds of herbivores, according to the
type of vegetal tissue consumed. Consider that the radiation of angiosperms may have occurred 70
myr prior to what is shown in the figure, still in the Jurassic
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In the last decade, new methods of estimating global species richness have been
developed to estimate that Earth contains 20 million species or more, including
cryptic diversity (Stork 2018). Flowering plants (angiosperms) have been the dom-
inant plant group since at least 150 myr (B Fig. 1.1). Recent studies suggest that
the origin of angiosperms may be still more ancient, in the Asian Jurassic (Fu et al.
2018). However, this view is controversial, and a thoughtful integration of fossil
and molecular evidence could help resolve these conflicts (Coiro et al. 2019;
Ramirez-Barahona et al. 2020).

Insects are the animals that most relate to flowering plants. These animals are
small, abundant, reproduce quickly, and have amazing dispersive capabilities (i.c.
fly), with a possible origin in the early Devonian (430 myr). Insects are extremely
diverse and highly variable in morphology and feeding preferences, as reflected in
the huge diversity of insect life histories. The first known relationships between
insects and plants were antagonistic, with insects feeding on spores and pollen
(8 Figs. 1.1 and 1.2). Until the emergence of angiosperms, most plants reproduced
and dispersed via wind, or sometimes by water, a very expensive process with high
energetic costs in term of spores and pollen production. Considering that wind
dispersal is totally random, wind-dispersed plants need to produce large quantities
of reproductive structures to be successful (e.g. Novaes et al. 2020). This reproduc-
tive strategy of making immense quantities of spores and pollen full of amino acids
(among other nutrients) did not go unnoticed by insects (see also Torezan-Siligardi
et al., » Chap. 6). Suggestive evidence of nectar feeding and pollination by insects

Total in Earth

20,000,000 species Arthropods

6,799,996 species

Vascular Plants : - : Insects

; | \
402,500 species * e 5,500,163 species

\

O Fig. 1.2 Conservative approaches to global species richness (e.g. Stork 2018) estimate that the
Earth contains 20 million species. Here, a couple of Chauliognathus fallax (Cantharidae) beetles
copulating and feeding on pollen of Euphorbiaceae
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dates to 300 myr, with great diversification in the feeding habits of herbivorous
insects around 200-150 myr in the Mesozoic (B Fig. 1.1; Labandeira 1998, 2002).
Indeed, the diversification and radiation of insects coincides with that of flowering
plants in the Cretaceous (B Fig.1.1) (Crepet and Friis 1989; Bawa 1995; Grimaldi
1999; Hu et al. 2008). However, if angiosperms arose before the Jurassic, this tim-
ing has profound implications for our understanding how insect-plant interactions
evolved, mainly pollination (van der Kooi and Ollerton 2020).

The flowering plants’ conquering of land was undoubtedly related to the out-
comes of their interactions with animals. According to a recent global estimate,
87.5% of angiosperms are pollinated by animals, primarily insects (Ollerton 2017),
and even some gymnosperms are insect-pollinated (e.g. Gnetales; Kato et al. 1995)
(B Figs. 1.2 and 1.3). The range of insect pollinators spans across orders and fam-
ilies (Ollerton 2017; Torezan-Siligardi et al., » Chap. 6); even ants can be pollina-
tors (Del-Claro et al. 2019, Del-Claro and Torezan-Silingardi 2020). Animals are
also important seed dispersers (Simmons et al. 2018; Corlett, » Chap. 7). The his-
tories of these interactions are full of adaptations and counter-adaptations which
in general unfolded gradually and slowly (but sometimes in jumps) throughout
evolutionary time (Thompson 2012, 2013). But, how exactly have animals, espe-
cially insects, helped plants conquer the land environment?

Flying, the conquest of the aerial environment, as well as their small size and
rapid reproductive cycle, were probably decisive factors for the success in the inter-
actions of insects with plants. The ability to fly favored insects in the location of

B Fig. 1.3 From antagonism (herbivory; left) to mutualism (pollination; right): adaptations and
counter-adaptations in plant-animal interactions through evolutionary time. The Orthoptera
Scaphura nigra (Tettigoniidae, left) eats pollen and other reproductive structures of a Fabaceae
flower. On the right is sequence of a Centris bee landing and pollinating Byrsonima intermedia (Mal-
pighiaceae)
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food plants, and facilitated joint dispersion. The small size and the large reproduc-
tive capacity of insects, combined with a short reproductive and gestational cycle,
often with multiple reproductive events in the same year, were also important.
These factors probably facilitated the rapid evolution of different strategies in the
associations between insects and other organisms, especially plants. Thus, favored
genomes would be maintained and would remain in the game of the evolutionary
process, while unfavorable ones, with little or no reproduction, would disappear
from the game. The ability to fly benefitted not only insects, but also other winged
animals, particularly birds and bats. There are many forms of interactions between
these animal taxa and plants, such as bat and bird pollinators and/or seed dispers-
ers (Corlett and Primack 2011, see also Corlett, » Chap. 7).

1.3 Antagonism: Plants as a New Resource

The bases for the radiation of animals were provided in large part by the resources,
mainly food, offered by plants, especially angiosperms. The vegetal cell is com-
posed of water (80%), proteins (12%), nucleic acids (2%), carbohydrates (1%), inor-
ganic salts (1%), lipids (0.5%) and other substances (3.5%) (Wayne 2010). Since
vascular plants arose in the early Devonian (400 myr, B8 Fig. 1.1), this new and
valuable source of nutrients could attract a wide range of animals to dispute or
share this new niche. In this way, plants began to suffer enormous pressure from
the trophic level immediately above them, the primary consumers. As a reaction to
this evolutionary pressure exerted by herbivores, plants responded by developing
anti-herbivore defenses, which can be classified in different ways and categories
(Price et al. 1980; Crawley 1983; Coley and Barone 1996; Marquis and Braker
1994; Marquis et al. 2016). The main types of defenses are: physical (e.g. spines,
thorns, or trichomes in leaves, stems, and some fruits; leaf hardness); chemical (e.g.
accumulation of alkaloids, tannins), developmental (e.g. flowering when there are
fewer herbivores and/or more natural enemies) and biotic (e.g. association with
protective species). Plants may exhibit defenses that are either constitutive (always
expressed) or induced (expressed after damage or a risk of damage, or both;
Karban and Baldwin 1997). Indeed, the plant defense system is dynamic and can
combine different defenses simultaneously or at different times during develop-
ment, where each defense is expressed and presents different peaks of effectiveness
according to the plant stage (Calixto et al. 2015, 2020, see also Marquis and Moura,
» Chap. 3).

Virtually all parts of plants can serve as food for some type of animal.
Vertebrates and invertebrates make use of leaves, roots, stems, flowers, fruits and
seeds, which are all rich in a wide range of inorganic and organic compounds. It is
clear that from the beginning, plants were a tempting food resource for animals
and thus the first plant-animal relationships were antagonistic (e.g. herbivory;
@ Fig. 1.3). Herbivory can be equated to predation when animals feed on the
whole plant or destroy reproductive structures such as fruits and/or seeds. But her-
bivory can also be closer to parasitism, as in the case of those animals that remove
only small pieces of leaves, petals, meristems or roots. The texts on herbivores are
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abundant and diverse, for over 150 years and we can consider as herbivores animals
that feed on: leaves (folivores), roots, stems (e.g. borers) and buds, tendrils, sepals
and petals, stamens and stigmas, flower buds and pollen (e.g. florivores), develop-
ing or ripe fruits (frugivores), seeds (granivores), nectar (nectarivores), oils and
resins, galls; in short, collectively animals can eat any tissue, exudation or secretion
of plants. Herbivores can also feed externally (exophytic) or internally (endophytic)
in most plant parts (B Fig. 1.4).

Through evolutionary time plants have been selected to minimize the costs of
producing defenses and maximize herbivore resistance, a premise of the Optimal
Defense Theory (McKey 1974, 1979; Rhoades 1979). Thus, plants must allocate
defenses to their tissues and structures according to their value and the probability
of attack (e.g. Calixto et al. 2020). To surpass the plant arsenal of defenses, animals
in turn evolved counter-adaptations. Animals have adapted to plant developmental
phases (phenology), also changing their annual cycle; subdued chemical defenses,
often using them for their own benefit; and developed behavioral strategies to
evade or co-opt the protection of mutualistic protectors of the plants (Marquis
and Braker 1994; Del-Claro et al. 2016).

Thus, in the last 400 million years, Earth has witnessed a true “arms race”
between plants and their herbivores, with gene packages that confer advantages
now and then. These gene pools are permanently challenged by the evolutionary
forces of natural selection (Marquis 1992; Holeski et al. 2012, see also Marquis
and Moura, » Chap. 3 and Holeski, » Chap. 4). Thus, antagonistic interactions
can be thought of as the starting point for the evolution of harmonic relation-
ships that led plants and animals to their great joint diversification, largely due to
highly successful coevolutionary processes (Abrahamson 1989; Thompson 2014).
However, recent evidence in the tropical Amazonian forest has demonstrated
that although plants may evolve under selection by herbivores, those herbivores
may not always show coevolutionary adaptations, suggesting a model more con-
sistent with resource tracking than with the arms race model of coevolution
(Endara et al. 2017).

1.4 Advantages of Mutual Benefits and Distribution
of Plant-Animal Interactions

Mutually beneficial relations between animals and plants seem to be derived from
antagonistic interactions, mainly herbivory (Abrahamson 1989). Whether in busi-
ness or in nature, turning an enemy into a partner can pay off if the benefits out-
weigh the costs (see Bronstein, » Chap. 11). In this sense, some authors (Price
2002a, b; Terborgh and Estes 2010) argue that mutualistic interactions, especially
relationships between plants and their pollinators and/or seed dispersers, were pos-
sibly the major forces responsible for the conquest of land environments by plants.
This hypothesis has great scientific potential, considering that: (a) pollination by
flying animals allowed plants to have greater success and greater efficiency (saving
energy resources present in pollen) in cross-breeding, even for plants that occur in
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O Fig. 1.4 Herbivores may feed on virtually any plant part, eating pollen, petals and sepals, destroy-
ing entire flowers and same inflorescences, as this exophytic beetle a; endophytic beetles like this
female b can insert eggs inside floral buds and flowers, producing larvae that will consume the repro-
ductive structures of the plant. They can be extremely beautiful and conspicuous like hummingbirds
getting floral nectar (¢, photo of Eduardo S. Calixto), or cryptic like leaf-miners d. Some can eat
fruits without destroying the seeds, serving as seed dispersers e, while others eat the entire nut and
destroy the embryo completely f
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patches or are very scattered; (b) the dispersion of seeds over long distances, mainly
by birds and bats, resulted in the occupation and colonization of increasingly dis-
tant places, in addition to making it difficult for non-mutualistic herbivores (usu-
ally ruminant vertebrates and/or leaf-eating, granivorous and wood-boring insects)
to locate these new individuals; (c) long-distance dispersion also resulted in the
specialization of some plants to particular microhabitats (often leading to the evo-
lution of new endemic species), also decreasing the pressure from original herbi-
vores and parasites; (d) these interspecific interactions produced changes in
population structures leading to rapid evolutionary changes, strong adaptive radia-
tion and consequent speciation. These associative processes between plants and
animals may have originated in or triggered the appearance of coevolutionary pro-
cesses in geographic mosaics in terrestrial environments (Bronstein 2009; Thompson
2012, 2014).

Plants, as autotrophic organisms (producers), are the food base for almost all
heterotrophic life on the planet, structuring trophic chains both in water and on
land, but many of their evolutionary trajectories as well as their impacts on the
evolution of other life forms have been shaped by their negative and positive inter-
actions with animals. Ecological interactions have played a fundamental role in the
processes of speciation and extinction in plant populations in the history of the
Earth, and the fascinating diversity of life that we observe is dependent on the
spectacular and complex network of interactions between plants and animals (see
also Luna and Dattilo, » Chap. 10).

But why hasn’t all this life, resulting from interactions between organisms,
spread evenly, or at least not so heterogeneously, across the planet? In several cur-
rent textbooks on ecology (e.g. Ricklefs 2001; Townsend et al. 2006) and evolution
(Futuyma 2009) we find several classic arguments explaining why there is greater
biodiversity in the tropical regions of the Earth than in the others. The most
explored arguments are based on the fact that the tropics receive solar rays with
lower variation throughout the year. Average temperatures oscillate around 25 °C
in the continental and oceanic waters in these regions, causing great evaporation
and regular and intense rains during most of the year. Under these conditions,
microorganisms that decompose organic matter proliferate and act efficiently,
increasing the amount and speed of nutrient cycling. The hypothesis is that these
conditions are conducive to continuous growth and higher reproductive rates,
which imply a greater number of mutations and recombinations, key items for spe-
ciation and consequent generation of diversity (Futuyma 2009 and references
therein). Due to climatic conditions with well-marked seasons, especially with long
periods of cold and drought, growth and reproduction in the temperate and polar
regions experience periods of interruption every year, which in the long run puts
them behind in the race for production of diversity relative to the tropical regions.
In lower latitudes (tropical areas), the presence of more species in the same envi-
ronment will produce more and greater changes in the physical and chemical envi-
ronment, and will produce greater chances of contact, and new interactions. More
interactions will lead the entire trophic mesh of the community to a greater degree
of complexity, through increased connectivity (dependency links between organ-
isms), compartmentalization (sub-groups within trophic chains) and omnivory
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O Fig. 1.5 From the poles to the tropics the environment presents a more predictable and constant
climate, with lower variation in temperature and humidity, that maintains regular hot and rainy sea-
sons. These factors enable a quicker and stronger cycling of nutrients, plant growth and reproduc-
tion, which sustains more animals and therefore increases the biodiversity of life and interspecific
interactions

(more organisms participating simultaneously at different trophic levels and/or
sub-groups), all factors that contribute to an increase in diversity in the whole net-
work of ecological interactions (e.g. Dattilo and Rico-Gray 2018, B Fig. 1.5).

Regardless of the geographic area on the planet, the discussion of which
ecological-evolutionary processes shaped the joint diversification of plants and
animals from the Paleozoic onwards remains. Three main hypotheses (Strong et al.
1984) are frequently discussed (Labandeira 2002, but see also Thompson 2014;
Ollerton 2017). These hypotheses explain how ecological units, for example, func-
tional groups related to food (i.e. guilds established by type of diet and feeding
strategies), expanded in macroevolutionary time (Price 2002b).

The first hypothesis was established mainly by paleobiologists and called the
“Ecological Saturation Hypothesis”. Life experienced countless tagmoses (e.g.
arthropods) in the great explosion of life forms of the Cambrian (500 million
years), but few remained until today (Labandeira 2002). Ecological interactions
must also have had a period of exponential growth in types of interactions, which
generated numerous ecological roles and nodes in interactive networks, which also
went through natural selection processes. After this stage of exponential growth
and selection, the number of ecological positions or “roles” in the evolutionary
scenario must have remained more or less constant. As such, species continued to
enter (being created or immigrating) and leave (becoming extinct or emigrating)
the ecological arenas of local biological communities, but the “roles” existing in the
theater of ecological relations remained virtually the same (see Thompson 2014).

The second hypothesis, the “Resource Expansion Hypothesis”, is supported
mainly by biologists. It states that the availability and exploitation of ecological
resources, such as food and niches, have gradually increased over time, allowing
more and more plant-animal interactions to develop more recently. So, should we
expect to find new or still unknown models of plant-animal interactions? What
about “facilitation”? Reciprocal effects in plant-animal interactions are rarely
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investigated; facilitation might evolve like mutualism, commensalism or antago-
nism, depending on the effects on the facilitator species; but it is still only margin-
ally studied (Bronstein 2009). For example, long term studies on the ecology of
ecosystem engineers, a classic facilitator, are rare (e.g. Velasque and Del-Claro
2016; Calixto et al. » Chap. 9). And “commensalism”, which according to Mathis
and Bronstein (2020) involves “interactions between two species in which one spe-
cies benefits and the other experiences no net effect, are frequently mentioned in
the ecological literature but are surprisingly little studied...commensalism should
be of great interest in the study of species interactions due to its location at the
center of the continuum between positive and negative outcomes”.

The third hypothesis tries to find common ground between the two previous
ones and not to make them exclusive hypotheses. The “Intrinsic Diversification
Hypothesis” argues that the proportion of occupied ecological roles presents a dis-
jointed global pattern, that is, the type and amount of interactions will vary
depending on the groups involved, time and place. In fact, this is not far from the
Ecological Saturation Hypothesis, and seems to be more of a variation, another
way of looking at the same scenario (Labandeira 2002).

Thompson (1994, 2005, 2012, 2014) has also suggested a general hypothesis to
explain the great profusion of ecological interactions that seem to sustain all the
biodiversity of the Earth. His hypothesis is strongly influenced by the “Ecological
Saturation Hypothesis” and was named “The Geographic Mosaic Theory of
Coevolution” (Thompson 2005). This theory postulates that the long-term dynam-
ics of coevolution may occur over large geographic ranges rather than within local
populations. John N. Thompson predicts that “Interactive Biodiversity,” that is,
the diversity of biological interactions that sustain the diversity of life, has its ori-
gins in coevolutionary processes whose results and impacts act on a global scale.
So, “a species may adapt and become specialized to another species differently in
separate regions. A species that is involved in an interspecific interaction in one
geographic area may not even be present in another geographic area. This geo-
graphic mosaic in evolving interactions provides the raw material for the overall
direction of coevolution, which proceeds as genes that are favored in local interac-
tions spread out into other populations” (Thompson 2020). Thus, certain regions
would have a greater potential than others in generating interactions that can
diversify and spread, structuring the trophic webs that spread throughout the
planet. We are beginning to see studies exploring this theory based on plant-animal
interactions. Indeed, Thompson’s ideas have largely driven theories and studies of
ecological networks of interactions over the past 20 years.

1.5 Future Directions

A persistent challenge in the study of plant-animal interactions is to understand
how evolutionary mechanisms shape the interactions among individuals and
assemblages of related species. How does trait evolution affect individual fitness
and the outcomes of any evolutionary change in the ecological networks that struc-
ture the natural communities in which these organisms exist? Beyond the use of
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experimental manipulations in natural conditions, the use of network models has
proved a very useful and now widespread tool for evolutionary ecologists to test
hypotheses related to trait evolution. Recently, de Andreazzi et al. (2020) success-
fully suggested that an adaptive network framework that combines the evolution
of species traits and the assembly of interactions may allow us to better understand
trait evolution and network structure in antagonistic and mutualistic networks (see
also Dattilo and Rico-Gray 2018). Considering technological advances in genetics
(e.g. Endara et al. 2017; Barker et al. 2018) and chemistry (e.g. Razo-Belman et al.
2018), now we can also test evolutionary and ecological hypotheses of plant-
herbivore interactions at increasingly precise levels. Belowground interactions with
soil microbes alter plant fitness and indirectly affect the outcomes of interactions
for plant-associated aboveground organisms. Révérchon and Méndez-Bravo
(» Chap. 8) point out that a better understanding of the ecological interactions
occurring within the phytobiome is now possible due to the advent of new tech-
nologies such as metatranscriptomics and metabolomics.

However, the future of studies in plant-animal interactions does not only
require complex evolutionary questions. Basic studies are also still needed. Some
types of plant-animal relationships deserve our attention and deeper studies to
clarify the true character of the interaction. For example, facilitation (Bronstein
2009) and commensalism (Mathis and Bronstein 2020) are common yet barely
studied relationships. These two types of interactions are common in plant-animal
systems and need studies testing the true benefits or absence of benefit to each spe-
cies involved, and testing how these outcomes vary with space, time (Thompson
1994, 2020) or specific features of related species (Del-Claro and Marquis 2015).

Whether of a broader evolutionary focus, such as network analyses and genet-
ics, or a more basic focus, such as studies of direct outcomes and natural history,
further research on the ecological interactions between animals and plants are still
paramount.

Conclusion

Plant animal-interactions have shaped the majority of aquatic and terrestrial food
chains, ecological networks, and the biodiversity of interactions therein. Throughout
evolution the species involved have changed - some evolved, while others went extinct
and were replaced - but the types of ecological interactions remained and structured
the natural communities. From antagonisms to mutualisms, plant-animal interac-
tions are fundamental pieces of the evolutionary puzzle underpinning the mainte-
nance and viability of natural systems.

Key Points

== Origin and importance of ecological interactions to the maintenance of biodi-
versity;

== The distinct types of plant-animal interactions and their role shaping natural
communities;
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== Variable in space and time, the outcomes of plant-animal interactions are condi-
tional depending on changes in abiotic and biotic features of the habitat.

== Considering technological advances, we can now test evolutionary and ecologi-
cal hypotheses of plant-herbivore interactions at increasingly precise levels.

0 Questions

== [f biotic interactions are dynamic and their outcomes vary in space and time,
covering a wide spectrum from positive to negative or neutral, how have evolu-
tionary mechanisms shaped the interactions among plants and animals?

== How did insects contribute to the spread and diversification of plants in the ter-
restrial environment?

== What are the hypotheses that explain the ecological-evolutionary processes that
shaped the joint diversification of plants and animals?
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@ Learning Objectives
== Learn about plant secondary metabolites and how they are synthesized.
== Develop an understanding of the importance of complex mixtures of phyto-
chemicals in mediating trophic interactions.
= Be able to synthesize the existing hypotheses and methods relevant to chemically
mediated coevolution.
== Appreciate the rapidly evolving methodology for studying chemical ecology.

2.1 Introduction

The current decline of plant and insect diversity is well documented, but specifics
of declines and impacts on ecosystem services are far from clear (e.g., Cardinale
et al. 2012; Johnson et al. 2017). For example, the recent uptick in the number of
insect “population” or abundance declines provide no clear patterns for insects
overall, rather there are geographic and taxonomic idiosyncrasies, with some taxa
or regions exhibiting increases, others showing dramatic declines, and others with
no real trends (Wagner et al. 2021). For insect-plant interactions, it is also true that
we are losing plant and insect diversity, but it is difficult, or perhaps irrelevant, to
say anything about abundances of these very broad taxa — instead, studies focused
on abundances or other parameters related to population dynamics, it is more
fruitful to examine declines of individual species. Similarly, while it is very likely
that we are losing many additional axes of biodiversity, most notably genetic and
functional diversity, the details of these losses are not well resolved, and chemical
changes for individual plant species have not been documented. Among the many
Anthropocene losses are the myriad tips of biochemical pathways that produce
unique molecules, or secondary metabolites. Loss of phytochemical diversity is a
tragedy similar to that of species loss for other biological units that are understud-
ied, such as the insects, because like insects (Stork 2018), only a fraction of existing
plant small molecules and their biochemical functions have been discovered and
described (Dyer et al. 2018; Lautié et al. 2020). In this chapter we explore the
importance of phytochemicals in mediating biotic interactions, with a focus on
insect herbivory, and discuss two important theoretical frameworks for under-
standing origins and maintenance of trophic diversity: coevolution and trophic
interaction theory. Empirical studies related to these theories will help answer
questions about the consequences of global change on chemically mediated tro-
phic interactions.

Chemically mediated biotic interactions are diverse and form the basis of large,
complex networks (Richards et al. 2015; Sedio et al. 2018; Salazar et al. 2018).
Phytochemicals are also the basis for interactions with abiotic factors, for example,
by acting as photo-protectants or facilitating nutrient acquisition (e.g., Demmig-
Adams et al. 2013). Very distinct categories of interactions within biotic networks,
such as pollination and herbivory, can be connected by the same biochemical path-
ways. For example, iridoid glycosides can be both harmful to herbivores and benefi-
cial to pollinators in the same plant species (Jacobsen and Raguso 2018). Many
compounds important for flower coloration, pollinator attraction, or nectar rewards
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share biochemical pathways with compounds that defend against herbivores, and
signaling molecules, such as jasmonic acid and salicylic acid are important for floral
development, reward traits, and coordination of production of chemical defenses
against herbivores (Jacobsen and Raguso 2018). In addition to shaping interactions
with pollinators and herbivores, phytochemistry can determine outcomes of direct
interactions, such as plant competition, growth of epiphytes, and seed dispersal
(e.g., Baldwin et al. 2020). Indirect interactions shaped by phytochemistry are
equally diverse, including attraction of predators and parasitoids (e.g., Greany et al.
1977), phytochemically mediated mate finding by insects (e.g., Erbilgin 2019), and
bottom up trophic cascades (Dyer et al. 2004a, b). In this chapter we focus on anti-
herbivore compounds that are traditionally termed “secondary metabolites” and
focus on small molecules that are effective insect deterrents or toxins. Despite the
focus on insect herbivory, the topics we cover are relevant to all biotic interactions:
broad classes of secondary metabolites, trophic interaction theory, coevolutionary
theory, and new approaches to chemical ecology.

2.2 Secondary Metabolites

Plants are an obvious necessity to terrestrial ecosystems. In addition to fixing car-
bon and producing oxygen, the biochemical pathways of plants provide a world of
untouched metabolic diversity (B Fig. 2.1). Starting with the photosynthetic
power of plants to harvest the energy of sunlight to fix carbon and produce organic
compounds, these compounds are then converted into the common starting mate-
rials, or primary metabolites (nucleic acids, amino acids, lipids, and carbohydrates)
that are in turn transformed via well-known enzymatic pathways to establish the
diverse and complex molecules that are the outcome of plant secondary metabo-
lism. Plant secondary metabolites, which have an important role in ecological suc-
cess, encompass a seemingly limitless array of structural diversity that spans the
dimensions of molecular shape, composition, and size. It has long been recognized
that there is a continuum between primary and secondary metabolites, and there
are secondary roles for primary metabolites (Berenbaum 1995) and vice versa
(Seigler and Price 1976), yet the dichotomy is a useful semantic for referring to
compounds that may not be essential for cell or tissue structure and function, but
are ecologically important and may be necessary for the plant to persist. It is not
possible to briefly review all of the biosynthetic pathways that produce molecules
important for biotic interactions, and in fact, the endpoints of these pathways are
only well resolved for primary metabolites and for gross classes of secondary com-
pounds (B Fig. 2.1). For some compounds, such as cardenolides, the enzymes at
the end of important pathways and candidate genes have been determined (e.g.,
Pandey et al. 2016), but most biochemical pathways are unknown for small mole-
cules that affect biotic interactions. Even the full details of biosynthesis in particu-
lar plants of very well studied molecules, such as the iridoid glycoside, aucubin, are
not resolved despite considerable effort (e.g., Damtoft et al. 1993; Dinda 2019).
Known metabolic pathways have been determined for broad classes of compounds,
and some of the more commonly studied in the context of biotic interactions are
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the phenylpropanoids, flavonoids, terpenoids, polyketides, and alkaloids
(8 Fig. 2.1). To provide a sense of phytochemical diversity, we provide a very brief
review of these classes of compounds that have been important for development of
chemical ecology. More complete reviews of plant secondary metabolites exist
(Bennett and Wallsgrove 1994; Harborne 1999; Cseke et al. 2016), but a current
multi-volume resource or online repository for ecologists would be quite useful.
Phenylpropanoids are ecologically important molecules that are derived from
the amino acids phenylalanine and tyrosine and contain a three-carbon side chain
attached to phenol (B Fig. 2.2). They are the basis of polymers that have primary
roles, such as the lignans in plant cell walls. The most notable phenylpropanoids
and associated metabolites that affect trophic interactions include lignans, hydroxy-
coumarins, and hydroxycinnamic acids. Phenylpropanoids are a good example of
how phytochemistry can link diverse interactions, including herbivory and pollina-
tion, since many metabolites in this class are important for antiherbivore defense,
pollen structure, floral pigments, and scent compounds (e.g., Deng and Lu 2017).
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Like other classes of compounds reviewed here, the early steps in phenylpropanoid
synthesis are clearly resolved — for example, the biochemistry is well known for
Phenylalanine ammonia-lyase, the enzyme that transforms L-phenylalanine and
tyrosine into trans-cinnamic acid and p-coumaric acid (Jun et al. 2018).
Flavanoids are derived from flavone and consist of two benzene rings joined
by a propane unit; the diversity of flavonoids is generated by additions of
hydroxyl groups and heterocyclic rings (B Fig. 2.3). Some of the more notable
flavonoids that mediate biotic interactions include the chalcones and anthyocya-
nins, which can be important for pollination. Condensed tannins, which have
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been studied as protein binding antiherbivore defenses, are oligomeric
flavonoids — they are oligomers of catechins or other flavanoids. Similarly,
hydrolysable tannins which are oligomers of gallic acid and can also reduce leaf
consumption by herbivores. There is an extensive literature on tannins, but it is not
possible to generalize about their function and gross measures of total tannin
content (e.g., Price and Butler 1977) are not useful for understanding biotic inter-
actions. For example, most condensed tannins do not exhibit general antiherbi-
vore activity, raising questions about selective pressures that have led to
diversification and investment towards synthesis of condensed tannins (Ayres
et al. 1997; Heil et al. 2002).

Terpenes and their derivatives are structurally diverse compounds that are
derived from isoprene and are classified based on their number of isopentane
(5-carbon) units — most noatably the monoterpenes, sesquiterpenes, diterpenes,
and triterpenes (10, 15, 20, and 30 carbons respectively) (B Fig. 2.4). Terpenoids
include compounds with additional functional groups added to these, such as the
iridoid glycoside, aucubin, which is a monoterpene with additional functionalities.
The structural complexity, diversity, and ecological relevance of terpenes have
yielded a number of model study molecules, such as catalpol (monoterpene), taxol
(diterpene), and a variety of saponins (triterpene glycosides). There are examples
of terpenoids mediating most important biotic interactions, including herbivory,
competition, pollination, seed dispersal, and attraction of secondary consumers.
Plant steroids are triterpenes that are not well studied in the context of mediating
ecological interactions.
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A great deal of research on polyketides from microbes, plants, and fungi has
focused on human health, based on their toxicity and clearly demonstrated antimi-
crobial, anticancer and immunosuppressive properties. The polyketides, derived
from acetyl-CoA, are a large class of metabolites characterized by carbonyls and
alcohols separated by methylene carbons (B Fig. 2.5). Polyketide synthase enzymes
responsible for catalytic mechanisms in polyketide synthesis are well studied (e.g.,
Morita et al. 2010) and operate somewhat like fatty acid synthase to generate a
broad diversity of polyketides. Although much polyketide research is outside the
realm of chemical ecology and focuses on production by non-plants, there is great
potential for understanding the ecological roles of plant produced polyketides in
complex mixtures (Gershenzon et al. 2012), and studies of model systems, like
Arabidopsis thaliana (Brassicaceae) have discovered fascinating and important
polyketide derivatives, such as the antibiotic macrobrevin, which affects multiple
interactions on the phyllosphere of A. thaliana (Helfrich et al. 2018).

Alkaloids comprise a broad collection of natural products with varied biosyn-
thetic pathways; these compounds contain nitrogen, are basic due to their amine
functionality, and the nitrogen is usually part of a cyclic system (8 Fig. 2.6). They
are most commonly derived from amino acids, aromatics, or terpenes. One method
of categorizing alkaloids is based on their ring systems, for example: pyridine, pyr-
rolizidine, tropane, isoquinoline, quinolizidine, nicotine, or morphine. Alkaloids
include many of the well-known examples of the pharmacological value of natural
products, including morphine and cocaine, as well as giving physiological proper-
ties to recreational drugs, such as caffeine, nicotine, and cocaine. Examples of stud-
ies demonstrating the effects of alkaloids on diverse species interactions are very
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common, with some notable examples including quinine, nicotine, retronecine
(and pyrrolizidine alkaloids in general), lupinine, and other compounds summa-
rized in @ Fig. 2.6 (Wink 1998; Hartmann 1999; Aniszewski 2015).

Amines, which are derivatives of ammonia, can be important as antiherbivore,
antifungal, and antimicrobial molecules — many of them are also categorized
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as alkaloids. For example, the aromatic amine, mescaline, derived from phenethyl-
amine is biologically very active and ecologically important (e.g., De Panis et al.
2016), although most research has focused on its physiological effects on humans
(Wink 1998). Some amides, which contain amine and carbonyl functional groups,
and imides, which are comprised of two acyl groups bound to nitrogen, are also
sometimes classified as alkaloids. The genus Piper (Piperaceae) includes biologi-
cally important amides and imides that affect multi-trophic interactions (Dyer
et al. 2004a, b). Other nitrogen containing compounds that are relatively well stud-
ied and often quite toxic to herbivores are the biosynthetically related glucosino-
lates and cyanogenic glycosides, which are very well studied molecules in the
context of trophic interactions (e.g., reviews by Agrawal et al. 2012; Gleadow and
Moller 2014).

2.3 Phytochemical Diversity

Individual molecules never mediate ecological interactions in isolation, and what
was once termed “redundancy” in chemical defense or in chemical attractants is
now viewed as part of a complex chemical trait. Mixtures function as toxins, physi-
ological disruptors, deterrents, attractants, facilitators, and other ecological effec-
tors via additive effects, synergies, complimentary effects, or antagonistic effects. For
example, one of the most effective mechanisms by which phytochemical mixtures
can deter herbivores or other parasites is via synergistic effects, where the effects of
combined compounds are greater than the effects predicted by their activity in isola-
tion (Richards et al. 2016). In some cases, individual toxins will have no effect at all,
such as antibiotics that are rendered ineffectual by bacterial toxin pumps — but syn-
ergies result when additional molecules in a mixture inhibit those pumps (Stermitz
et al. 2000). Numerous studies have found that individual plant compounds have no
effects or only weak influences on higher trophic levels, but synergy studies have
demonstrated that those compounds exhibit potent biological activities when put in
the right mixture (reviewed by Richards et al. 2016; Kessler and Kalske 2018).

So how do we measure mixture complexity? It is common to utilize ordination
to summarize spectral data, which can collapse a great deal of data on molecules,
fragments, and chemical features into a few factors that can be used as response
variables in statistical models or that can provide insight into attributes of the mix-
ture (reviewed by Dyer et al. 2018). An alternative is to use traditional entropy
measures of diversity. The term, “phytochemical diversity,” encompasses an emerg-
ing group of metrics that are useful for quantifying diversity of molecules and fea-
tures in a plant extract (B Fig. 2.7). One dichotomy to consider is that mixtures are
comprised of different structural complexities (based on unique features of
molecules, such as size, degree of oxidation, degree of unsaturation, number of
hydrogens, fraction of chiral centers, etc.) and distinct compositional diversities
(i.e. a compound is the unit of diversity) (Philbin et al. 2021). A full measure of
phytochemical diversity would both partition (i.e. calculate separately) as well as
combine (i.e. calculate overall mixture diversity) these attributes of phytochemical
diversity (Philbin et al. 2021). Understanding these aspects of phytochemical diversity
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son’s peak equivalents, D) for 22 Costa Rican Piper (Pipearaceae) shrub species (spectra from only
one species is depicted here) and used as a predictor of function (phototoxicity), herbivory, and
consumer diversity (Simpson’s species equivalents, D). Crude 'H NMR spectra reflect differences in
phytochemical diversity by capturing structural, compositional, and metabolic complexity. Arrows
are from a path analysis utilizing longterm caterpillar rearing data (Richards et al. 2015) — red arrows
denote direct negative effects and green arrows are positive effects with associated path coefficients
next to the arrows. Phytochemical diversity had substantive positive effects on toxicity and consumer
diversity and a large negative effect on herbivory

is central to hypothesis tests in chemical ecology and these metrics should be exam-
ined in the context of a number of important theories in chemical ecology, includ-
ing trophic interactions and coevolution, which are summarized below.

Because the tools of organic chemistry continue to develop greater resolution
and accessibility, it is entirely possible to focus on the effects of particular mixtures
of plant secondary metabolites on ecological interactions, and quantifying phyto-
chemical diversity is certainly feasible, provided that the research approach includes
fruitful collaborations with chemists. Herbivores, and higher trophic levels (Dyer
et al. 2018). This approach can expand the focus of ecologists and evolutionary
biologists beyond a particular compound, or crude measures of entire classes of
compounds. For example, Richards et al. (2015) utilized a 'NMR measure of
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phytochemical diversity to accurately predict overall diversity of herbivores, levels
of parasitism on those herbivores, and variation in the distribution of diet breadth
among herbivores. This focus on phytochemical diversity will facilitate under-
standing the evolutionary relationships between phytochemical diversity and bio-
diversity (see below), will provide rich insight into the origin and function of
secondary metabolites, and will help estimate the extent of phytochemical losses
that are part of the Anthropocene.

2.4 TrophicInteraction Theory and Chemical Defense

Plant secondary metabolites mediate ecological interactions from the smallest spa-
tial scales, such as localized shifts in chemistry within a plant due to a pulse in nutri-
ents, to larger scales, such as transfer of secondary metabolites across ecosystems via
leaching into waterways. The effects of phytochemicals on arthropods are also evi-
dent at diverse temporal scales, from the quick release of volatiles to attract insects,
to long term coevolutionary processes that are mediated by plant chemistry. Trophic
interaction theory includes analytical models (An et al. 1993), conceptual models
(e.g., plant defense theory, Stamp 2003), simulations (e.g., Puente et al. 2008), and
empirical tests of hypotheses about how plant secondary metabolites or specific
nutritional mixes of primary metabolites affect herbivores and enemies of those her-
bivores (reviewed by Burkepile and Parker 2017; Giron et al. 2018). The main
hypotheses relevant to chemically mediated trophic interactions are focused on spe-
cialization, sequestration, bottom-up trophic cascades, and interaction diversity, and
we provide brief working definitions here. Specialization can be simply defined as the
number of taxa consumed by an herbivore or secondary consumer, but definitions
can also correct for phylogeny or geographic scale. Sequestration refers to secondary
metabolites associated with insect tissue and can be casual (phytochemical mixtures
are found in the guts of herbivorous insects) or involve mechanisms for moving plant
compounds across the insect gut into the hemolymph or fat bodies. Chemically
mediated bottom-up trophic cascades consist of indirect trophic effects of changes in
plant chemistry (Dyer et al. 2004b) — for example increased defensive chemistry
could lower generalist herbivore abundances, which could negatively affect popula-
tions of specialist parasitoids. Trophic interaction diversity can be defined as the rich-
ness and relative abundance of direct and indirect links between plants, herbivores,
and natural enemies. There are a wide range of mechanisms by which cascades and
interaction diversity, and in turn, overall community diversity, can be affected by
phytochemistry, but sequestration of secondary metabolites provides a clear path-
way to affecting other trophic levels and entire arthropod communities.

The traditional view of plant-herbivore interactions is that insect herbivores
avoid, excrete, process, or sequester secondary metabolites, or those metabolites
may be toxic or otherwise affect the herbivore’s fitness. Any of these herbivore
responses potentially affect their physiology, population dynamics, competitive
abilities, and interactions with natural enemies. Although it is difficult to find much
generality in herbivore responses to plant chemistry, there is evidence that herbi-
vore responses are partitioned by diet breadth, with specialists being more likely to
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process or sequester and generalists more frequently avoiding or excreting more
toxic compounds (Dyer 1995). With respect to trophic interactions, sequestered
metabolites can negatively affect predators and parasitoids in the same way that
those metabolites negatively affect herbivores (Ode 2013), or sequestration can
have positive effects on parasitoids via disruption of encapsulation and melaniza-
tion or other anti-parasite responses (Smilanich et al. 2009a, b). According to the
safe haven hypothesis, specialist herbivores are more toxic to predators than gener-
alists, but as a result of that predator avoidance, specialists are a safe oviposition
choice for parasitoids and host higher numbers and diversities of parasites (e.g.,
Lampert et al. 2010; Dyer 2018). If these effects of chemistry on herbivores and
their enemies cascade up to affect a large proportion of consumer communities,
then well defended plant communities should be characterized by greater compart-
mentalization, more reticulate networks, and higher interaction diversity. These
bottom-up effects on arthropod diversity are more likely to occur if there are
greater abundances of specialist versus generalist herbivores and natural enemies,
as is the case for tropical forests. Consistent with this idea, both theoretical and
empirical data suggest that specialist herbivores in the tropics are locally more
abundant, while densities of generalists are higher at larger scales (Dyer et al. 2010;
Dyer et al. unpublished data).

Two other important hypotheses related to the chemical ecology of trophic
interactions is that herbivory can induce production of plant secondary com-
pounds, and that plants can produce volatile organic compounds (VOCs) to attract
natural enemies. Induced defenses have been reviewed extensively in multiple sub-
disciplines (e.g., for agriculture Olivoto et al. 2017) and are the subject of an inor-
dinate number of empirical studies (Dyer et al. 2018). It is hard to estimate the
importance of induced defenses, because the focus on many empirical studies has
been on critical p-values rather than estimating biologically meaningful effect sizes.
It is not surprising that disruptions to plant tissue, or any other stress to a plant,
will cause shifts in entire metabolic pathways or changes in concentrations of indi-
vidual compounds. It is not clear how much of a change is necessary for fitness
effects or other biologically meaningful consequences for plant or herbivore. VOCs
provide chemical cues that natural enemies use for locating herbivores (reviewed by
numerous authors, including Aljbory and Chen 2018) and clear effects on upper
trophic levels have been well documented, but primarily in agricultural and labora-
tory settings (Kersch-Becker et al. 2017; Kalske et al. 2019). Remarkably, natural
enemies can determine the number and types of herbovores present, which could
have substantial effects on tritrophic interactions, but it is not at all clear how
important VOCs might be in more complex systems, particularly complex net-
works such as the understory of a tropical forest. Like other aspects of chemically-
mediated plant-herbivore interactions, there is a lot to be learned about how
well-studied laboratory or greenhouse phenomena translate to affecting entire
communities or interacting networks of plants and arthropods.

Can variation in phytochemistry structure entire arthropod communities? It is
certainly true that changes in nutrient availability, which affect both primary and
secondary metabolism, are accompanied by striking differences in entire biotic
communities (reviewed by Dyer and Letourneau 2013). For secondary metabolites
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alone, some studies on with model systems have demonstrated that entire plant-
associated communities are in fact influenced by phytochemicals. For example,
higher concentrations of tannins in distinct genotypes of cottonwood trees (Populus
spp., Salicaceae) can support greater diversities of arthropods, but the mechanisms
are not well resolved (Martinsen et al. 1998; Wimp et al. 2007; Barbour et al. 2015).
Similarly, shifts in the saponin and sapogenin content of alfalfa (Medicago sativa)
plants were associated with large differences in arthropod diversity (Pearson et al.
2008), and some mechanisms underlying those changes have been documented in
laboratory experiments — most notably, increases in saponins contributed to cater-
pillar phenological changes that were detrimental to parasitoids (Dyer et al. 2013).
A goal of chemical ecology is to elucidate these connections, from processes such
as sequestration or production of VOCs to community level parameters, like inter-
action diversity.

2.5 Coevolution: Variation of Chemically Mediated
Interactions Over Space and Time

Coevolution, when interacting taxa exert, and evolve in response to, reciprocal
natural selection (Carmona et al. 2015), remains a centerpiece of chemically medi-
ated interaction theory since the concept was formally introduced by Ehrlich and
Raven (1964) using butterflies and their host plants as a model system for under-
standing “community evolution” and as one general mechanism for the diversifi-
cation of insects and angiosperms. Ehrlich and Raven’s concept of a
coevolutionary arms race between plants and herbivores, producing increases in
diversity of plant secondary compounds and adaptive radiations of interacting
taxa, has long been an important theoretical framework for studies in plant-ani-
mal interactions (Thompson 2005; Althoff et al. 2014). Coevolutionary processes
are predicted to yield high levels of consumer or mutualist specialization due to
trade-offs in physiological responses to unique phytochemistry among different
plant taxa. There is limited support for antagonistic pleiotropy in animal adapta-
tions to phytochemistry, which is expected to underly such trade-offs (Fry 1990;
Dyer 2011), but with new genomics approaches, it is possible to test carefully for
genetic trade-offs as constraints on the evolution of specialization (Gompert and
Messina 2016). Detecting these trade-offs is still a relevant goal of research on
plant-animal interactions and should be investigated with modern genomic and
chemical approaches.

Studies of geographic variation in the putative mechanisms responsible for
chemically mediated coevolution have steadily increased in recent decades. These
studies on the geographic mosaic of coevolution (Thompson 2005) have contrib-
uted to our understanding of processes that contribute to geographic variation in
phytochemistry and animal adaptations to that chemistry (e.g., Berenbaum and
Zangerl 1998; Hague et al. 2020; Dyer 2011). As a result, a great deal of literature
on chemistry and biotic interactions has focused on adaptations that are both
causes and consequences of coevolution, and these adaptations help shape interac-
tion diversity and other community parameters (Raguso et al. 2015). Furthermore,



30 Lee A. Dyer and Christopher S. Jeffrey

with respect to the causal relationships between biotic interactions and biodiver-
sity, broadly defined coevolutionary interactions between interacting parasites and
hosts and interacting mutualists may have generated a significant portion of exist-
ing biodiversity. Coevolutionary adaptations that have shaped chemically medi-
ated biotic interactions include production of toxic or deterrent phytochemical
mixtures, feeding specialization of animals on plants with specific mixtures of
compounds, detoxification or sequestration of secondary metabolites, phytochem-
ical attractants to predators and parasitoids, and antennal or ovipositor sensilla
sensitive to specific compounds and mixtures (e.g., Zacharuk 1980; Agrawal et al.
2012). Chemical ecology research on geographic variation in coevolutionary plant-
herbivore interactions has great potential to increase our understanding of the pro-
cesses generating and maintaining phytochemical variation across the landscape.
A remaining challenge for studies of chemically mediated plant-animal interac-
tions is to establish the link between microevolutionary processes driving coevolu-
tion and macroevolutionary patterns of biological diversification (Althoff et al.
2014). Modern phylogenetic comparative methods can allow for hypothesis tests
about how chemical traits have evolved within plant lineages, allowing for insights
into the evolution of plant insect interactions. In particular, new modeling
approaches can provide estimates of phylogenetic signal (e.g., Pagel’s A> or
Blomberg’s K?) versus trait lability across plant species. Clear phylogenetic signal
may be pronounced for some of the broad compound classes reviewed above, such
as subclasses of alkaloids, while lack of phylogenetic signal might be expected for
features that contribute to structural complexity and are detected via spectroscopy.
Many suites of features may evolve convergently if they are effective in deterring
herbivores or attracting pollinators. It is likely that chemical traits that vary sub-
stantially among related species might be influential in current ecological
interactions. In contrast, strong signal and positive correlations among different
compounds could be due to either metabolic constraints or possible adaptations
via synergistic (e.g., Richards et al. 2016) or other mixture defensive attributes.
Another macroevolutionary pattern could be characterized by negative correla-
tions in chemical traits across related species, which could be indicative of a bio-
synthetic or evolutionary tradeoff between traits — for example, one might expect
negative correlations between kavalactones and p-alkenylphenols in Piper species.
These compounds are synthesized via a shared biosynthetic pathway with a branch
point, where one chain extension pathway from cinnamic acid or coumaric acid
canyield the long-chain lipophilic substituent characteristic of the p-alkenylphenols,
and an alternative chain extension pathway conserves oxidation states through the
chain extension process to produce lactones through cyclization reactions. Both
positive and negative correlations have been uncovered among chemical traits (e.g.
Johnson et al. 2014; Karinho-Betancourt et al. 2015) after accounting for evolu-
tionary distances among species, but examining the evolution of spectroscopic fea-
tures and mixtures of compounds is more likely to provide insight into long-term
evolutionary changes in plant chemistry and their relationships to animal adapta-
tions. Finally, estimates of heritability and degree of plasticity for individual traits
and for measures of mixture complexity, such as structural diversity, are necessary
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for better understanding macroevolutionary patterns. Highly plastic chemical
defenses could obscure any phylogenetic comparative methods, and while a fair
number of studies have estimated heritability for individual compounds (e.g.,
Baghalian et al. 2010; Bresadola et al. 2019), this has not been accomplished for
any measures of mixture complexity or suites of features or compounds.

2.6 Novel Approaches to Chemical Ecology
and Statistical Inference

Many tests of hypotheses related to coevolution and chemically mediated trophic
interactions require analysis of very large datasets derived from field observations,
experiments, and comparative analytical chemistry. There are a number of hurdles
that prevent generating high quality data and good hypothesis tests, including the
lack of availability of pure compounds, a dearth of characterizations of full phy-
tochemical phenotypes of plant species or individual plants, a reliance on outdated
or crude methods, (e.g., colorimetric measures of total phenolics), and the overuse
of old statistical approaches (e.g., principle components analysis). There are easy
solutions to these issues, and collaborating with chemists and statisticians can
facilitate such solutions with benefits to multiple fields of investigation. For exam-
ple, a synthesis approach to acquiring pure compounds for experiments or stan-
dards involves examining metabolite transformation in vitro, allowing for thorough
exploration of biosynthetic hypotheses and the potential chemical space of natural
products. One notable addition to the chemical ecology toolbox that requires a col-
laborative approach is the rapid advancement of non-targeted metabolomics
approaches (e.g., Richards et al. 2018) that are now being applied to ecological
systems, replacing single or multi-component targeted approaches, and this is
accompanied by enhanced metrics of phytochemical diversity (Matsuda et al.
2011; Wetzel and Whitehead 2020; Philbin et al. 2021). Full reviews of the many
advances in approaches to isolation, synthesis, and structure determination are
beyond the scope of this chapter but are summarized in a recent review (Dyer et al.
2018 and supplements to that paper). It is clear from this review (and references
therein) that the need for diverse metabolic libraries is increasing, especially as
plant diversity and phytochemical diversity rapidly decline due to global change;
furthermore, synthesis, isolation, structure determination, and resolution of bio-
chemical pathways are clear priorities for research on ecological phytochemistry.
Using these approaches, it is possible to determine the biological function and
metabolic fate of individual compounds and natural mixtures, allowing for rigor-
ous hypothesis tests in chemical ecology (B Fig. 2.8).

Similarly, modern mathematical, computational, and statistical models are
indispensable tools for chemical ecology — it is exciting to move beyond old null
hypothesis testing frameworks and to explore more sophisticated modeling
approaches, including advances in statistical, predictive analytical, or simulation
models (e.g., DeAngelis and Yurek 2017; Rangel et al. 2018). These approaches can
shape our understanding of mechanistic processes relevant to chemically mediated
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B Fig.2.8 Novel approaches to studying chemically mediated biotic interactions merge natural his-
tory, field and mesocosm experiments, modern spectroscopic analysis, recent statistical advances, and
detailed chemical studies to provide molecular resolution at ecologically relevant scales. Specifically,
ecological methods yield harvested plant or insect tissues that are extracted and examined with spec-
troscopy, such as NMR and MS methods coupled with a myriad of sources. Raw spectroscopic data
can be analyzed using a number of new approaches, including powerful multivariate approaches,
machine learning, and network analyses, depicted here. Nodes from those networks can be used as
variables in statistical analyses to examine relationships with associated ecological data. These meth-
ods, accompanied by accurate molecular annotations can lead to the discovery of molecules, insight
into coevolutionary associations, and greater understanding of biological functions

interactions and coevolution and can stimulate new hypotheses. Once appropriate
quantitative and conceptual models have guided research in chemical ecology,
options for statistical analyses are myriad — the toolbox for analysis of large
amounts of spectroscopic data generated from crude extracts or solvent fractions
continues to grow rapidly (Dyer et al. 2018). The most important methods for sta-
tistical analysis that will help push chemical ecology forward include combinations
of traditional multivariate generalized linear models, hierarchical Bayesian mod-
els, Bayesian analyses using informative priors, novel ordination methods, network
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analyses, machine learning approaches, and artificial intelligence (e.g., Dobson and
Barnett 2018; Bohan et al. 2017; McElreath 2020). Several recent reviews focus on
these approaches for ecology and chemical ecology (Humphries et al. 2018; Dyer
et al. 2018 — supplemental materials, Christin et al. 2019).

It is becoming more common to employ weighted networks (Horvath 2011) to
analyze spectral data and construct a network — for example with nodes that are
binned chemical shifts from 'H-NMR and edges that are determined based on the
correlations between the chemical shifts (Richards et al. 2018). Therefore, chemical
shifts that co-vary across samples are more connected, and highly connected
chemical shifts can be organized into modules, which can correspond to distinct
subpopulations of a plant species, individual plants from experimental treatments,
or different species of pollen collected from pollinating insects. Calculating eigen-
vectors allows one to examine correlations between modules and the individual
samples collected from the field or from experiments. This method can be validated
with artificial mixtures of known compounds and extracts from plant species with
known chemistry (Richards et al. 2018). One advantage of these methods is that
they can produce detailed insight into chemical features (e.g., modules from the
networks) that are associated with plant subpopulations, experimental treatment
level combinations, or other samples. Similarly, MS/MS-based molecular network-
ing can be employed using cosine similarities between spectra based on differences
in relative intensities of all fragment ions and the difference in masses of the parent
ions between two spectra. In these networks, each node is a parent ion mass and the
edges represent the cosine score between the two corresponding spectra. This
approach can be used to characterize molecular similarities among samples from
the field or from experiments and also provide useful information about functional
differences or the presence of structurally novel metabolites. This approach has
been used to link bioactivity, genomic, metabolomics, and transcriptomic datasets,
allowing for inferences about links between genetic variation, chemical novelty,
and ecological relevance (e.g., Kurita et al. 2015).

It is clear that the machine learning, artificial intelligence, and deep learning
methods mentioned above have great potential to transform approaches to under-
standing complex phytochemical mixtures and their effects on interactions. For
example, convolutional neural networks (CNN) provide a powerful method for
handling large data outputs from nontargeted metabolomics or combined -omics
datasets (Brodrick et al. 2019; Zhu et al. 2020). Generally, the CNN method
involves developing algorithms that can automatically extract discriminant fea-
tures from big data without human involvement. This is an improvement over stan-
dard ordination (PCA, NMDS) or Support Vector Machine (SVM) analyses, that
feature extraction and preprocessing steps that require user iterations and are time-
consuming. The possibilities for linking these and similar approaches to advances
in organic chemistry are exciting and will contribute to leaps in progress in studies
of chemically mediated interactions.
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Conclusion

Three related questions that have produced rich theory or could eventually contrib-
ute to understanding how phytochemicals mediate biotic interactions are: what are
the precise metabolic pathways by which plants produce high diversities of secondary
metabolites, how does that diversity function to mediate biotic interactions, and how
much phytochemical diversity is being lost in the Anthropocene? Recent advances in
theory and recent methodological improvements will contribute substantively to
answering these questions. A strong theoretical framework for trophic interactions,
coevolution, and other topics in the realm of chemical ecology is well established,
but what we lack are empirical data, modern approaches to hypothesis testing, and
an influx of creative statistical and mathematical models. Do we lack new ideas? Not
so much. Really, none of the existing theories or hypotheses in chemical ecology
are at a point where major portions could be rejected outright or labeled as “dead”
(Rausher 1988; Hamilton et al. 2001). A focus on these well-established theories,
using high quality empirical data, modeling, and quantitative synthesis will con-
tribute to answering the pressing question of what we are losing as we destroy plant
chemistry and biotic interactions across all ecosystems in the Anthropocene.

Key Points

== All plants have complex mixtures of secondary metabolites that can function as
defenses, attractants, or physiological regulators, and chemical ecologists must
determine how to characterize and study these complex mixtures and how they
affect other organisms.

== Effects of plant chemistry can cascade up through their direct effects on interact-
ing animals to affect entire biotic communities.

== The amount of phtyochemical diversity being lost in the Anthropocene is
unknown and probably will never be known.

@ Questions
== What factors drive the variation of phytochemicals in time and space and how
does that variation affect mutualists, parasites, and competitors?
== What are the physiological and ecological costs to plants of phytochemical
defenses?
== How do phytochemicals affect interactions between plants and animals at the
community level?
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@ Learning Objectives
1. What are escape traits and how they differ from other resistance mechanisms.
2. Several types of escape traits exhibited by plants.
3. The evidence and relative importance of each escape trait.
4. The challenges and benefits of studying all resistance traits combined.

3.1 Introduction

Traits that contribute to the success of plants in the presence of herbivores and
pathogens (hereafter herbivores) are called resistance traits (Boege and Marquis
2005; Agrawal et al. 2006). Traditionally, resistance has been considered to have
two major components, defense and tolerance. Defense traits are those that reduce
the amount of tissue loss to natural enemies once the herbivore has encountered
the plant. Some plants, once found, will have a combination of defense traits that
result in high levels of tissue loss, while other plants will have a combination of
defense traits that might result in little or no tissue loss. These defense traits can
either be direct (directly mediating the interaction between the plant and the herbi-
vore, typically secondary compounds, nutrient content of tissue, architecture, and
physical characteristics of the tissue) or indirect (mediating the interaction via
impacts of the third trophic level on the herbivores) (Pearse et al. 2020).

Plant tolerance traits reduce the impact of herbivores on plant fitness subse-
quent to tissue loss, that is, after the herbivores have consumed plant tissue.
Given equal amounts of tissue loss, plants that are able to grow more and pro-
duce more seeds following attack would be considered to be more tolerant of
herbivore attack. Mobilization and allocation of stored resources, activation of
meristems, and up-regulation of photosynthesis are common mechanisms by
which plants can recuperate fitness following tissue loss (Strauss and Agrawal
1999; Stowe et al. 2000).

There are plant traits, however, that influence whether plants are found initially
by their herbivores (escape in space), and when found, whether the plants are in a
vulnerable state (escape in time). These traits can be classified as a third component
of resistance, called escape. Plants escape in space if their herbivores cannot find
them. Most herbivore species have a relatively small list of plant species from which
they will feed. Even species with long lists of potential host plants may feed on only
a few species at any one location or at any one time (Vidal et al. 2020). Thus both
generalist and specialist herbivore species alike must find their individually pre-
ferred host plant species. Plants can also escape in time. Herbivores must not only
find their host plants, but they must find them when they are palatable. Most plants
go through developmental changes at the whole plant level as they grow, shifting
allocation to defenses that influence palatability (Boege and Marquis 2005; Barton
and Koricheva 2010; Boege et al. 2011). In addition, individual plant parts, leaves
in particular, also change dramatically in toughness, nutrient composition, pubes-
cence, and defense compound concentration as they age (e.g., Coley 1983a; Kursar
and Coley 2003).
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We define escape traits as those traits that decrease the likelihood that an herbi-
vore will find an otherwise consumable plant in space or time. We would predict
that any traits that decrease the ability of the herbivore to find its host plant in
space and time would be selected for, and thus increase in frequency in the plant
population. We argue that escape is a component involved in plant-herbivore inter-
actions separate from defense and tolerance but like defense and tolerance, con-
tributes to the success of the plant in the face of herbivore pressure. Escape traits
are quantifiable and have a heritable basis, and their impact on plant fitness can be
quantified. Many if not all the traits we discuss in this chapter are recognized as
contributing to the success of plants in a world of herbivores, by mediating plant-
herbivore interactions. There has been, however, no formal discussion of escape as
integral to the impact of herbivores on plant fitness, and therefore integral to the
evolution of plants. The first goal of this chapter is to bring together a disparate
literature on plant traits that reduce the ability of herbivores to find their host
plants or to find them when they are most vulnerable. The second goal is to provide
an example of how to measure the three components of plant resistance to herbi-
vores, and to quantify their independent contribution. The third goal is to suggest
how escape might be used in agriculture, in conjunction with more traditional
approaches focusing on defense and tolerance, to reduce pest pressure. The fourth
goal is to describe how escape may contribute to biodiversity maintenance in com-
munities. The overall intended result is a more thorough understanding how herbi-
vores influence the ecology and evolution of plants, their associated plant
communities, and their attendant food webs.

3.2 History of the Concept

Feeny (1976) was the first to write of plant apparency as an explanation for why
short-lived herbaceous plant species might differ in their defense profiles from
long-lived woody plant species. He suggested that small, ephemeral, annual herbs
might escape discovery from their specialist herbivores. He contrasted these annu-
als with trees, which would be readily apparent to their herbivores because they
were large, and long-lived, occupying one spot for many generations of their insect
herbivores.

Importantly, these differences in apparency were proposed to have conse-
quences for defense (Feeny 1976; Rhoades and Cates 1976; see also Stamp 2003;
Agrawal et al. 2006; Strauss et al. 2015). Feeny (1976) proposed that apparent
plants would be defended by qualitative defenses, and unapparent species by quan-
titative defenses. He suggested that highly apparent plants are more likely to suffer
continuous herbivore pressure, and that selective pressure would give rise to gener-
alized defenses that are most effective at increasingly higher concentrations. In con-
trast, unapparent plants presumably suffer less herbivore pressure because they are
less likely to be found. If found, their defense compounds would be effective at low
concentration, toxic to all but a few specialist herbivore species. In his example,
Feeny (1976) chose annual species of Brassicaceae to represent plants of low appar-
ency. They are defended by glucosinolates, which prevent feeding by most species
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of potential herbivores. As such, they are deterrents at low concentrations against
all but a few very specialized species. In contrast, Feeny chose trees of the genus
Quercus (Fagaceae) to represent plants of high apparency. Because they are likely
to be found by their herbivores, due to their size and their longevity (i.e., they are
easy to find and will be in one place for a long time), they have evolved phenolics
that are most effective at relatively high concentration.

The apparency hypothesis has been criticized in the most recent extensive review
of the plant defense theories (Stamp 2003, but see Agrawal et al. 2006), as not able
to explain broad patterns of plant defense. Two more recent reviews of the rela-
tionship between apparency and defensive chemistry also found a general lack of
correlation (Endara and Coley 2011; Smilanich et al. 2016), particularly calling
into question the quantitative-qualitative dichotomy of defense (Smilanich et al.
2016). But what of the traits themselves that confer “non-apparency”, that is,
escape!? Implied in Feeny’s discussion is that plant size, and possibly timing of
activity, are both important. Since then, researchers have suggested that there are
two components of escape: escape in space and time (Kogan 1986). Since the initial
discussions in the 1970’s, thousands of papers have been written on plant-herbivore
interactions. These studies provide additional mechanisms, and tests of those
mechanisms, that might lead to escape from herbivores. In addition, we have
learned much about the mechanisms by which herbivores find their host plants
(» Box 3.1). Here we describe what can be gathered from the literature about traits
that might contribute to escape.

Box 3.1 How Do Herbivores Find Host Plants?

Herbivorous insects use several sensorial organs to find their host plants, including
vision, smell, and hearing, and specific organs to sense vibration (Hilker and Meiners
2008). However, the olfactory system is the most important sense used by non-
vertebrate herbivores to perceive the chemical compounds emitted by host plants
(Kessler and Heil 2011). Chemicals emitted by plants can be volatile or not, and they
are usually complex blends that vary depending on the producing species and taxo-
nomical group (Knudsen et al. 2006). Furthermore, different species of herbivores
sharing the same host plant often use distinct chemical cues to find their host. For
example, while Papilio polyxenes butterflies use a combination of glycosides and
chlorogenic acids produced by one of its host plants, Daucus carota, as cues for ovi-
position (Brooks et al. 1996), the carrot fly, Psila rosae, uses phenylpropenes and
polyacetylenes as oviposition cues (Degen et al. 1999). Some volatiles indicate that a
plant is a potential host, while others signal that it is a non-host (Bruce and Pickett

>

1 Although ‘apparency’ was first used to describe the concept, we choose to use the term ‘escape
as the umbrella term. We prefer “natural selection for escape traits contributes to reduced her-
bivory”, rather than the awkward wording of “natural selection for non-apparency traits contrib-
utes to reduced herbivory.” As a result, a similar language construction results for all three
components of resistance: the evolutionary response by plants to natural selection by herbivores
leads to the evolution of traits that increase escape, increase defense, and increase tolerance.
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2011). Visual stimuli are also used by some herbivores (Prokopy and Owens 1983),
especially vertebrates, although some insect herbivores such as flies have well-
developed visual systems, able to distinguish colors and even UV (Heisenberg and
Buchner 1977). In natural conditions, however, most herbivores likely use more than
one sensorial organ to search for and select hosts (e.g., Stutz et al. 2017). For example,
Battus philenor butterflies use leaf shape and chemical stimuli information to select
host plants on which to oviposit (Papaj 1986). The Delia radicum fly integrates dis-
tinct senses. as it approaches the host plant it relies on visual cues, but after arrival,
it uses chemical and mechanical cues to decide if the host is appropriate, and in a
positive case, to find a suitable place to oviposit (Nottingham 1988).

3.3 Escape Traits

Our goal here is to review the gamut of plant traits that contribute to the inability
of the herbivore to find its host plant, or to find it when it is palatable. A large body
of experimental data, starting with Root (1973) and onward, demonstrates that
plants can escape in space (for example, see reviews by Trenbath 1993; Agrawal
et al. 2006; Underwood et al. 2014), and in time (e.g., Valdés and Ehrlén 2017). In
some cases, this escape is due to the vegetation context in which a plant is found,
leading to associational resistance (Barbosa et al. 2009; Kim 2017). Here we focus
on specific traits of the plants themselves that lead to escape. Most plant traits that
contribute to escape can be classified into one of these six categories. An exception
might be underground flowering, proposed as an adaptation to escape above-
ground herbivores (Rausher and Feeny 1980). We focus on terrestrial plant-
herbivore systems, although certainly the same processes occur in freshwater and
marine systems (e.g., Hay 1984; Rengefors et al. 1998).

Predictability in space: adaptation to ephemeral habitats Feeny (1976) proposed that
plant species that are predictably found in space would suffer greater herbivory than
less predictable species (see also Rhoades and Cates 1976, Chew and Courtney 1991).
For example, species that are adapted to grow only in ephemeral habitats (e.g., animal
disturbances, light gaps in forest canopies) are more likely to escape herbivore attack
than species adapted to grow in more permanent habitat types. The lack of predict-
ability arises from the habitat being relatively short-lived and unpredictable in space.
The Platte thistle, Cirsium canescens, occurs in greatest density in temporary washes
or blowouts in prairie (Louda et al. 1990). Consistent with the idea that these distur-
bances are unpredictable in space, vertebrate-caused mortality of seedlings of this
species was lower in wind-caused disturbances compared to undisturbed prairie
(Louda et al. 1990). In a Panamanian forest, Coley (1983b) hypothesized that if
Feeny is correct, herbivory levels from one time to the next would be more variable in
Cecropia insignis (Moraceae), a light gap specialist, than in Trichilia cipo (Meliaceae),
a shade tolerant, closed forest species. Coley found equally variable levels of insect
damage in the two species. At this time, the support for this mechanism of escape is
not very strong.
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Predictability in time: phenology Here, escape occurs when herbivores find the plant
but the entire plant or parts of it are not vulnerable (e.g., all leaves are mature) or are
unavailable (e.g., flowers not available for florivores). Individual plant species
(Wiklund and Friberg 2009) and individual plants (Fogelstrém et al. 2017) can escape
attack by flowering before herbivores are active. The same is true for leaf flushing.
Larvae of Operophtera brumata on Quercus robur must be active when young leaves
are available. If they hatch from eggs too soon, then no leaves are available. If they
hatch too late, the leaves are too tough, low in nitrogen and water, and high in pheno-
lics (Feeny 1970). Experimental studies that manipulate temperature in which woody
plants and their spring-feeding caterpillars develop show this to be a common phe-
nomenon in temperate forests (Schwartzberg et al. 2014; Abarca and Lill 2015;
Kharouba et al. 2015; Foglestrom et al. 2017; review by Bale et al. 2002).

In wet to seasonally wet neotropical forests, mature leaves of shade-tolerant
tree species are well-defended against most insect herbivores (Coley 1983a). The
vulnerable stage is when leaves are expanding (Coley 1983a; Coley and Barone
1996). Aide (1993) showed that for 10 tree species, individual plants that produced
leaves at the peak of conspecific leaf production suffered significantly less damage
than individuals producing leaves in the non-peak. These results together suggest
that plants can escape their herbivores by leafing out when the rest of the popula-
tion is doing the same, and that satiation of herbivores during the peak is the mech-
anism by which most leaves escape (Calderon-Sanou et al. 2019). Season is also
important, as leaves produced during the tropical dry season suffer less damage
than those produced in the wet season (Aide 1988, 1992; Murali and Sukumar
1993). Augspurger (1981) demonstrated the importance of timing experimentally
by manipulating flowering and fruiting time in Hybanthus prunifolius via watering
to cause plants to flower and fruit outside of the main peak of the species. Watered
(asynchronous) plants were more heavily attacked by seed predators than were
control (synchronous) plants.

Masting is a multi-annual pattern of flowering and fruiting, hypothesized to be
an adaptation to escape seed predators. Kelly and Sork (2002), in their meta-
analysis, found evidence that both seed predator satiation and adaptation to cli-
mate (specifically rainfall) have influenced the evolution of masting. A study
conducted by Calder6én-Sanou et al. (2019) found that leaf herbivory on Quercus
costaricensis decreased at higher densities of seedlings and that seedling survival
increased 5-8% after a masting event. Other adaptive scenarios for specific timing
of reproductive events (e.g., taking advantage of light and water availability) may
be more relevant than adaptations to herbivory (e.g., Chaves and Avalos 2006).

Stature The larger the plant, the more likely it is to be encountered by its herbivores,
a hypothesis originally proposed by Feeny (1976). In an early test of this hypothesis,
Rausher (1981) demonstrated that as the surrounding native vegetation increased in
height across a season, plants of Aristolochia reticulata were less likely to be found by
adult females of the specialist Battus philenor, which search for host plants by flying
above the vegetation. There was no seasonal change in the probability of escape from
searching caterpillars, which search by traveling along the ground. Thus, the effect of
decreasing size on escape is at least partially dependent on the height and density of
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the surrounding vegetation and the searching behavior of the herbivore, as influenced
by herbivore ontogeny. Unfortunately, we do not have measures of the height of indi-
vidual plants in this study. This information would allow us to know how a plant’s
height might have affected its susceptibility to discovery and subsequent oviposition
by searching females.

There is a system that does provide strong support for the stature hypothesis.
Solidago altissima is attacked by two gall makers of the main stem, the tephritid
galler Eurosta solidaginis and the gall midge Rhopalomyia solidaginis (Wise and
Abrahamson 2008; Wise 2009). Some genotypes of this herbaceous perennial have
a bent terminal stem (the “candy-cane” trait) while growing up through the sur-
rounding vegetation. During development, bent terminal stems are 36% shorter
than straight stems, but reach the same height at maturity. Such candy-cane stems
were 30% less likely to be galled by by E. solidaginis and 50% less likely to be
attacked by R. solidaginis (Wise and Abrahamson 2008). Both this system (Wise
et al. 2009) and the Aristolochia system (Rausher 1981) demonstrate the need for
careful experimentation that distinguishes the impact of the individual plant traits
from the effect of the surrounding vegetation (i.e., associational resistance and
associational susceptibility) on plant escape from its herbivores.

Size per se may not be the ultimate cause for greater attack, given that any num-
ber of influential factors may be correlated with plant size. Larger plants of Pastinaca
sativa are more heavily attacked by the parsnip webworm, Depressaria radiella (for-
merly D. pastinacella), but this vulnerability is tied more to the number and timing
of production of inflorescences, the food source of the webworm (Thompson and
Price 1977; Thompson 1978). Larger plants of Cardamine pratensis escape attack by
Anthocharis cardamines because their large size allows them to flower early, before
ovipositing females begin their activity (Fogelstrom et al. 2017). Thus, the effect of
plant size may be tightly correlated with plant phenology, and the impact of phenol-
ogy on escape, but not in predictable ways or always by the same mechanism.

Mimicry Leaf mimicry in plants (Wiens 1978) occurs when leaves of one species of
plant are similar in shape to that of an unrelated species. Herbivore pressure is often
invoked as an adaptive explanation. Mimicry would allow the mimicking species to
escape its herbivores by looking like a model species whose chemistry would be sig-
nificantly different, making the plant seemingly unpalatable. For example, selection
by possums has been suggested to explain similarity in leaf shapes between mistletoes
(epiphytic hemiparasites in the Loranthaceae) and that of their host Eucalyptus tree
(Barlow and Wiens 1977). Divergence of leaf shape in Passiflora resulting in mimicry
of distantly related plant species has been suggested as an adaptation to escape ovi-
position by visually orienting Heliconius butterflies (Gilbert 1980). Gilbert (1980)
took this a step further to suggest that the number of Passiflora species that could
co-occur in a given location was limited by the number of non-Passiflora species
found in a location that could serve as models. Perhaps the most remarkable example
of leaf mimicry is that of the vine Boquila trifoliolata, which mimics the host plant on
which it climbs, changing leaf shape with different host species (Gianoli and Carrasco-
Urra 2014). Vines growing on other plants have reduced herbivory compared to free-
standing plants, and plants growing on leafless stems.
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Other cases of mimicry could also engender escape. Portions of plant parts that
mimic eggs dissuade oviposition by searching females (Shapiro 1981a, b; Williams
and Gilbert 1981; Lev-Yadun 2016). Females avoid ovipositing on a plant already
containing eggs to avoid competition or cannibalism by caterpillars soon to hatch
from the “eggs” (Williams and Gilbert 1981). The amount of white variegation on
leaves of the tropical forest aroid Caladium steudneriifolium, is variable from plant
to plant, and appears to mimic damage by leaf miners (Soltau et al. 2009).
Experiments demonstrate that artificial white variegation reduces leaf mining from
7.9% of leaves in control, naturally non-variegated leaves to 0.4% in painted exper-
imental leaves (Soltau et al. 2009).

Background matching Blending in with the background vegetation and/or substrate
may increase the likelihood that a plant could escape its herbivores (Strauss and
Cacho 2013; Strauss et al. 2015; Niu et al. 2018; Cacho and MclIntyre 2020, and refer-
ences therein). Blending in (or crypsis) could come about chemically by reducing
volatile emissions, or visually. The former does not seem to have been studied, but
there have a few studies of visual background matching. Strauss et al. (2015) pre-
dicted damage should be more variable in plants adapted to blend in with their envi-
ronment than those that are not. This is because cryptically colored species are less
likely to be found, but if found, will suffer more damage because of selection to
reduce defense. This hypothesis harkens back to the apparency hypothesis of Feeny
(1976; see also Coley 1983b). Strauss and Cacho (2013) manipulated the substrate of
naturally occurring Streptanthus breweri and found that plants in mismatching back-
grounds had 8% more leaf damage than control plants. Nonetheless, in a more recent
study, Strauss et al. (2015) measured 300-700 nm reflectance patterns of various
plant species and their associated microhabitat in New Zealand and California (USA)
rocky, open habitats. They then classified plants as either blending in or not based on
the similarity in reflectance between plant and background. Species classified as
background matching received 7X more damage than did non-matching species. This
is consistent with the prediction of greater defense in the latter species. However,
there was no evidence of greater variability in damage among individuals of the for-
mer species, suggesting that they are not more likely to escape detection.

Strong tests of the background-matching hypothesis are difficult to conduct.
Exceptions include that by LoPresti and Karban (2016), who tested whether sand
trapping of sticky stems and leaves of Abronia latifolia decreases herbivory. They
found that the presence of sand reduced herbivory, but that the color of supple-
mented sand had no effect. The authors suggested sand does not decrease the like-
lihood of discovery but perhaps acts as a physical deterrent to herbivores once they
encounter the plant. Seeds of numerous plant species are covered in mucilage that
traps soil particles (LoPresti et al. 2019). LoPresti et al. (2019) found that this soil
covering reduced predation by ants in 48/53 plant species tested, but again there
was no evidence for a crypsis effect.

Dispersal Dispersal of seeds away from the parent plant, sometimes in combination
with colonization of particular sites with higher likelihood of survival (directed dis-
persal), is hypothesized as an adaptation to escape natural enemies (Howe and
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Smallwood 1982; Wenny 2001). Numerous experimental and observational studies
demonstrate that dispersal of seeds away from the parent plant increases the likeli-
hood of escape from distance and density-responsive seed and seedling herbivores,
including pathogens (the “Janzen-Connell effect”, see reviews by Clark and Clark
1984; Hyatt et al. 2003; Terborgh 2015). Depending on the behavior of the disperser,
seeds may be dispersed non-randomly without regard to distance from the parent
plant. This is directed dispersal. These non-random locations may represent increased
likelihood of escape from natural enemies. Wenny and Levey (1998) showed that
seeds of Ocotea endresiana taken by three-wattled bellbirds (Procnias tricarunculata)
were more likely to be dispersed to light gaps, and if so, the resulting seedlings were
more likely to escape attack by pathogens in light gaps compared to shaded forest
understory.

Directed dispersal, if resulting in lowered herbivory, can have implications for
maintaining plant species richness. Salazar et al. (2013) studied the impact of
directed seed dispersal by bats on the coexistence of Piper shrub species in a Costa
Rican wet forest. Piper seeds are dispersed by bats who often defecate those seeds
as they leave their roosts. The roosts are empty trunks of large trees. Salazar et al.
(2013) found that stands of mixed species of Piper near to real and artificial bat
roots suffered less herbivory and were more species rich than stands near randomly
chosen large trees without a bat roost. This result is consistent with the hypothesis
that directed dispersal from bat roosts leads to the local accumulation of Piper spe-
cies due to reduced herbivory.

3.4 Research Plan

Establishing that a particular plant trait contributes to the success of a plant in the
presence of herbivores is a difficult undertaking (Erb 2018). To do so for the entire
suite of traits that might contribute to plant resistance to herbivores would be a
daunting task. Nevertheless, to achieve a more complete understanding of the
plant trait under selection by herbivores, it would be important to know which
plant traits are under selection. If there are no ecological, allocation, or genetic
tradeoffs among traits (e.g., a trait that contributes to escape versus one that con-
tributes to defense), ignoring escape traits simply means the picture is incomplete
for understanding the full set of traits contributing to plant success in the presence
of herbivores. If tradeoffs occur in one form of resistance versus another (e.g.,
Heschel and Riginos 2005; Franks 2011), ignorance or omission of one subset of
traits would result in misinterpretation of the range of evolutionary responses
available to the plant. Escape and defense, in particular, are likely to interact.
Studying a group of 55 shade-tolerant species from 39 genera and 24 families,
Kursar and Coley (2003) found that although the leaves of fast-growing plants are
vulnerable to herbivores for only brief periods, they are less chemically defended
and thus suffer higher damage from herbivores.

Two approaches can be taken to understand how escape traits contribute to
plant success relative to defense and tolerance traits. The first is to compare multi-
ple species with the presumption that the species will vary along these three axes
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(escape, defense, and tolerance). Given a relatively large sample of species, analyses
should be able to determine the relative contribution of each set of traits for each
species, and how these species vary in resistance strategies (see Moreira et al. (2020)
and references therein, for a similar approach, but only for defense traits). The
second approach is to specifically choose genotypes within a species that vary in
the relevant traits, or to modify the phenotype through selection (e.g., Stowe and
Marquis 2011) or genetic engineering (e.g., Bergelson et al. 1996; Erb 2018). The
environment of these genotypes can then be manipulated in a replicated design to
test the relative contribution of the traits to plant success. We describe two litera-
ture examples (Norghauer et al. 2014, Endara et al. 2017) that take the first
approach, and then propose an experimental setup as an example of the second.

Multi-species comparisons Endara et al. (2017) sought to determine which plant
traits determine attack of 33 species of the tropical genus Inga (Fabaceae) by three
clades of Lepidoptera herbivores. They found that both timing of leaf production
and production of amines predicted attack by Erebidae caterpillars. Specifically,
plant species that did not produce leaves at the beginning of the wet and dry seasons,
and those that did not produce amines were less likely to be attacked by caterpillar
species in the Erebidae. Thus, both escape and defense traits influence attack in this
system.

To date, there has been a single study that has considered all three components
of resistance, via an interspecific comparison (Norghauer et al. 2014). The research-
ers contrasted attack on seedlings of three tree species of Fabaceae. They found
that all three components (escape, measured as distance from parent trees; defense,
measured as nutrient and total phenolic content of leaves; and tolerance, regrowth
following experimental removal of leaves) contributed to the success of the three
species. Furthermore, the relative importance of each component varied by tree
species. This relative contribution was correlated with the shade-tolerance of the
species. The least shade tolerant species relied on escape and tolerance, while the
most shade tolerant species relied on defense. The third species was intermediate
between the two.

Experimental comparison of genotypes/phenotypes within a species The best sys-
tems to study the relative importance of escape, defense, and tolerance within a spe-
cies are ones in which the candidate traits for each type are known. The general
experimental plan would be to expose different plant genotypes that vary in relevant
resistance traits to herbivores. Measuring seed production by each of these genotypes
would then reveal the relative contribution of each trait to the fitness of the plant in
the face of herbivore attack. We have chosen the wild parsnip (Apiaceae: Pastinaca
sativa) and the parsnip webworm (Depressaridae: Depressaria radiella) system in
North America, as an example (B Fig. 3.1). The plant is an herbaceous biennial,
producing a single flowering stalk from a rosette of basal leaves. The insect is a spe-
cialist on the host plant, attacking developing and mature flowers, and maturing but
not mature seeds. Flowers are clustered in umbels, of which the primary umbel is the
first to flower and contains the most flowers. The primary umbel sits at the terminus
of the main stalk, and contains only hermaphroditic flowers. Side branches of the
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B Fig. 3.1 The Pastinaca-Depressaria system: a roadside population in River Falls, WI, USA; b
primary inflorescence with a D. radiella larva under silk webbing; ¢ unattacked plant showing posi-
tions of the primary (1), secondary (2), and tertiary (3) inflorescences; d terminal inflorescence after
being attacked, and the caterpillar has completed its development; e tertiary (all male flower) inflores-
cence from an unattacked plant. (All photos by RJ Marquis)

main stalk support secondary, then tertiary inflorescences, with decreasing numbers
of hermaphroditic flowers and increasing numbers of male flowers from secondary to
tertiary umbels. The plant occurs in the North America, where it is not native, in
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fields, meadows, and prairies, and along roadsides and railroad tracks, usually grow-
ing in relatively dense stands. Fruits are winged and are dispersed by wind. See » Box
3.2 for current understanding of P, sativa traits that contribute to escape, defense, and
tolerance in this plant species.

Box 3.2 Relevant Traits that Contribute to Escape, Defense, and Tolerance in Pastinaca sativa
in the Face of Herbivory by Depressaria radiella

Escape traits. Both plant size and density are correlated with the likelihood of attack.
Large, isolated plants are more heavily attacked than plants growing in dense clusters
because the flowering phenology is extended over a longer time period for larger
plants. However, plants of the same size found in higher densities are more likely to
be attacked than isolated plants. These results (Thompson and Price 1977,
Thompson 1978) suggest that flowering time, plant size, and seed dispersal, as they
affect the density of conspecifics, all influence the likelihood that plants will be found
by female moths of D. radiella.

Defense traits. Flowers and developing seeds are defended by at least six kinds of
furanocoumarins. The absolute concentrations of each and their relative concentra-
tions in mixtures influence resistance against both Heliothis zea, a generalist
(Berenbaum and Neal 1985), and D. radiella, a specialist (Berenbaum et al. 1986;
Nitao and Zangerl 1987). Reproductive parts usually have the highest relative con-
centration of chemical compounds, although these parts are the main target of herbi-
vores (Zangerl and Rutledge 1996). Furthermore, the concentration of at least two
compounds produced by P. sativa is negatively correlated with the presence of
Copidosoma sosares, a parasitoid wasp of the parsnip webworm. This illustrates a
possible ecological cost conveyed by chemical defenses (Lampert et al. 2008).

Tolerance traits. Upon damage to the primary umbel by D. radiella, there is a
gender switch from male to hermaphroditic flowers in secondary and tertiary umbels
(Hendrix 1979). This change in sex expression results in no decline in seed number
despite complete destruction of the seed production by the primary umbel (Hendrix
1979).

The information in » Box 3.2 suggests an experiment in which the three com-
ponents of resistance are simultaneously manipulated to determine the relative
impact of each on the success of a given genotype. Escape can be manipulated by
plant density (growing alone vs. growing in patches) and flowering time (early vs.
late, manipulated by controlling temperature during development). Escape would
be measured as the number of eggs laid on a plant and the number of webworms
attacking the plant. Defense (low versus high resistant genotypes) can be manipu-
lated by planting genotypes of known furanocoumarin chemistry. Defense would
be measured as the number of flowers eaten. Finally, tolerance can be manipulated
by planting genotypes that exhibit weak vs. strong changes in sexual expression in
response to damage. These genotypes would be identified prior to the main experi-
ment (Stowe et al. 2000). Tolerance would be measured as the percentage of flowers
changing gender in response to attack of the primary umbel. Fitness would be
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measured as the number of viable seeds produced. Structural equation modeling
can then be used to determine the relative contribution of each defense component
to fitness (seed production), and the relative contribution of each individual trait
to each component of defense (e.g., the relative importance of each furanocouma-
rin compound to defense and fitness).

3.5 Implications for Agriculture

Both defense and tolerance have been incorporated into conventional breeding
strategies to reduce the impact of pest herbivores on crop yield (Russell 2013). We
see two mechanisms by which escape can and has been used as a strategy to reduce
pest attack in agriculture and plantation forestry.

Human-Mediated Dispersal Here, planting crop species across the globe and outside
of their native range has the advantage of making food crops available to a wide span
of the human population, increasing access to calories and improved nutrition. The
plants themselves are not dispersing, but humans are aiding their dispersal. At least
initially, movement of plants across the globe has had the serendipitous result that the
crop could be planted pest free. The history of the exploitation of the rubber tree
(Schultes 1977) is a classic example of a story that has been repeated many times over.
Seeds or cuttings are taken from the native range and planted across the globe, often
enjoying great success because they are growing in a pest free environment at least
initially (Strong 1974). This approach can be exploited intentionally in more recent
agricultural strategies. For example, Yang and Feng (2001) summarized the effect of
longitude and latitude on the number of diseases found on soybean plants in North
America. As one goes both north and west from the southeastern U.S., the number
of diseases drops precipitously.

Phenology Breeding for and planting early or late varieties of crops that escape the
phenology of their herbivore pests is a long-developed strategy of pest management.
For example, early varieties of blueberries completely escape the spotted wing fruitfly,
Drosophila suzuki (Hampton et al. 2014). Similar examples exist for apples (Mifiarro
and Dapena 2014) and cranberries (McMahan et al. 2017).

Conclusions: Interactions and Contribution to Biodiversity

To the human observer, the world appears to be a jumble of plants of various shapes,
sizes, and shades of green. Some species are common and comprise the majority of
the biomass of a given location, some are covered by a canopy of other plants, oth-
ers are rare within and under that canopy, and a few species protrude through the
canopy. All produce a few to hundreds of compounds that are volatile and increase
in concentration in the air as the plant is neared. These chemical cues, in addition
to visual cues, are used by herbivores to locate their plant prey (see » Box 3.1). One
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stumbling block with any theory of escape from herbivores is being able to perceive
the world as the herbivore perceives it. Measuring the amount of damage per plant
individual is far from satisfying, as both escape and defense have already come into
play. A better approach, one that would not confound escape and defense, would
be to score plants as having escaped (‘yes’ or ‘no’) by the presence of one or more
eggs, larvae, or feeding adult. Any resultant damage would be a measure of defense
independent of escape. There might be ambiguous cases in which the herbivores
finds the plant, but rejects it before ovipositing or feeding. We suggest that such
cases could be scored as “chemical escape” or “morphological escape” (Williams and
Gilbert 1981). In the agricultural pest literature, these two together comprise antix-
enosis, or a non-preference reaction to an otherwise healthy plant (e.g., Boica et al.
2015). There are likely to be interactions between escape and defense (e.g., Euler and
Baldwin 1996), just as there are interactions between defense and tolerance traits
(Pilson 2000; Stowe et al. 2000) and interactions between escape and tolerance (e.g.,
Pilson and Decker 2002; Wise 2009).

In as much as escape from herbivore attack actually leads to increasing popu-
lation growth rate of the escaping plant species, we would expect that the escape
mechanisms proposed here allow coexistence of higher species numbers than in the
absence of the herbivores (Marquis 2005). We reviewed a number of mechanisms
that potentially contribute to escape and therefore species coexistence. For some, the
evidence is stronger than others. On one hand, background matching enjoys weak
support but perhaps because it has been only studied a relatively few times. On the
other hand, the Janzen-Connell Hypothesis is a mechanism of escape through dis-
persal that has been exhaustively investigated since the 1970’s. Many studies have
shown the escape effect to occur for some species but not others. Research by Wenny
and Levey (1998) and Salazar et al. (2013) strongly suggest that directed dispersal
has a positive effect on species coexistence. Dispersal traits increase the probability
of survival of many plant species, which is particularly important for weak competi-
tors, plants that have few defensive mechanisms, and species that demand specific
environmental conditions in which to grow (e.g., Wenny and Levey 1998).

Many plant traits can influence the occurrence of herbivore predators and para-
sitoids, affecting the community composition of ecological systems through bottom-
up effects (Agrawal et al. 2006; Poelman et al. 2008). Direct and indirect defenses of
plants not only increase the diversity of natural enemies of plant arthropods, but
their effects can also be extended to the highest trophic levels (Gruner and Taylor
2006). Although escape traits certainly contribute to the maintenance of biodiver-
sity, they have received less attention than the defense and tolerance traits of plants.
Furthermore, as we mentioned earlier in this chapter, only a single study considered
the effects of all three resistance traits combined (Norghauer et al. 2014). We argue
that including escape traits in ecological models will provide researchers a more inte-
grated view of several ecological processes, with potential applications for ecosystem
management, including agriculture, and conservation practices.
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Key Points

== Escape traits are those that decrease the likelihood that an herbivore will find a
consumable plant in space or time.

== Escape is a component involved in plant-herbivore interactions separate from
defense and tolerance, but like defense and tolerance, contributes to the success
of plants in the face of herbivore pressure.

== Escape traits are quantifiable and have a heritable basis, and their impact on
plant fitness can be quantified.

Q Questions
== What is the relative contribution of escape traits to overall plant resistance?
== How does climate change affect escape traits?
== What are the possible tradeoffs involving all three resistance mechanisms?
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. a

The Genetic Basis of Plant-Herbivore Interactions

@ Learning Objectives

This chapter will help readers to understand the following:

1. How advances in genetic technology have affected the study of plant-herbivore
interactions

2. The prevalence of genetic variation in herbivory resistance traits in natural plant
populations

3. Assessment of natural selection by herbivores in plant populations

4. Ways in which hypotheses for the evolution of plant defenses can be tested at a
genetic level

5. How studies of gene expression can inform our understanding of plant-herbi-
vore interactions

4.1 Introduction

A large proportion of global biodiversity and biomass consists of plants and their
herbivores. Invertebrate herbivores such as insects, and vertebrate plant browsers
such as deer and other mammals, consume plant tissue and impose a strong selec-
tive pressure on plants that has been ongoing for millions of years. Fossil evidence
suggests that insects, for example, have been feeding on plants for an estimated 400
million years (Labandeira 2013; Bruce 2015). The evolutionary relationship
between insects and their host plants is discussed in Ehrlich and Raven (1964), a
now classic work that has received more than 2500 citations to date. Plants have
evolved to produce a great diversity of defenses to resist herbivory (Hanley et al.
2007; Erb et al. 2012; Rasmann and Agrawal 2009). Phytochemical defenses are
key among these defenses and are present in all higher plants in a wide variety of
form and function (Fraenkel 1959; Wink 2003). The importance of co-evolutionary
relationships, or reciprocal evolutionary interactions between herbivores and
plants, in the evolution of both plants and herbivores has since been highlighted
many times, at both macroevolutionary (e.g., Becerra 1997) and microevolutionary
(e.g., Mauricio and Rausher 1997) scales.

At a macroevolutionary scale, phytochemicals can play a key role in the evolu-
tion of host shifts by herbivorous insects. For example, a molecular phylogenetic
study in the plant genus Bursera and the beetle genus Blepharida shows that the
patterns of host shifts in Blepharida beetles are strongly associated with patterns of
host phytochemical similarity in the Bursera genus (Becerra 1997). The interaction
between these beetles and plant genus is specialized and is evolutionarily old. The
plants produce a variety of terpenes that are present in resin canals in the plant
leaves and stems and decrease Blepharida survival and growth rate (Becerra and
Venable 1990).

At the microevolutionary scale, there is abundant evidence that herbivory
reduces plant fitness, and that herbivores are agents of natural selection on plant
resistance traits (Marquis 1992; Nufiez-Farfan and Dirzo 1994; Sagers and Coley
1995; Fornoni et al. 2003). For example, in Arabidopsis thaliana, the elimination of
herbivores in a field experiment altered the pattern of selection on two defense
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traits, glucosinolate concentrations and trichome density (Mauricio and Rausher
1997). Likewise, herbivore-mediated natural selection was detected on stereochem-
istry of the secondary metabolites, sesquiterpene lactones, of common cocklebur
(Xanthium strumarium). In natural environments, plants with cis-fused lactone ring
junctions received higher levels of herbivory than those with trans-fused lactone
ring junctions; herbivore damage was negatively correlated with plant fitness
(Ahern and Whitney 2014). Finally, an assessment of selection imposed by both
generalist and specialist herbivores (those with greater versus lesser dietary host
breadth) in Datura stramonium demonstrated that generalists and specialists can
impose divergent selection pressures on host plant resistance traits (Castillo et al.
2014). Geographic variation in herbivore community composition can thus lead to
differences in resistance among populations across a plant species range.

4.2 Types of Resistance Traits

Plant defenses against herbivory include resistance, tolerance, and temporal avoid-
ance. Resistance traits reduce the performance and/or preference of herbivores,
while tolerance is a measure the extent to which plant fitness is affected by herbiv-
ory, relative to fitness in the absence of damage (Strauss and Agrawal 1999). In this
chapter, I focus on plant resistance traits, and use “resistance” and “defense” inter-
changeably.

Plant secondary compounds are metabolites that do not play a role in the growth
and development of the plant (Fraenkel 1959; Berenbaum and Zangerl 2008; but
see Erb and Kliebenstein 2020). Hundreds of thousands of secondary compound
structures have been elucidated, with many others yet uncharacterized (Wink 1988;
Pichersky and Lewinsohn 2011). Secondary compounds can be toxic, anti-nutritive
or anti-digestive, and/or act to repel herbivores through low palatability (Mithofer
and Boland 2012). These phytochemicals are highly structurally diverse, and
include classes such as phenolics, terpenoids, and alkaloids, among others
(Harborne et al. 1999; Wink 2018). Some secondary compounds, such as lignin,
are more generalized defenses that affect many types of herbivores (Franceschi
et al. 2005). Others, such as many alkaloids, have specific targets- enzymes or
nucleic acids, for example- that they interact with in an herbivore (Mithofer and
Boland 2012). Secondary compounds can act individually or interactively to deter
herbivores (Mason and Singer 2015).

There is often consistency in broad patterns of classes of compounds across
closely related taxa (Wink 2003; Liscombe et al. 2005), but this consistency, or
phylogenetic signal, is not always strong. Divergence in phytochemical defenses
can occur through the evolution of novel compounds and/or the evolution of
novel combinations of compounds. For example, in the wild parsnip system,
plants escape from adapted herbivores by producing ecologically novel com-
pounds, often from the same chemical precursor (Berenbaum 1978, 1983).
Alternatively, in the tropical plant genus Inga, closely related species produce dif-
ferent combinations (and presence/absence patterns) of commonly produced
compounds (Coley et al. 2018).
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While much of the literature focuses on phytochemical traits, there are numer-
ous, complex plant defenses that have evolved in response to herbivory, including
physical defenses. Physical defenses are structural deterrents that impede the abil-
ity of herbivores to feed on the plant, and include traits such as toughened leaves,
spines, thorns, or trichomes (hairlike extensions from the plant epidermis), or the
incorporation of hard materials such as silica into the foliar tissue (Hanley et al.
2007). Thorns, spines, and trichomes can be present in many forms, and some
trichomes produce glandular exudates that are toxic or can trap or repel herbi-
vores (Levin 1973; Elle and Hare 2000; Hauser 2014). Trichome glandular exu-
dates often contain secondary compounds, thus merging physical and chemical
resistance (Glas et al. 2012). An example of this latter phenomenon is with sting-
ing nettle (Urtica dioica), where the trichomes contain secondary compounds that
are released by contact and confer a stinging sensation to mammals (Pollard and
Briggs 1984). While they are overlooked in the literature to a much greater extent
than phytochemical resistance traits, physical resistance traits have been clearly
shown to be effective against herbivory (Mauricio 1998; Hanley et al. 2007;
Barton 2016).

Resistance to herbivory can occur through direct defenses, which make the plant
a less suitable host due to changes in physical or phytochemical defense traits, or
indirect defenses, through which plants reduce levels of herbivory by interacting
with herbivore enemies (Heil 2008; Pearse et al. 2020). Indirect defenses include the
induction of volatile compounds that attract parasitoids and predators (Dicke
1999; Dicke and Hilker 2003), and traits that provide shelter, food, or other incen-
tives to predators (Heil et al. 2001; Heil 2008; Weber and Agrawal 2014; Weber
et al. 2016).

4.3 Temporal and Spatial Variation in Resistance Traits

Perhaps in part because of the sessile nature of plants, plant defenses are not static
over time or across plants. Plants may produce direct and indirect defenses consti-
tutively, in the absence of herbivory or regardless of levels of herbivory; alterna-
tively, plants also induce defenses through plastic changes in levels of defense
following herbivory (Adler and Karban 1994; Agrawal 1998; Cipollini 1998;
Karban et al. 1999). Induction of defenses can be selected for if past/current her-
bivory is a reliable predictor of future herbivory, and if herbivory decreases plant
fitness (Karban and Baldwin 1997; Harvell and Tollrian 1999). Plants can also
plastically alter the availability of essential amino acids and nutrients available for
digestion by the herbivore (Chen et al. 2005; Felton 2005). In addition to induction
of defense within a plant generation, defenses can also be transgenerationally
induced, whereby offspring defense phenotypes are altered by environmental signal
in the parental generation and expressed independently of changes in the offspring
genotype (Holeski et al. 2012b). This transgenerational induction can occur via
epigenetic or maternal effects (Richards 2006; Roach and Wulff 1987). Epigenetic
effects are heritable changes in traits that are mediated by mechanisms other than
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alterations in the DNA sequence, such as DNA methylation and histone modifica-
tion (Rapp and Wendel 2005; Hauser et al. 2011).

Both constitutive and induced resistance can change as plants develop (Boege
and Marquis 2005; Barton and Koricheva 2010; Holeski et al. 2012a). True leaves
from different developmental, or ontogenetic, stages (e.g., juvenile versus adult) are
usually anatomically and biochemically different, with different patterns of cellu-
lar differentiation (Poethig 1997; Mauricio 2005). The direction of change in resis-
tance traits across ontogenetic stages is variable; some species have higher levels of
resistance in the juvenile developmental stage relative to the adult (Price et al. 1987;
Kearsley and Whitham 1989; Cole et al. 2020), while others have increased resis-
tance in the adult developmental stage relative to the juvenile (Karban and Thaler
1999).

Finally, levels of defense can change in a predictable manner across the course
of a growing season. These temporal changes in (usually phytochemical) defense
are likely in part due to shifting allocational priorities, for example between defense,
growth, and reproduction) as leaves age, as well as dilution as leaves expand.
Physiological changes across a season can also affect defense concentrations, and
are caused by shifts in photoperiod, temperature, and water and nutrient availabil-
ity (Darrow and Bowers 1997; Holeski et al. 2012a; Koricheva and Barton 2012).

4.4 Evolution of Plant Resistance Hypotheses

Many hypotheses have been developed to explain how patterns in defense produc-
tion within and across populations or closely related species may have evolved.
Prominent among these are the Resource Allocation Hypothesis (RAH; Coley
et al. 1985) and Optimal Defense Theory (ODT; Rhoades 1979).

The Resource Availability Hypothesis (RAH) hypothesis was formulated spe-
cifically for inter-species differences in plant defenses, while Optimal Defense
Theory (ODT) is typically used to describe intra-species differences. Both are test-
able hypotheses. The RAH posits that defense investment is dependent on growth
rate; long-lived species invest more heavily in defenses than do short-lived species,
due to the cost-benefit ratio of the defense investment (Coley et al. 1985; Endara
and Coley 2011). This hypothesis assumes that shorter life cycles are synonymous
with rapid growth rate, so that the negative impact of losing leaf area is low in these
species (Endara and Coley 2011). The RAH has since been extrapolated to an
intra-species context (Hahn and Maron 2016; Lopez-Goldar et al. 2020).

Three basic predictions of ODT (Rhoades 1979; Herms and Mattson 1992;
Koricheva 2002; Stamp 2003) are that, first, plants will evolve a level of defense
that is positively related to rates of herbivory and negatively related to allocational
or ecological cost. Second, plants will differentially allocate defense to different
parts or tissues, with greater investment in tissues with high fitness values or where
the cost of defense is lower. Third, plants will increase defense in response to attack,
a form of plasticity that is often referred to as induction. ODT predicts that the
capacity for induction should be negatively correlated with levels of constitutive
defense.
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While hypotheses about the processes governing allocation of resources to
plant defense differ, one common thread in contemplating the evolution of defense
production within or across natural plant populations is the genetic basis of
defenses. Genetic variation in traits within a plant population, or differences among
individuals in DNA sequence of genes that underlie focal traits, is a necessary pre-
requisite to evolution. Historically, the study of plant defense traits has focused on
phenotypic variation. As molecular genetic tools and knowledge gained from use
of these tools have continued to develop, an increasing number of studies are
directly assessing genetic-based patterns of trait production and trade-offs between
traits. This work has provided insight into the genetic mechanisms behind the phe-
notypic patterns of defense trait evolution that we observe, as well as information
about the evolutionary potential for plant resistance traits. Evolutionary/ecologi-
cal hypotheses for patterns of defense trait production, among them the Research
Allocation Hypothesis and Optimal Defense Theory, were developed when under-
standing of the genetic underpinnings of traits was not well understood. Studies of
genetic variation during that era were at the level of protein electrophoresis. Testing
these hypotheses at the level of genes or genetic correlations, rather than pheno-
types and phenotypic correlations, was unprecedented 30-40 years ago (B Fig. 4.1).

4.5 Microevolution of Plant Resistance

While decades of research have provided us with valuable information about
defense phenotypes, microevolutionary inferences from these studies were limited
until studies with the power to elucidate differences in plant defense among geno-
types began in the 1980s (e.g., Berenbaum et al. 1986). In total, the relatively large
body of work investigating genetic variation in resistance traits indicates it is wide-
spread across both herbaceous and woody plant species (Stowe 1998; Moore et al.
2014).

4.5.1 Direct Defenses

While many studies demonstrating genotypic or genetic variation are done in her-
baceous plants, due to ease of experimentation, woody plants also show substan-
tial variation among genotypes in resistance traits, as showcased in multiple studies
of Populus species (e.g., Havill and Raffa 1999; Lindroth and Hwang 1996; Holeski
et al. 2012a; Cope et al. 2019). This work has also highlighted the interaction
between genetics and the environment in influencing defense phenotypes. For
example, in quaking aspen (Populus angustifolia), concentrations of phenolic gly-
cosides, a phytochemical defense, vary substantially with genotype. Environmental
factors such as light and nutrient availability also (significantly) affect phenolic
glycoside concentrations, and do so differently among genotypes, but genotype is
the dominant influence on variation in this trait (Osier and Lindroth 2001, 2004,
20006). In contrast, another phytochemical resistance trait, condensed tannin con-
centrations, is quite plastic, with variation in the trait typically influenced primarily
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History of molecular genetics and genomics

Structure of DNA is elucidated
(Watson and Crick 1953, using
data from R. Franklin and M. Wilkins)

1950s

First study of natural levels of genetic variation 19g(g
(in Drosophila) using protein electrophoresis
(Hubby and Lewontin 1966)

Breakthroughs in multiple techniques used to
separate and detect nucleic acids using gel
electrophoresis (e.g., Aaij and Borst 1972)

1970s

Methods for Sanger sequencing developed
and used to sequence the first DNA genome,
of a bacteriophage (Sanger et al. 1977a, b)

DNA sequencing gets faster! DNA sequencing 1990s
of 1000 bases is completed in less than an hour
(Salas-Solano et al. 1998)

Two Arabidopsis chromosomes sequenced via
Sanger sequencing (Lin et al. 1999; Mayer et al. 1999)

Whole genome sequencing completed for
Arabidopsis and rice, respectively
(Arabidopsis Genome Initiative 2000;
Goff et al. 2002; Yu et al. 2002)

Massively parallel, next-generation
sequencing begins to become more
accessible for many applications
and plant species
(Shendure et al. 2005, 2017; Heather and Chain 2016)

First plant full transcriptome 2010
(Arabadopsis; Filichkin et al. 2010)

early 2000s

2005, onward

O Fig. 4.1

History of the study of plant resistance traits

Phenotypic studies of plant resistance traits
(Fraenkel 1959; Beck 1965; Levin 1973)

Plant defense hypotheses developed,
based on phenotypic data (ODT, Rhoades 1979;
RAH, Coley et al. 1985)

1980s

Increased focus on identifying genetic variation for
plant resistance traits (Service 1984;
Berenbaum et al. 1986)

Use of molecular markers and QTL mapping
possible in an increasing array of species, due to
development of genetic tools (Byrne et al. 1997,
Rossi et al. 1998; Rector et al. 2000)

Genetic variation documented in transgenerational
induction of resistance (Agrawal 2001)

Transcriptome profiling studies of differences in gene
expression in response to various types of herbivory
(Reymond et al. 2000, 2004)

QTLs underlying herbivore community composition
identified (Bernhardsson and Ingvarsson 2012;
Bernhardsson et al. 2013; Barker et al. 2019b)

Genetically-modified plants used to test the direct effects
of genetic loci on herbivory resistance, natural selection,
and plant fitness (Schuman et al. 2012, 2015)

Timeline of advances in development of genetic and genomic technology (left panel) and

of genetic understanding of plant-herbivore interactions (right panel)

by environmental factors such as light availability, or tissue defoliation, rather than
genotype (e.g., Hemming and Lindroth 1995; Osier and Lindroth 2004, 2006).
Genotype-by-environment interactions, whereby individuals of the same genotype
respond to an environmental factor differently in terms of plastic trait expression
(e.g., Barker et al. 2019a; B Fig. 4.2) also influence condensed tannin concentra-
tions in aspen, albeit to a lesser extent than particular environmental factors (Osier
and Lindroth 2006). Ontogenetic trajectories of some resistance traits in cotton-
wood (Populus fremontii, P. angustifolia, and their hybrids) have also been shown
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to have a genetic basis (Rehill et al. 2006; Holeski et al. 2012a; Cope et al. 2019).
Research in another woody plant genus, Eucalyptus, has similarly found genotypic
variation in resistance to mammalian browsers (O’Reilly-Wapstra et al. 2002, 2004,
2005). Genetic variation exists between different natural populations of E. globulus
for resistance to browsing by a generalist marsupial, Trichosurus vulpecula (com-
mon brushtail possum). As in Populus, ontogenetic trajectories of at least some
resistance traits are genetically-based in E. globulus (O’Reilly-Wapstra et al. 2007).

Research in multiple species illustrates that intra-specific genetic variation
(Dungey et al. 2000; Gosney et al. 2014, 2017) as well as genotypic variation (Fritz
and Price 1988; Underwood and Rausher 2000) can affect herbivore population
dynamics and/or herbivore community composition. It should be noted, however
that genetic variation in resistance traits is often not measured in these studies, and
the mechanism behind the effects of host genetic variation on herbivores is not
always known. Studies of the influence of genotypic variation on herbivore com-
munities that do incorporate genotypic variation in resistance traits includes those
in both herbaceous plants (Arabidopsis thaliana, Sato et al. 2019a; Oenothera bien-
nis, Johnson and Agrawal 2005, 2007) and woody plants (Populus sp., Wimp et al.
2007; Keith et al. 2010; Robinson et al. 2012; Barbour et al. 2016; Barker et al.
2018). Several of these experiments show that while genotypic variation in plant
resistance traits does have some effect on arthropod community composition, com-
munity composition is most strongly associated with genotypic variation in other
traits such as plant size, architecture, and phenology (e.g., Johnson and Agrawal
2005; Robinson et al. 2012; Barker et al. 2018).

4.5.2 Natural Selection on Herbivory Resistance

In addition to genetic variation for a trait, the trait must be acted upon by natural
selection (or drift) in order to evolve within a population. Rausher (1996) suc-
cinctly described three necessary points for demonstrating that herbivores impose
natural selection on resistance traits in their host plants. First, one must show
that genetic variation for the focal resistance traits exists. Second, the resistance
traits must be demonstrated to be under natural selection. This might be done by
showing that genotypes that differ in resistance also differ in fitness. Third, natu-
ral herbivores should be manipulated in presence/absence or in density, so that
selection on resistance traits can be assessed across treatments. This latter point
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allows the effects of herbivory to be disentangled from other environmental fac-
tors, and thus prevents selection on correlated traits from being confused with
selection on resistance.

Several elegant studies in the 1980s—1990s completed these steps to demon-
strate that herbivores do impose natural selection on plant resistance traits. One
comprehensive set of manipulative field experiments showing both genetic varia-
tion in resistance and natural selection acting on resistance was in morning glory
(Ipomoea purpurea). In one field experiment, genetic variation for resistance to spe-
cialist flea beetles (Chaetocnema confinis) was found under ambient levels of her-
bivory (Simms and Rausher 1987). In complementary experiments that manipulated
levels of herbivory into ambient versus no herbivory via an insecticide spray, addi-
tive genetic variation for resistance to both specialist and generalist herbivores was
detected, as well as natural selection acting on this resistance (Rausher and Simms
1989; Simms and Rausher 1989). Another study meeting the stringent criteria out-
lined by Rausher (1996) was done in jimson weed (Datura stramonium). The two
major alkaloids in D. stramonium were found to be under negative directional
selection and stabilizing selection, respectively, with insect herbivores as the agents
of selection (Shonle and Bergelson 2000).

4.5.3 Indirect Defenses

While it is often inferred that indirect defense traits increase plant fitness if they
reduce herbivore damage, the effects of indirect defenses on plant fitness are rarely
directly demonstrated. Exceptions include an experimental study of leaf domatia,
small hair-tufts or pockets, in cotton (Gossypium hirsutum; Agrawal and Karban
1997), and work on extrafloral nectaries and ant-plant associations in wild cotton
(Gossypium thurberi; Rudgers 2004; Rudgers and Strauss 2004) and in partridge
pea (Chamaecrista fasciculata; Rutter and Rausher 2004). In the latter example,
there was evidence of costs of nectar production for plants in the absence of ants,
and these costs were heightened by herbivory. When ants are present, however,
natural selection favored high extrafloral nectar production (Rutter and Rausher
2004).

4.5.4 Transgenerational Defense

As with within-generation defense, the evolutionary relevance of transgenerational
induction in defenses is contingent upon whether there is genetic variation, as well
as the impacts of transgenerational induction on plant fitness (Kalisz and
Purugganan 2004; Richards 2006; Day and Bonduriansky 2011). Genetic variation
in transgenerational induction of defense has been shown in multiple species,
including wild radish, monkeyflower, and dandelion (Agrawal 2001, 2002; Holeski
2007; Verhoeven et al. 2009; Colicchio 2017). Very few studies have incorporated
an experimental design allowing both genetic variation for transgenerational plas-
ticity of defense and the effects on traits related to organism fitness to be examined
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outside of a laboratory or greenhouse environment (Agrawal 2001, 2002; Holeski
et al. 2013), and no published study has measured natural selection on transgen-
erational plasticity of defense.

Transgenerational plasticity in resistance has been demonstrated to affect plant
fitness in natural conditions, although the rare studies investigating fitness have not
also assessed genetic variation. In wild lima bean (Phaseolus lunatus), offspring of
plants that experienced experimentally elevated levels of Chrysomelid beetle her-
bivory and offspring of control plants that experienced ambient herbivory were
assessed in a field environment. Offspring of the elevated-herbivory plants showed
higher levels of constitutive resistance traits in the seedlings and juvenile stages, as
well as higher survival rates as seedlings (Ballhorn et al. 2016). Work in Carolina
horsenettle (Solanum carolinense) demonstrates that the offspring of herbivore-
damaged plants have decreased time to flowering, and/or produced more flowers
than the offspring of control plants (Nihranz et al. 2020).

In summary, while research in both herbaceous and woody plant systems illus-
trates that genetic variation in resistance traits is widespread, comprehensive stud-
ies of the portion of genetic variation that selection acts upon, additive genetic
variation, as well as investigation of natural selection on these traits is labor-
intensive and is still relatively rare. In most cases, the ecological and evolutionary
processes creating and maintaining the genetic variation and how they interact
with the genome is still unclear. However, advances in genetic and genomic tech-
nology are allowing us to begin to elucidate these interactions, through identifica-
tion of how genes underlying resistance traits are structured, as well as how genes
affect the ecological interactions of plants.

4.6 ldentification of Genes Underlying Resistance

4.6.1 Genetic Mapping

As the power to conduct genetic analyses developed, a number of studies in differ-
ent plant species conducted genetic mapping experiments to identify genetic
regions (quantitative trait loci or QTL) underlying defense trait variation; this tech-
nique can be followed by fine-scale mapping to identify specific genes within those
regions (Doerge 2002). In plant species with short generation times that can be
crossed with reasonable ease, genetic mapping can be done through controlled
crosses of individuals divergent for the trait(s) of interest and QTL genetic map-
ping. Traditional QTL mapping is a labor-intensive process that involves pheno-
typing large numbers of individuals for traits of interest, in addition to molecular
genetics work to genotype individuals at a number of genetic markers. Genetic
markers are single nucleotides or small regions of the genome that are typically
non-coding. Genetic markers are thus not directly involved with producing the
trait of interest but may be linked to genes that do underlie these traits. QTL map-
ping is done through statistical techniques that associate presence of genetic vari-
ants (sequence variation, or different marker genotypes) to phenotypic variation in
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the traits of interest. Genetic markers that are linked to genes influencing the trait
of interest will show non-random statistical associations between marker genotype
and a particular phenotype. QTL mapping ultimately tells us the amount of
observed phenotypic variation in a trait that can be explained by a particular
genomic region (Falconer and Mackay 1996; Lynch and Walsh 1998).

In plants with long generation times or those are not amenable to controlled
crosses, other techniques such as genome-wide association mapping (GWAS), also
called linkage disequilibrium mapping, are often used (Stinchcombe and Hoekstra
2008; Hall et al. 2010). These studies require a study system in which application of
next-generation sequencing technology is feasible (a rapidly increasing number of
species) and have a number of logistical advantages over traditional QTL mapping
(8 Table 4.1; Nordborg and Weigel 2008; Hall et al. 2010; Ingvarsson and Street
2011).

Both traditional QTL mapping and GWAS studies have been used to gain
understanding of the genetic basis of resistance traits. The initial goal of these
studies is often to find out basic information about the genetic underpinnings of
resistance traits. Genetic mapping studies of this nature have taken place in both
agricultural and natural systems, to different ends. Genetic mapping for defense
traits has been particularly common in agricultural plants, where this information
can be used in breeding. Often in agriculture, the trait of interest is resistance itself,
rather than phytochemical or physical traits conferring resistance. Extent of feed-
ing, insect weight gain, and/or insect mortality are common attributes used to infer
resistance against multiple different herbivores and across a variety of crop species
such as soybean and tomato (Rector et al. 2000; Komatsu et al. 2005; Yesudas et al.
2010; Vargas-Ortiz et al. 2018). Genetic mapping of resistance in natural systems,

D Table 4.1 Positive and negative aspects of traditional QTL mapping analysis and
genome-wide association mapping (GWAS)

Traditional QTL mapping Genome-wide association mapping
Pros Cons Pros Cons
Relatively fewer Allelic variation is Encompasses allelic Relatively more genetic
genetic markers restricted to that of variation within and markers and genomic
and genomic the wo parents in the  across natural resources needed for
resources needed  initial cross populations adequate coverage
No statistical Controlled crosses Linkage blocks Population structure
issues from are not possible/ typically smaller than can lead to false
population feasible for many in QTL mapping, positives
structure species results in more

QTL identified fine-scale mapping

typically encompass
larger genomic
regions than GWAS

Both techniques require very large sample sizes. These techniques can also be used together to
identify candidate genes. Both methods can be used in population and/or functional genomics
studies
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while having some application to applied agricultural systems (Kloth et al. 2012),
are most frequently done as part of fundamental evolutionary biology research, as
part of the pursuit of understanding of the genetic basis of adaptation in natural
plant populations (Orr and Coyne 1992; Rockman 2012).

4.6.2 QTL for Herbivory Resistance

Data accumulated from several decades of traditional QTL mapping and GWAS
studies show that most resistance traits are quantitative traits that have multiple
genes of both major and minor effects underlying phenotypes; as quantitative traits
they may also be influenced by the environment. Model plant systems have had a
head start in genetic mapping experiments due to the relative ease of obtaining
genomic information and developing the genetic markers necessary for mapping.
In the model system Arabidopsis thaliana, the first plant species to have a sequenced
genome, informative work with QTL mapping of phytochemical defenses was
developed two decades ago (Chan et al. 2010, 2011). These studies have contributed
substantially to our understanding of the genetic underpinnings of resistance.

For example, an early study using genetic mapping in 4. thaliana to investigate
the genetic architecture of secondary compounds demonstrated that a relatively
small number of genetic regions can underlie considerable variation in phytochem-
ical resistance profiles. Glucosinolates are a large group of secondary metabolites
in Arabidopsis thaliana, with an estimated 7-14 glucosinolates occurring in foliar
tissue of a particular plant (Kliebenstein et al. 2001a). This allows Arabidopsis to
generate a large number of possible combinations of glucosinolates in individual
plants. In a study of the genetic basis of production of 34 different glucosinolates
in Arabidopsis foliar tissue or seeds, variation at only five QTL resulted in 14 differ-
ent foliar glucosinolate combinations (Kliebenstein et al. 2001a). Further work
showed that a single QTL has a major effect in explaining variation in concentra-
tions of a particular class of glucosinolates (Kliebenstein et al. 2001b).

Early genetic mapping studies exploring the overlap between genetic regions
underlying resistance traits and those affecting herbivore performance also used 4.
thaliana. An investigation of QTL influencing feeding rates of generalist (cabbage
looper, Trichoplusia ni) and specialist (diamondback moth, Plutella xylostella) herbi-
vores demonstrated that five QTL for generalist insect feeding overlapped with those
for glucosinolate resistance traits, while a relationship between loci underlying spe-
cialist herbivore feeding performance and glucosinolates was not found (Kliebenstein
et al. 2002a). The diamondback moth can detoxify glucosinolates (Ratzka et al.
2002), potentially explaining the latter result. Similar results showing overlap between
QTL underlying glucosinolate profile and those affecting 7. ni performance were
found in the Arabidopsis relative, Boechera stricta (Schranz et al. 2009).

While many specialists can detoxify or otherwise avoid the most detrimental
effect of secondary compounds, their performance is frequently negatively affected
by physical resistance traits such as trichomes (Rotter et al. 2018). Trichome den-
sity in Arabidopsis does influence oviposition success of the diamondback moth
(Handley et al. 2005), and also provides resistance against herbivory by this
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specialist (Sletvold et al. 2010). In a field experiment, both glucosinolates and tri-
chomes reduced levels of generalist and specialist herbivore damage (Mauricio and
Rausher 1997; Mauricio 1998). Subsequently, a single gene was identified that
influences both trichome density and resistance to chewing insects in a field envi-
ronment (Sato et al. 2019a).

4.6.3 Linking Genes to Herbivore Communities

Research linking QTL to resistance traits and to insect performance has most fre-
quently been done in cruciferous herbaceous plants. In contrast, investigations of
overlap between QTL underlying resistance traits and QTL influencing herbivore
community composition has most often been done in woody systems.

In European aspen (Populus tremula), geographic variation exists for multiple
genes involved in defense against herbivory (Bernhardsson and Ingvarsson 2012;
Bernhardsson et al. 2013). Several of these genes show evidence of undergoing
selective sweeps (Bernhardsson and Ingvarsson 2011), in which beneficial mutations
rise so rapidly in frequency in a population due to natural selection that alleles in
nearby linked regions are “swept” along. In a GWAS study, multiple single nucleo-
tide polymorphisms (SNPs) were identified that were directly associated with herbi-
vore community metrics such as species abundances for specialist herbivores, species
richness for generalist herbivores, and species abundances within the galling, min-
ing, and leaf rolling feeding guilds (Bernhardsson et al. 2013). A GWAS study in a
North American aspen species, quaking aspen (Populus tremuloides) similarly found
multiple SNPs underlying aspects of insect community composition (Barker et al.
2019b). This study also found overlap between SNPs associated with variation in
insect communities and those associated with variation in multiple plant traits,
demonstrating a mechanistic link for the gene-insect associations. Plant traits
included the phytochemical resistance traits phenolic glycosides and condensed tan-
nins (Barker et al. 2019b). A previous QTL mapping study in hybrid Populus (P
trichocarpa x P. deltoides) also indicates a potential role for phenolic glycosides and
condensed tannins in influencing herbivore community composition (DeWoody
et al. 2013). In hybrid aspen, QTL underlying variation in different feeding guilds of
herbivores contain genes in the shikimate-phenylpropanoid pathway, which pro-
duces phenolic glycosides and condensed tannins (DeWoody et al. 2013).

4.7 Use of Genetics to Test Evolutionary Ecology Hypotheses

Techniques such as QTL mapping that identify genes or regions of the genome
that underlie resistance traits can be used to test evolutionary hypotheses at previ-
ously unprecedented mechanistic levels. Isolating the effects of single genes or
genetic regions on a phenotype and/or on herbivores can be done through the use
of traditional breeding designs (e.g., Lowry et al. 2019) or gene silencing (e.g.,
Kessler et al. 2004).
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4.7.1 Inferring Ecological Consequences from Genetic Data

Experiments designed to link genetics with ecology and/or evolution became more
common in the early twenty-first century with the advent of the field of ecological
genomics and a growing realization of the lack of ecological context for model
organisms in laboratory environments. The primary goal of ecological genomics is
to identify the genetic and molecular mechanisms underlying natural trait varia-
tion and influencing organismal response to the environment (Feder and Mitchell-
Olds 2003; McKay and Stinchcombe 2008; Ungerer et al. 2008). Genetic or
genomic information provides a connection between ecology and phenotypic-
based studies to the evolutionary trajectory of defenses and populations. Ecological
genetics approaches can be used to elucidate the functional and ecological conse-
quences of genes, with breadth ranging from looking at trade-offs influenced by
individual QTL or transcriptome studies of patterns of gene expression.

While some studies of natural selection on defense traits were done in natural
environments, most previous work related to resistance was done with a small
number of herbivores in a laboratory environment. One early example of the gains
in knowledge obtained from moving from a lab to an ecological context occurred
in Nicotiana attenuata (wild tobacco), which has become a model system for the
study of signaling pathways involved in induced resistance (Baldwin 1998a, b; Xu
et al. 2018). Three genes playing a major role in plant wound recognition and sig-
naling response were silenced, thus dampening induced response to herbivory
(Kessler et al. 2004). In the lab, plants with these genes silenced were more suscep-
tible to herbivory by the specialist tobacco hornworm, Manduca sexta. In the field,
the community composition of the herbivores attacking the plants was highly
altered, with some novel herbivores showing a preference for the plants, imposing
heavy damage, and ovipositing (Kessler et al. 2004). This demonstrates that host
plant selection is not determined only by the constitutive defenses of a plant, but
also by a plant’s induced response to herbivory. This unique result would have been
difficult to discover without investigation of the effects of this genetic manipula-
tion in a natural environment.

4.7.2 Genetic Correlations and QTL-Level Trade-Offs

QTL-level studies can be used to test predictions of trade-offs between multiple
aspects of defense, the framework for which was developed based upon phenotypic
information. Questions within this realm include whether genes for different
aspects of defense, or genes influencing resistance vs. traits related to life history
strategy, co-localize. For example, are functional trade-offs that are predicted by
plant defense hypotheses such as the Resource Allocation Hypothesis and Optimal
Defense Theory based upon genetic correlations and/or co-localization at the
genomic level? The presence of genetic correlations implies that the genes that
underlie the traits are inherited together (Lande 1979; Via and Hawthorne 2002).
Genetic correlations can be due to pleiotropy, when one gene influences multiple
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traits, or to linkage disequilibrium, nonrandom associations of alleles at different
genes affecting two traits (Falconer and Mackay 1996). Linkage disequilibrium is
most often due to close physical linkage of the genes that underlie the traits (Lynch
and Walsh 1998). Traditionally, genetic correlations have been estimated by assess-
ing phenotypes of related individuals, and thus have not always been practical in
studies of plant defense in non-model species. More recently, statistical methods
have been developed for human data that allow genetic correlations to be calcu-
lated in very large groups of unrelated individuals based on genomic data (Lee
etal. 2012; Sodini et al. 2018), although these methods are not often used in studies
of plants. QTL mapping experiments, where QTL for multiple traits co-localize, or
map to the same region of the genome, generally cannot distinguish whether the
underlying mechanism for co-localization is pleiotrophy or physical linkage without
being followed up by fine-mapping.

Knowledge of the extent of genetic correlations between traits can be more
informative in studies of evolution than are phenotypic correlations. Analogous to
studies of the evolution or evolutionary potential of a single trait, whereby genetic
variation for a trait is necessary for evolution of the trait to occur within a popula-
tion, genetic correlations are based upon genetic variance and covariances between
traits and the rate and direction of their evolution depends on these parameters
(Lynch and Walsh 1998). While phenotypic and genetic correlations sometimes
correspond (Roff 1996), in many cases they do not (Willis et al. 1991), thus pheno-
typic correlations are not necessarily reliable substitutions when making evolution-
ary inferences for traits.

With genetic correlations, response to selection on one trait (i.e., changes in
allele frequencies) will result in changes in other traits that are influenced by the
same gene/group of genes. Such correlations can facilitate or constrain adaptation
(Lande 1979; Via and Hawthorne 2005). QTL studies have been very informative
in the exploration of the evolution of trade-offs in multiple aspects of defense,
including between constitutive and induced resistance, between resistance and abi-
otic stress tolerance, and between resistance and other life history traits.
Characterization of the strength and direction of genetic correlations between
traits and/or the amount of phenotypic variation explained by QTL that co-local-
ize and underlie traits allows inference about the evolutionary trajectory of these
traits within populations (Conner and Hartl 2004).

Trade-offs between constitutive and induced defense are predicted to occur by
Optimal Defense Theory, based upon allocation of resources given the probability
of herbivory. Plant populations that experience consistent herbivory might invest
more in constitutive defense, while populations that incur more sporadic herbivory
might invest in induced defense only when necessary (Harvell 1990; Adler and
Karban 1994; Cipollini et al. 2003). These patterns have been often, but not always,
supported by phenotypic correlations (Karban and Baldwin 1997; Agrawal 1998).
Investigation of genetic correlations and whether genetic underpinnings of these
traits co-localize can help us to answer fundamental evolutionary questions regard-
ing the genetic architecture of complex traits, and how trade-offs evolve.
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Several studies of the genetic architecture of constitutive and induced defense
have found QTL underlying these traits to co-localize. Kliebenstein et al. (2002b)
found co-localization of QTLs influencing constitutive and induced glucosinolate
levels in Arabidopsis thaliana. In contrast to the predictions of ODT, however, the
genetic correlations between constitutive and induced defenses were positive. As
predicted by ODT, negative genetic correlations were found between constitutive
and induced trichome density in monkeyflower (Mimulus guttatus), with co-
localization of some of the QTL underlying these traits (Holeski et al. 2010).

Trade-offs between resistance traits and abiotic stress tolerance have also been
found to have a genetic basis. In a study of the mechanisms aiding or hindering
range expansion in the ecological model species Boechera stricta, negative genetic
correlations and co-localizing QTL were detected between glucosinolate produc-
tion and drought stress tolerance. At the low elevation range boundary for the
species, both increased levels of glucosinolates and increased drought stress
tolerance were favored by selection. Thus, the genetic-based trade-off between
these two attributes could contribute to limiting the range of the species by not
allowing for simultaneous increase in resistance and increase in drought stress tol-
erance (Siemens et al. 2009; Olsen et al. 2019).

In monkeyflower, several studies have identified genetic-based trade-offs
between resistance traits and traits related to life history strategy. In some peren-
nial plants of Mimulus guttatus, an inverted portion of a chromosome (DIV1)
underlies increases in both phytochemical resistance traits and traits related to
long-term growth strategy such as plant height, adventitious root production, and
number of stolons. The annual orientation of this region is associated with rapid
development to reproduction and reduced phytochemical defense (Lowry et al.
2019). Similar trade-offs between rapid development to reproductive maturity and
allocation to phytochemical defense is found within annual monkeyflower plants
(Mimulus guttatus). A QTL of relatively large effect underlies a trade-off between
phytochemical resistance and developmental rate; plants that have more rapid time
to reproductive maturity have lower levels of phytochemical defense than plants
with slower development times (Kooyers et al. 2020).

4.8 Gene Expression and Herbivore Resistance

Advances in genomic technology have allowed greater understanding of how
plants respond to herbivory at the genomic level. While this work is still biased
towards a relatively small number of model and agricultural species (B Table 4.2),
research in species that are closely related to model species have been able to coopt
genetic tools and molecular genetic resources. Species in the Brassicaceae family
such as Boechera and Brassica, for example, are often used for study of the genetics
of plant-herbivore interactions, and this is largely possible due to the use of genetic
resources developed in Arabidopsis (Mitchell-Olds 2001; Anderson and Mitchell-
Olds 2011). Likewise, experimental use of plants in the Solanum genus has taken
advantage of the genomic tools developed in tomato and potato relatives (Schmidt
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D Table 4.2 Genera used in genetic studies of plant resistance

Plant genus Genome size of representative  Year genome sequence made publicly
sequenced species available for a species in the genus
Arabidopsis 135 Mb 2000
Boechera 227 Mb 2017
Brassica 584 Mb 2011
Eucalyptus 640 Mb 2014
Glycine 1.1 Gb 2008
Ipomoea 750 Mb 2016
Mimulus 430 Mb 2008
Nicotiana 2.6-4.5 Gb 2012
Oryza 430 Mb 2002
Populus 500 Mb 2006
Solanum 840 Mb 2011
Triticum 17 Gb 2018
Zea (corn) 2.4 Gb 2009

This list represents many genera commonly used but is not comprehensive

et al. 2004). While a great deal of the work in gene expression has taken place in a
greenhouse or laboratory environment, in the past decade multiple studies examin-
ing gene expression in plants grown in field-based common gardens have been pub-
lished. These latter experiments have provided insight into the relationship between
gene expression, ecologically-realistic abiotic and biotic environmental conditions,
and population-level processes.

4.8.1 Transcriptome Profiling

Numerous studies have investigated patterns of gene induction and transcriptome
patterns during and/or after herbivore feeding, along with the ecological effects of
the induced changes in resistance. Expression profiling, also called transcription
profiling, tracks the expression of hundreds to thousands of genes on DNA micro-
arrays, whereby specific sequences are attached to a surface of a DNA chip, and
act as probes to detect gene expression in samples (Bumgarner 2013). The expres-
sion profiles can then be compared in plants replicated across different environ-
mental conditions of interest. In plant-herbivore interactions, this method has
been used to compare gene expression in response to herbivores from different
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feeding guilds (Broekgaarden et al. 2010), generalist versus specialist herbivores
(Reymond et al. 2004), and plant response to different natural herbivore communi-
ties (Broekgaarden et al. 2010). Plant response to herbivores of different genotypes
has even been assessed (Zytynska et al. 2016). Transcription profiling has been con-
ducted in a number of species, including Arabidopsis and relatives, sorghum
(Sorghum bicolor), tobacco (Nicotiana attenuate), rice (Oryza spp.), and tomato
(Lycopersicon esculentum); this profiling has highlighted the complexity of plant
response to damage and has provided insight into damage-induced signaling path-
ways. Large-scale differences in results across studies have also demonstrated the
need for use of more standardized experimental designs (Thompson and Goggin
2006). Unless genes previously characterized in function have been identified and
are used, gene expression profiling represents a whole plant response to herbivory
and thus can include changes in expression in genes underlying direct defenses,
indirect defenses, and a myriad of physiological changes.

4.8.2 Gene Expression Following Herbivore Activity

Transcription profiling has been used to investigate gene expression in response to
mechanical versus specialist herbivore (Pieres rapae) damage (Reymond et al.
2000) and damage by generalist (Spodoptera littoralis) versus specialist (P. rapae)
chewing herbivores in Arabidopsis thaliana (Reymond et al. 2004). While gene
expression was quite different between plants with mechanical vs. specialist dam-
age (Reymond et al. 2000), substantial overlap occurred between genes expressed
in response to the generalist and specialist caterpillars (Reymond et al. 2004).
Another study comparing gene expression in response to two generalist and a spe-
cialist chewing herbivore in tobacco (Nicotiana attenuata) found that the most
overlap occurred between the two generalists (Heliothis virescens and Spodoptera
exigua), although over 60% of the genes up- or down-regulated by the specialist
(Manduca sexta) were similarly expressed following herbivory by the generalists
(Voelckel and Baldwin 2004).

Studies of gene expression have been used to address evolutionary ecological
hypotheses regarding induction of plant defenses by generalist versus specialist
herbivores. For example, a long-standing paradigm in plant-herbivore interactions
predicts that phytochemical plant defenses will have less of an effect on specialist
herbivores than on generalists, and that when damaged by generalists versus spe-
cialist herbivores, plant responses will differ (Ali and Agrawal 2012). In the latter
point, plant responses are both dictated by the plant and manipulated by the her-
bivore (Felton and Eichenseer 1999; Felton and Tumlinson 2008; Erb et al. 2012).
Phenotypic evidence for differential plant response to generalists versus specialist
is not consistent (Bowers and Stamp 1993; Agrawal 2000; Ali and Agrawal 2012),
while evidence for differential plant response to feeding by herbivores of different
feeding guilds is clearer (Ali and Agrawal 2012).

Patterns of gene expression have generally supported trait-based results in tests
of this paradigm, showing that feeding guild may have a stronger effect on overall
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differences in gene expression than does the diet breadth or degree of specialization
of the herbivore. Analyses of gene expression following feeding by different feed-
ing guilds in Arabidopsis showed limited overlap in the transcriptional response to
feeding by chewing, cell-content feeding, and phloem-feeding herbivores (the cat-
erpillar Pieris rapae, thrip Frankliniella occidentalis, and aphid Myzus persicae,
respectively; De Vos et al. 2005). Broekgaarden et al. (2011) show similar results
from a study of specialist caterpillars (P, rapae) and aphids (Brevicoryne brassicae)
feeding on wild black mustard (Brassica nigra). Finally, in a study of four chewing
lepidopteran herbivores and two aphid species, with generalists and specialists
within each feeding guild, the effects of insect taxon or feeding guild had a sub-
stantially larger effect on patterns of gene expression than did insect diet breadth
(Bidart-Bouzat and Kliebenstein 2011).

Gene expression data has highlighted at least some of the mechanistic basis for
genotypic variation in resistance. In the Arabidopsis relative, white cabbage
(Brassica oleracea), transcription responses to damage by a specialist (Pieres rapae)
in two cultivars (genotypes) were compared using microarrays developed for
Arabidopsis (Broekgaarden et al. 2007). The two genotypes differed in resistance as
measured by P. rapae performance, although with this metric constitutive versus
induced resistance cannot be disentangled. The two cultivars also differed fairly
dramatically in transcriptional response, with 44% or more of the genes induced in
one cultivar not induced in the other (Broekgaarden et al. 2007). Similarly, in a
field experiment with 19 Arabidopsis accessions and ambient herbivory, more than
half of the differences in gene expression in glucosinolate biosynthetic genes was
among-accession variation (Sato et al. 2019b).

While much gene expression work has been done in a laboratory environment
with one to three herbivores rather than in a natural context, some investigation of
the relevance of transcriptional profiling in natural environments has been done.
One such study elegantly ties herbivore community metrics to patterns of gene
expression across plant genotypes. In a field study with two Brassica oleracea geno-
types, nine herbivore species were present in similar abundances across the geno-
types (Broekgaarden et al. 2010). Later in the season, one genotype hosted lower
richness and abundances of both generalist and specialist herbivores than the other
genotype. Levels of gene expression also differed more substantially between the
genotypes relative to earlier in the season, with differences in expression levels in
over 20 genes, including several genes known to play a role in herbivory defense
(Broekgaarden et al. 2010).

When transcriptional profiling is used in combination with genes with a charac-
terized function, a more comprehensive picture of plant response to herbivory can
be obtained (He et al. 2020). Transcriptional profiling has been used for genes with
previously characterized roles in direct and indirect defenses. In cucumber (Cucumis
sativus), genes related to some direct defenses including phenylpropanoids and ter-
penoids were upregulated in response to spider mites (7etranychus urticae), while
genes underlying other direct defense phytochemicals were downregulated. Genes
involved in the production of terpenoid emissions as an indirect defense were
upregulated (He et al. 2020).
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4.9 Genetic Basis of Indirect Defense

To date, study of the genetic basis of indirect defenses focuses almost exclusively
on production of plant volatile compounds (Pearse et al. 2020). Levels, as well as
the composition, of volatile blends emitted after herbivory are different than those
emitted before herbivory; post-herbivory emissions of herbivory-induced plant
volatiles (HIPVs) attract predators and parasitoids from multiple insect orders, as
well as mites, nematodes, and birds (Dicke et al. 2003; McCormick et al. 2012).
Plant volatiles can be induced by herbivore feeding and/or oviposition on a plant,
and tend to attract primarily herbivore enemies (Kessler and Baldwin 2001, 2002;
Poelman et al. 2008; Hilker and Meiners 2010), or egg parasitoids (Hilker et al.
2002; Hilker and Meiners 2002, 2006), accordingly.

Feeding by herbivores of different types and ages, feeding guilds, and abun-
dances can affect the specific blend of volatiles that are released, and thus the ene-
mies that are cued (McCormick et al. 2012). Volatiles induced by mechanical
damage are different than those induced by herbivore feeding (Turlings et al. 1990;
Baldwin et al. 2001). This could be a result of the differences in rate of tissue lost
by herbivory vs. mechanical damage (Mithofer et al. 2005), and/or to the lack of
salivary cues by the herbivores (Turlings et al. 1990; Felton and Tumlinson 2008).

Research of indirect defenses has focused primarily on elucidating the signal-
transduction pathways underlying plant response. This mechanistic research has
taken place in model plant species, with genes underlying HIPV response identified
in Arabidopsis (Van Poecke et al. 2001; Kappers et al. 2005), Populus (Irmisch et al.
2013; McCormick et al. 2019), tomato (Zhang et al. 2020), lima bean (Arimura
et al. 2000), and maize (Erb et al. 2015), among others.

The genes underlying multiple aspects of direct and indirect defense have been
identified in wild tobacco (Nicotiana attenuata; e.g., Dinh et al. 2013; Xu et al.
2020), and many aspects of the ecology of the species are known (Adam et al. 2018).
However, extensions from the mechanistic genetic basis of HIPVs to plant fitness in
natural environments to characterize the function of genes through generation of
genetically altered plants are somewhat rare. One field-based study of HIPVs in
wild tobacco estimated that they reduced the number of herbivores present by 90%,
indicating the potential for substantial effects of HIPVs on plant fitness (Kessler
and Baldwin 2001). Later studies have investigated the evolutionary and ecological
effects of HIPVs in wild tobacco more directly through the use of genetically mod-
ified plants and have shown substantial effects of HIPVs on plant fitness.

One investigation of the effects of HIPVs on plant fitness in a field environment
included plants that were genetically modified to have the genes underlying HIPVs
silenced (Schuman et al. 2012). The specialist tobacco hornworm Manduca sexta
had a large effect on flower production in the field environment; predation on
Manduca was increased two-fold in plants that produced HIPVs, and these plants
had twice as many buds and flowers as those in which HIPVs were silenced
(Schuman et al. 2012). Another field experiment used wild tobacco plants that were
genetically altered to produce reduced or enhanced levels of herbivore-induced
volatiles, with some also having reduced levels of direct defenses (Schuman et al.
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2015). Herbivore abundance was lowest on plants with enhanced levels of
herbivore-induced volatiles, and these plants also had the lowest mortality rates.
Enhanced levels of volatile production did not entirely compensate for reduced
levels of direct defenses, in terms of plant mortality, but plants with enhanced lev-
els of volatile emissions did improve the fitness of plants of other genotypes, when
planted together (Schuman et al. 2015).

Work in wild tobacco using genetically modified plants has thus shown clear
effects of variation in HIPV on plant fitness. Future studies investigating the effects
of genetic variation in HIPV production within natural populations would provide
more insight into the evolutionary potential of these indirect plant defenses.

Conclusions

Research in plant-herbivore interactions in the past half-century has shifted from a
focus on phenotypic variation to an increasingly mechanistic genetic scale. We now
know that genetic variation in resistance traits is widespread in natural populations.
Characterizing patterns of genetic variation in traits and how natural selection by
herbivores acts on these traits has given us a better understanding of evolutionary
trajectories of resistance in natural populations.

Identification of genes or QTL underlying resistance traits has allowed us to
test evolutionary and ecological hypotheses regarding the evolution of plant resis-
tance at the level of individual genes or genetic regions, rather than at the level of
phenotypes. Functional characterization of genes underlying herbivory resistance
has led to a better understanding of the mechanistic pathways between genes and
phenotypes.

As the variety of plant species in which genetic-based hypotheses can be tested
increases, this will enable us to build a more comprehensive view of commonalities
and differences in the genetic control of resistance. Investigations of gene expression
and function across a broader array of species and in ecologically realistic environ-
ments will increase our understanding of how the genetic architecture of resistance
functions and evolves in natural populations.

Key Points

Genetic and genomic studies of plant-herbivore interactions have contributed sig-
nificantly to our understanding of:

= the genetic basis of plant resistance to herbivory

evolutionary trajectories of resistance traits in natural populations
evolutionary and ecological hypotheses for the evolution of resistance

signaling pathways that underly plant response to herbivory

0 Question
We have extensive knowledge of the natural history of plant-herbivore interactions
in some systems, based on a century or more of research. How can genetic work be
used to complement natural history to inform our understanding of plant-herbivore
interactions?
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Biotic Defenses Against Herbivory

@ Learning Objectives
After completing this chapter, you should have an understanding of the following:
1. The terms biotic defense and indirect defense.
2. Several examples of biotic defense relationships between different organisms.
3. The potential benefits and costs to each organism involved in a biotic defense
relationship.
4. The variation in generality and specificity of biotic defense partnerships.

5.1 Introduction

Herbivory is a strong negative pressure known to shape the diversity and distribu-
tion of numerous plant species (Marquis and Braker 1994). As an evolutionary
response to the negative effects of herbivory, plants have developed a myriad of
defensive strategies that can be further categorized as direct or indirect defenses
(Price et al. 1980; Dicke and Sabelis 1988). Direct defenses are traits that reduce
herbivory by acting directly upon herbivores without any additional mediators;
this includes the production and presence of chemical compounds that function as
repellents and toxins, and physical structures that harm or deter herbivores, such as
thorns and spines. These defenses are mostly constitutive and are continuously
expressed in plants across ontogeny (Boege and Marquis 2005). The other cate-
gory, indirect defenses, are traits that do not directly affect herbivores, but rather
enhance plant fitness by altering the behavior or presence of natural enemies of
herbivores (Pearse et al. 2020), and are considered inducible defenses (Zangerl and
Rutledge 1996). Although indirect defenses can still involve plant chemistry (in the
form of volatile attractants or nutrient-rich extrafloral nectar and food bodies),
their proximal mechanism is the predators they attract, which act as biotic agents
of defense, or “biotic defenses”. While many studies address the impacts of direct
defenses in plants, biotic defenses are still overlooked, especially if the definition of
biotic defense is expanded to include interactions beyond classic plant-herbivore-
predator relationships (e.g., Heil 2014).

5.1.1 A Classic Example of Biotic Defense: Myrmecophily
and Extrafloral Nectar

Perhaps the most classic example of biotic defense involves the interaction between
plants bearing extrafloral nectaries (EFNs) and ants, spiders, and other predators
(B Figs. 5.1 and 5.2). EFNs are nectar-secreting structures not associated with the
pollination of mature flowers, but rather are found on other above-ground plant
parts, such as leaves, stems, stipules, and flower buds (e.g., Machado et al. 2008;
Schoereder et al. 2010; Marazzi et al. 2013). EFNs produce liquid comprising
carbohydrate-rich compounds but also small amounts of other organic compounds
such as amino acids and lipids (Gonzalez-Teuber and Heil 2009). Plants with EFNs
are characterized as myrmecophilous (“ant-loving”) organisms due to their ability
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B Fig. 5.1 Myrmecophilous ants feeding on extrafloral nectaries. a Camponotus crassus ant using
nectar from an extrafloral nectary (EFN) of a bract on Ouratea spectabilis (Ochnaceae); b Ectatomma
tuberculatum with an extrafloral nectar droplet in its mandibles from a Qualea multiflora (Vochysia-
ceae) petiolar EFN (D. Lange picture)

to attract and interact with ants. Numerous studies have demonstrated that EFNs
may specifically attract aggressive omnivorous ants (Koptur 1994; Bliithgen et al.
2004; Bixenmann et al. 2011), which can then increase plant performance by prey-
ing upon and decreasing the damage caused by herbivores (Cuautle et al. 2005;
Baker-Méio and Marquis 2012). A meta-analysis conducted by Rosumek et al.
(2009) concluded that plant fitness decreased by almost 60% when ants were
excluded from plants. Furthermore, Trager et al. (2010) demonstrated that the
presence of ants enhanced plant reproductive output by 49% and decreased her-
bivory by 62%. From this perspective, recent studies strongly suggest that extraflo-
ral nectaries may act as inducible defenses decreasing costs and maximizing benefits
against herbivores (Calixto et al. 2020).

Relationships between plants and ants are widespread and diverse (Rico-Gray
and Oliveira 2007; Del-Claro et al. 2016; Calixto et al. 2018), with EFNs occurring
in at least 100 plant families around the world (Weber and Keeler 2013).
Consequently, these relationships are usually generalized and highly facultative
(Rosumek et al. 2009; Chamberlain and Holland 2009; Del-Claro et al. 2018;
Calixto et al. 2018). Nectaries of different shapes and locations, secreting nectar at
different times, composed of different micronutrients, evolved in parallel in sev-
eral plant species, including Pteridophytes, Gymnosperms, and Angiosperms
(Marazzi et al. 2013; Weber and Keeler 2013). This wide diversity of EFNs is
matched with an equally diverse amount of interactions with various ant species
(Buckley 1982; Rico-Gray and Oliveira 2007; Dattilo et al. 2014; Del-Claro et al.
2018; Nelsen et al. 2018). As more studies are published, more species are included
in the list of plant-protecting ants (Rico-Gray and Oliveira 2007; Trager et al.
2010; Calixto et al. 2018). Additionally, in tropical environments such as the
Brazilian Cerrado, a single plant species can provide nectar for dozens of ants
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B Fig. 5.2 Spiders on plants. a Zuniga magna (Salticidae) is a spider that mimics ants to easily
access extrafloral nectaries and feed on them unnoticed; b Peucetia flava (Oxyopidae) preying upon a
bug nymph (Hemiptera) that was trapped on the glandular trichomes of a Chamaecrista shrub; ¢ a
crab spider (Thomisidae) preying upon a bee (7rigona sp.) pollinator in an EFN-bearing Legumino-
sae; d Tmarus sp. (Thomisidae) spider preying upon a Pseudomyrmex ant on an EFN-bearing plant

(Lange and Del-Claro 2014; Costa et al. 2016; Sendoya et al. 2016; Fagundes et al.
2018) and spider species (Nahas et al. 2017).

Although EFN-mediated defensive interactions are widespread in land envi-
ronments, the mechanisms and effects of biotic defense can easily become compli-
cated and conditional on different biotic and abiotic factors (Del-Claro et al. 2016,
2018). For one, EFNs may not be the only resource incentivizing ants to spend time
on plants. Shelter in the form of domatia (Letourneau 1983; Fiala and Maschwitz
1991) and other food sources such as food bodies and fruit (Fiala and Maschwitz
1992; Dutra et al. 2006) can also serve as rewards to ants that then patrol and pro-
tect the plant from herbivores. For example, although some Macaranga plants pos-
sess many EFNs that incentivize ant protectors, myrmecophytic (ant-inhabited)
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Macaranga plants with hollow stems and food bodies have reduced or even absent
EFNs (Fiala and Maschwitz 1991). In other shelter-based ant-plant systems, hol-
low stems or petioles provide shelter and nesting space for ant defenders, and the
plants might provide food bodies instead of EFNs as an additional resource for the
ants (Yu and Davidson 1997).

As Pearse et al. (2020) have argued, indirect defense can apply to relationships
beyond the plant-herbivore-predator canon. Indeed, ant-plant relationships do not
always involve trophic defense. Ants can also protect their host plants from com-
petitors, removing vines (Schupp 1986; Fiala et al. 1989) and other nearby or
encroaching vegetation (Frederickson et al. 2005) that might otherwise pose a com-
petitive threat. However, biotic defenses do not always yield complete or even net
benefits to the partner being defended. In many cases, the defender species can
determine the effectiveness of defense (Young et al. 1996; Fagundes et al. 2017). In
other cases, defenders might also deter other plant mutualists, such as pollinators
(Assungao et al. 2014), and species-specific combinations of defense efficacy and
pollinator deterrence can lead to variability in the net costs and benefits of biotic
defense (Ohm and Miller 2014).

In the rest of this chapter, we will call attention to the diversity of biotic defenses
beyond the classic ant-plant mutualism mediated by extrafloral nectaries, a diver-
sity in large part due to the lack of specificity in the mechanisms that induce biotic
defense. Ants are not the only predators attracted to EFNs and other plant rewards,
but rather other insects and even spiders can also use these resources and then act
as biotic defenders (B Fig. 5.2). Investigating these non-ant defenders can lead to
a broader understanding of the partner generality of biotic defense; we will use
spiders as an example of this. Additionally, plants are not the only organisms that
secrete sugary solutions in return for ant defense—we will use myrmecophilous
hemipterans and lepidopterans as examples of how an animal’s biotic defense can
compete for, directly counteract, or otherwise interact with a plant’s biotic defense.
Throughout these examples, we will point out commonalities in how these defense
interactions are selected for and maintained. Considering these diverse types of
biotic defense relationships can lead to a deeper understanding of the various costs
and benefits of biotic defense, and ultimately help us predict and understand the
evolutionary trajectories of these relationships and their contributions to overall
biodiversity.

5.2 Spiders as Plant Bodyguards and the Role of
Extrafloral Nectaries

Although the interactions between EFN-bearing plants and ants are relatively
well-studied, interactions involving other species of nectar-consuming animals
(Heil 2015) such as wasps (Cuautle and Rico-Gray 2003), beetles (Agarwal and
Rastogi 2010), flies (Agarwal and Rastogi 2010), bees (Thorp and Sugden 1990),
neuropterans (Limburg and Rosenheim 2001), and spiders (Taylor and Foster
1996; Nahas et al. 2017) are underexplored. The latter is particularly surprising,
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considering that spiders are among the most common arthropods inhabiting veg-
etation (Wise 1993; Foelix 2011) and have been observed feeding upon EFNs
(Ruhren and Handel 1999; Cross and Jackson 2009; Nahas et al. 2017, @ Fig. 5.2a).
Spiders inhabiting vegetation have adaptations that facilitate their relationship
with host plants. These are generally sensory adaptations, which allow spiders to
find and discern specific plant species through visual, olfactory, and tactile stimuli
(Vasconcellos-Neto et al. 2017). Further evidence that spiders regularly consume
EFN can be demonstrated by using cold-anthrone tests for the presence and con-
centration of fructose in the bodies of spiders found on EFN-bearing plants
(Nyfteler et al. 2016). In the Brazilian Cerrado, such methods have provided evi-
dence that 39 species across seven spider families consume EFN from at least eight
different host plant species (Nahas et al. 2017). Thus, EFN-feeding behavior is
common in spiders, and sugar-rich solutions like extrafloral nectar can be a benefi-
cial energy source for spiders (e.g., Taylor and Bradley 2009; Nahas et al. 2012; Patt
et al. 2012), supplementing the animal-based aspects of their diet.

Similar to ants, spiders are generalist predators that can reduce the number of
herbivores on a plant while also feeding upon nectar from EFNs (Stefani et al.
2015; Del-Claro et al. 2017). This can work in the plant’s favor when such preda-
tion is enough to reduce foliar herbivory and increase productivity (Nahas et al.
2012; Nelson and Jackson 2013; Stefani et al. 2015). In some cases, plants receive
even more defense from herbivores, so the fitness increases when spiders co-occur
with ants (Nahas et al. 2012), although spiders and ants can also compete for the
same resources (Halaj et al. 1997, @ Fig. 5.2d). For instance, Stefani et al. (2015)
showed that visitation by both spiders and ants had strong synergistic effects on
seed production of Eriotheca gracilipes, an EFN-bearing plant. Plants visited by
both spiders and ants produced an average of 13 viable seeds, which was higher
than the average seed production of plants visited by either spiders (3) or ants (5)
alone. However, just as with ants, spiders can also have negative effects on plants.
Spiders can reduce plant fitness by preying on or deterring pollinators (B Fig. 5.2c),
thereby reducing pollination rates and consequently the average flower fertility rate
(Romero and Koricheva 2011).

However, EFNs are not the only plant resource available to spiders. Spiders can
also eat other plant-derived food, including floral nectar, food bodies, and pollen
(Nyfteler et al. 2016). Additionally, plants can provide spiders with resources such
as refuge, favorable microclimatic conditions, anchorage points for webs, and
places for nuptial encounters, oviposition, and hunting (Greenstone 1984; Uetz
1991; Dennis et al. 1998; Silva et al. 2020).

Spiders can also serve as biotic defenders in plants that have glandular tri-
chomes on the surfaces of their leaves and stems (B Fig. 5.2b). These structures
produce sticky substances that trap and kill small insects, a direct defense against
herbivores and pathogens (Duffey 1986; Vasconcellos-Neto et al. 2017). However,
these trichomes can also act as indirect defenses, as some families of spiders (e.g.,
Thomisidae and Oxyopidae) are often found foraging on insects trapped by glan-
dular trichomes, and can positively contribute to plant defenses in the process
(Romero et al. 2008; Krimmel and Pearse 2013). This protection was verified by
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Silva et al. (2020), who demonstrated that spiders reduce the abundance of herbi-
vores on plants with glandular trichomes (Chamaecrista neesiana, Fabaceae),
resulting in lower herbivory and increased seed production.

5.2.1 Future Directions in the Study of Spiders as
Biotic Defenders

Although studies on the interactions between spiders and plants have increased in
the last 15 years, research is still incipient, and anecdotal studies show both positive
and negative effects of spiders on plants. A major step is to identify all nectar-
consuming spiders and how they interact with herbivores and ants (Del-Claro et al.
2017). If spiders, specifically nectar-feeding species, play a positive role in defend-
ing the plant against herbivory in conjunction with ants (Nahas et al. 2012), then
the occasional negative interactions between ants and spiders should not be enough
to reduce the benefits of spiders, ants, and the host plant. However, spiders are
more aggressive and attack more herbivores when they are consuming nectar
(Stefani et al. 2015; Del-Claro et al. 2017), therefore the influence of the host plant
rewards on spider behavior and predation needs to be more thoroughly studied.
Additionally, spiders have strong chemical senses, which may help them detect her-
bivore attacks on plants through plant release of volatile organic compounds, but
the extent to which chemicals mediate spider behavior as a biotic defense remains
to be explored.

5.3 Ant-Hemipteran Associations: Animal-Animal Biotic
Defense and Plant Impacts

Aphids and membracids (Hemiptera) are important trophobiont (organisms that
provide food rewards) herbivores that employ ants as biotic defenses. Even though
the terms biotic and indirect defenses are usually applied to plants, trophobiont
hemipterans can also recruit ants as bodyguards by releasing a sugar-rich solution
(honeydew) (Way 1963; Stadler and Dixon 1999; Shingleton et al. 2005; Styrsky
and Eubanks 2007). The consequences of this interaction can extend up beyond
the local trophic chain, not only influencing the fitness of the insects involved, but
also that of the aphid host plants and their associated herbivores (Styrsky and
Eubanks 2007; Yao 2014).

Honeydew is a by-product of phloem ingestion by hemipterans, composed of a
series of sugars (and also organic acids, amino acids, lipids, and proteins), and is a
key mediator of the reciprocal interaction between ants and aphids (Volkl et al.
1999; Leroy et al. 2011a; Sabri et al. 2013). Ants will tend honeydew-producing
hemipterans, reducing the abundance of hemipterans predators on the plant and
increasing hemipterans fitness (Flatt and Weisser 2000; Renault et al. 2005, Vilela
and Del-Claro 2018, B8 Fig. 5.3a). Ants may also benefit aphids by protecting their
eggs from fungal infections without receiving any apparent benefit (Matsuura and
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B Fig. 5.3 Ants tending lycaenid caterpillars and a membracid. a Camponotus ant visiting extraflo-
ral nectaries of a Malpighiaceae and simultaneously tending a trophobiont hemipteran (Enchenopa
sp., Membracidae); b Camponotus ant tending a larval Lycaenidae (Rekoa marius; A. Béchtold pic-
ture); ¢ Ectatomma tuberculatum approaching a lycaenid caterpillar on a flower bud (E. Alves-Silva
picture); d Camponotus sp. tending a caterpillar (E. Calixto picture)

Yashiro 2006). Without ant bodyguards, aphids are vulnerable to predation: during
feeding, aphids insert their stylets (long mouthparts) into the leaves, preventing
them from any rapid escape from natural enemies. In addition, these insects are
gregarious (and thus conspicuous to predators) and have few direct defenses
against natural enemies (Stadler and Dixon 2005; Suzuki and Ide 2008).

Despite the benefits provided by ants, most hemipterans are not tended by ants,
and for those species that are actually tended, they can also be attacked and even
preyed upon by ants (Billick et al. 2007). Aside from harassing and preying upon
aphids, ants can also prevent hyperparasitoids from attacking parasitized aphids
(Volkl 1992). Additionally, ants can fail to detect and defend aphids from specialist
predators that mimic their chemical profile and then remain unnoticed by ants
(Lohman et al. 2006). Furthermore, ant-tending behavior may be related to the
presence of certain sugars, so aphids that do not release or metabolize specific sug-
ars may go unattended by ants (Fischer and Shingleton 2001). Competition for ant
attention exists when more than one species of aphid inhabits the same plant, and
this too directly affects aphid fitness and persistence (Addicott 1978; Cushman and
Addicott 1989).

In addition to the ways in which ants can reduce aphid fitness, honeydew may
also cue parasitoids to the presence of aphid colonies on host plants (Budenberg
1990). Aphid feeding also prompts the release of volatile allelochemicals



102 R.F. Moura et al.

(herbivore-induced plant volatiles, or HIPVs), which natural enemies use to locate
aphids (Hatano et al. 2008). In other instances, parasitoids of aphids feed on hon-
eydew, although this is not their preferred food source (Lee et al. 2004). More
recently, studies have shown that bacteria from aphid guts produce volatiles that
effectively attract natural enemies as well (Leroy et al. 2011b). This shows that hon-
eydew, although a necessary component of the ant-mediated biotic defense of
aphids, can also have important and sometimes detrimental side effects for the
aphids.

5.3.1 Aphid-Ant Effects on Plants

If ants can serve as biotic defenders of plants, but also as biotic defenders of
aphids, what is the overall impact of ants on aphid host plants? After all, when ants
protect aphids, they are protecting an herbivore of that plant—many of the 4000
described aphid species are most known for their direct negative effects on plants.
By constantly feeding on phloem, aphids often cause severe damage to plants, par-
ticularly crops (Ragsdale et al. 2011). In addition, their high reproductive rates due
to parthenogenesis, efficient settlement, and resistance to insecticides make aphids
one of the most abundant pests (Stadler and Dixon 2005; Giordanengo et al. 2010;
Jaouannet et al. 2014). Aphid damage to plants can range from microscopic (patho-
gen transmission, changes in nutrient flow, especially nitrogen and sugar alloca-
tion) to macroscopic (wilting of leaves and aesthetic damage on fruit surface), with
devastating results (Jaouannet et al. 2014).

Hundreds of plant species consumed by aphids, coccids and also membracids
possess EFNs (Del-Claro and Marquis 2015) which scientists have hypothesized
can distract ants from trophobiont hemipterans (and other myrmecophilous
insects), leaving the honeydew-producing insects vulnerable to natural enemies
(distraction hypothesis — reviewed in Del-Claro et al. 2016). In fact, aphid species
that are not attended by ants may suppress the production of EFN, thus weaken-
ing the plant’s defense and deterring plant-bodyguards (ants, wasps) from visiting
the plants (Yoshida et al. 2018). Historically, the distraction hypothesis has had
good support because other forms of plant defense are less effective against aphids,
as excreted honeydew incurs fungal infection on plants and also suppresses the JA
pathway, which is used by plants as a form of chemical defense (Stadler and Miiller
1996; Schwartzberg and Tumlinson 2014). For example, Engel et al. (2001) showed
that the EFNs of Vicia faba (Leguminosae) can displace ants from aphids by pro-
ducing nectar with more sugar than honeydew.

However, despite being herbivores, the effect of some aphids on EFN-bearing
plants is negligible in terms of plant fitness loss (Suzuki et al. 2004), causing no
severe damage (Rico-Gray and Castro 1996). In some cases, aphids might even
indirectly benefit the plants—evidence shows that ants might shift their patrolling
behavior from EFNs towards aphids and their honeydew, and that the presence of
aphids can increase the number of ants on the plant (Sakata and Hashimoto 2000;
Katayama and Suzuki 2003, reviewed in Styrsky and Eubanks 2007). A review by
Zhang et al. (2012) also demonstrated that the mutualism between ants and
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honeydew-releasing hemipterans has a wide range of ecological effects on the host
plant, such as reduced herbivory, low abundance of herbivores, and low fruit
removal. In fact, the abundance of ants on some EFN plants is only enhanced in
the presence of aphids. In Vicia angustifolia L. (Leguminosae) the number of
Lasius japonicus ants visiting EFNs was 10% of the total of ants foraging on the
plant; however, when aphids were present, the number of foraging ants on plants
increased two-fold and 50% of ants foraged on honeydew (Suzuki et al. 2004). This
shows the extent to which aphids influence the natural history of the host plants,
and can be an important facilitator of biotic defense for the plant. Nonetheless, the
herbivory of trophobiont insects might outweigh the suppression of other herbi-
vores. Plants will only benefit if the cost of feeding the trophobiont is lower than
the cost of suppressing other herbivores, thus a trade-off is expected (Styrsky and
Eubanks 2007).

The herbivory-reducing effects of ant-hemipteran associations are higher com-
pared to plants that rely solely on EFNs; however, plants that provide direct benefit
to ants (e.g., EFNs, domatia, and food bodies) generally exhibit increased growth
and reproduction whereas ant-hemipteran presence does not significantly affect
plant performance (Chamberlain and Holland 2009, but see Fiala and Maschwitz
1991). This shows that the presence of direct rewards to ants is more beneficial to
one aspect of plant life history, while the presence of trophobiont insects benefits
other aspects.

It is evident that tritrophic interactions involving ants, aphids, and plants are
extremely complex and conditional, thus it is hard to make generalizations (Stadler
and Dixon 1999, 2005; Stadler et al. 2002). The role of honeydew goes far beyond
simply mediating the aphid-ant mutualism. It is both a blessing and a curse for the
aphids themselves as well as their host plants, and many questions remain unan-
swered about honeydew-mediated interactions. For instance, how do physiological
changes incurred by aphid herbivory in host plants influence other insects, such as
herbivores and pollinators? How do aphid-plant interactions affect the biodiversity
of the entomofauna associated with plants? Aphid feeding behavior elicits plant
antiherbivore defenses, some of which are constitutive and general, while others
are local or systemic (Jaouannet et al. 2014), but further consideration of the fit-
ness effects of such defenses is needed. In addition, some other insects may avoid
aphid-infested plants. By investigating the oviposition patterns of Alcon Blue but-
terflies (Maculinea alcon), researchers found that aphid presence on the host plant
strongly inhibited the oviposition of butterflies (Arnyas et al. 2009). If we are to
understand biodiversity and multitrophic interactions in their full magnitude, such
topics deserve further evaluation and detailed investigations.

5.4 Myrmecophilous Lepidoptera

Plants and trophobiont hemipterans are not unique in their myrmecophily. Some
butterfly larvae also secrete sugary liquids that attract ant bodyguards (Pierce et al.
2002, @ Fig. 5.3b—d). This lepidopteran myrmecophily is broadly known and doc-
umented for two butterfly families: Lycaenidae and Riodinidae (DeVries 1991;
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Pierce et al. 2002), which combined compose 30% of all butterfly species (Shields
1989). In these families, 75% of species interact with ants during their larval stages,
exhibiting a variety of associations varying from obligatory to facultative and par-
asitic to mutualistic (Fiedler and Holldobler 1992; Stadler et al. 2001).

Just as with EFN-bearing plants, the ants involved in these interactions protect
their food source against natural enemies, and therefore these associations are
known as defense or protective mutualisms (Agrawal and Fordyce 2000). Butterfly
larvae possess specialized glands that produce nutritive secretions, which serve as
ant food (Stadler et al. 2003; Daniels et al. 2005). In counterpart, the butterflies
receive ant protection against predators and parasitoids during their most vulner-
able life stage (pupal and larval instars), representing another case of animal-
animal biotic defense (Pierce et al. 2002).

In addition to providing liquid rewards, myrmecophilous butterflies have also
developed a series of morphological, behavioral, acoustic, and chemical character-
istics to attract, pacify, alarm, or even trick ants into exhibiting defensive behavior
(see review by Casacci et al. 2019). The resulting interaction is complex, with varied
costs and benefits for the organisms involved (butterflies, ants, and plants), depend-
ing on the mechanisms (» Box 5.1) and the interaction degree, as discussed in the
following sections.

Box 5.1 Mechanisms of Butterfly Myrmecophily

Ant-associated organs: Among the different chemical mechanisms responsible for
attracting and maintaining ant’s attendance of butterfly larvae, the nectary organs
in Lycaenidae and Riodinidae deserve special attention. In Lycaenidae, the exu-
date is produced by the dorsal nectar organ (DNO) (Newcomer 1912) and in
Riodinidae by the tentacle nectar organs (TNOs) (DeVries 1988). These secretions
are composed mostly of amino acids and carbohydrates and are even richer in
amino acids than extrafloral nectar and hemipteran honeydew (Yao and Akimoto
2002; Bliithgen et al. 2004; Daniels et al. 2005). It is important to consider exu-
dates when evaluating this system’s trade-off since the secretion quality and quan-
tity influences ant persistence in attending the larvae (Wada et al. 2001; Hojo et al.
2015) and consequently ant permanence on the plant.

The eversible tentacle organs (TOs) in some lycaenid larvae and the anterior
tentacle organs (ATOs) in riodinids, as well as the perforated cupola organs (PCOs)
present in almost all species of both families, facilitate chemical communication
between butterflies and ants (Malicky 1970). Authors have reported that eversion
of the TOs is related to the liberation of volatile composites that incite alert and
aggressive behavior in patrolling ants (Axén et al. 1996).

Cuticular hydrocarbons (CHCs): To avoid ant attacks, some myrmecophilous
butterfly species mimic ant CHCs in order to be recognized as a colony member
(Hojo et al. 2009). Beyond these, other CHC strategies used by butterflies include
chemical insignificance, in which the larvae become “invisible” to the ants by
reducing their cuticular chemical components, and chemical camouflage, in
which the larvae take on the cuticular profile of the host plant via diet or contact
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(see review by Barbero 2016). The important role of CHCs is evident in insect-
plant interactions, but the benefits to the emitter or the receiver are little under-
stood.

Vibroacoustic signals: Both Lycaenidae and Riodinidae can produce sound via
stridulation, a mechanism that may play an important role in the maintenance of
their interactions with ants (DeVries 1990; Mathew et al. 2008). Stridulation
organs are also present in non-myrmecophilous lycaenids (Alvarez et al. 2014), but
can nonetheless influence the ant protective behavior in myrmecophiles. Travassos
and Pierce (2000) show how the larvae and pupae of Jalmenus evagoras use a com-
plex repertoire of sounds to improve the attendance of associated Iridomyrmex
ants. Furthermore, pupae of the lycaenid Spindasis lohita do not possess secretory
organs but still communicate with Crematogaster rogenhoferi ant attendants via
vibration (Lin et al. 2019).

5.4.1 Benefits of the Ant-Butterfly Biotic Defense Relationship

The benefits of attracting ants as biotic defenses are widely studied from the but-
terfly perspective (Pierce et al. 1987; Baylis and Pierce 1991; Stadler et al. 2001;
Kaminski et al. 2013; Béchtold et al. 2014; Mizuno et al. 2019). Experimental
manipulations have demonstrated that butterfly eggs and larvae are less parasit-
ized, larvae show better development, and survive at significantly higher rates when
attending ants are present (Pierce et al. 1987; Nakabayashi et al. 2020). From the
ant’s point of view, however, the costs and benefits are less studied. Ants presum-
ably benefit from feeding on the nutritive secretions, and lab experiments have
shown higher colony survivorship in the presence of butterfly larvae (Cushman
et al. 1994; @ Fig. 5.1). Nonetheless, the energetic and opportunity costs of tend-
ing butterfly larvae should also be included when evaluating the costs and benefits
for ants. For example, the costs for ants could outweigh the benefits when butterfly
larvae manipulate the ant behavior by means other than liquid rewards, such as
CHC volatile emissions and stridulation.

5.2 How Does Lepidopteran Myrmecophily Affect Plants?

At first glance, the butterfly-ant interaction is detrimental to host plants, since
Lycaenidae and Riodinidae larvae may directly reduce leaf area through herbivory
(DeVries 1989) and directly reduce plant reproductive success by consuming floral
buds and flowers (Bichtold et al. 2013). In this sense, the protection provided by
ants to caterpillars might reduce plant fitness by allowing the larvae to damage
host plants. On the other hand, the ants involved in this interaction are generally
not specialists on butterfly secretions, but also attack and consume other arthro-
pods on the plant (Davidson 1997). The aggressive predatory behavior of ants may
reduce the abundance and feeding activity of other herbivores, which may have a
positive effect on the plant. The net result for the host plant thus depends on
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whether the reduction of non-butterfly herbivory is greater than the extent of the
myrmecophilous butterfly larvae’s herbivory (Oliveira 1997; Rico-Gray and
Oliveira 2007). Therefore, butterfly-ant associations may confer biotic defense
value to their host plants, since the constant ant presence induced by the myrme-
cophilous larvae may negatively impact other herbivores and limit the areas free of
natural enemies for herbivores (B Fig. 5.1).

Although the results of these interactions depend on factors that vary in space
and time such as plant phenology and density (Rodrigues et al. 2010), Rico-Gray
and Oliveira (2007) proposed three criteria that the butterfly-ant association must
follow in order to benefit the plant: (1) the butterfly must not be the main plant
herbivore; (2) ant attendance cannot increase the population density of the myr-
mecophile; and (3) associated ants must deter other plant herbivores (Rico-Gray
and Oliveira 2007).

Unfortunately, the effects of the butterfly-ant interaction on plant reproductive
success remain largely unknown. DeVries (1991) suggested butterfly myrmecophily
evolved as a consequence of lasting interactions between ants and angiosperms, in
a complex system that also involves EFN-bearing plants and those with trophobi-
ont hemipterans. Despite the notable importance of vegetation in the evolutionary
and ecological context of these interactions (Moreau et al. 2006), their impacts on
and interactions with plants have received little attention. For instance, several
studies have shown that ant presence mediates host plant selection by adult but-
terflies (Atsatt 1981; Fraser et al. 2002; Bachtold et al. 2016). The role of plant
chemistry (CHCs or volatile emissions) in host plant choice by myrmecophilous
butterflies is unknown. Also, the possibility that myrmecophilous organisms may
manipulate the ant’s behavior via multiple strategies and how that affects plant fit-
ness is still little understood (Mannino et al. 2018; Casacci et al. 2019). By being a
multitrophic interaction, the interaction between ants and butterflies have multiple
ecological effects, since the presence of myrmecophilous larvae alters the abun-
dance and behavior of ants on plants. Exploring the effects of this butterfly-ant
association on other trophic levels (Elgar et al. 2016), such as host plants, consti-
tutes the key to the ecological and evolutionary comprehension of the mutualism
between myrmecophilous Lepidoptera and ants.

5.5 Methodological Approaches and Biotic Defense Networks

As we have observed throughout this chapter, biotic defense interactions are com-
plex, context-dependent, and involve many distinct species. Faced with this com-
plexity, an equally complex methodology is necessary to synthesize this plethora of
interactions into patterns that can be analyzed and generalized (Huxley and Cutler
1991; Beattie and Hughes 2002; Del-Claro et al. 2018). Graph Theory, which stud-
ies three-dimensional geometrical shapes transforming vertices and edges into
three-dimensional networks of points connected by lines (Barnes and Harary 1983;
Biggs et al. 1986; Bascompte 2010), provided one such approach to describe and
model complex biological relationships in interaction networks (Pascual and
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Dunne 2006; Dale 2017; Dattilo and Rico-Gray 2018). The Theory of Ecological
Networks (see references in Ings and Hawes 2018) emerged from this integrative
approach, providing a way to study the multitrophic and multispecific nature of
complex plant-ant-herbivore interactions (Bascompte 2010; Dehling 2018; Dattilo
and Rico-Gray 2018).

According to the Theory of Ecological Networks, ecological interactions are
multispecific, that is, a given species can simultaneously interact with many other
species. This creates a three-dimensional network, in which the tangle of different
interactions regulates each other and together contribute to the overall structure
and properties of the network (Bascompte 2010). This network can be visualized
through a network graph, a three-dimensional geometric figure in which the spe-
cies are represented as points, and the interactions between the species are repre-
sented by lines that connect these points (Dehling 2018). Several parameters can
be calculated from this network structure, including form, degree of connection,
diversity and specificity of connections, and the position of species in the net-
work, so changes in these parameters can be used to model changes in the pat-
terns of interactions (Pascual and Dunne 2006; Bascompte 2010; Dehling 2018).
These parameters quantify interactions between species, often measured by the
number of encounters between a set of coexisting species (Bascompte and
Jordano 2007). For instance, an interaction between ants and plants can be con-
ceived when individual ants collecting nectar from different plants are used to
establish a network of species interactions (Dattilo et al. 2014; see also Luna and
Dattilo, » Chap. 10).

Ecological networks can assume different arrangements, ranging from a more
specialized, modular pattern (Grilli et al. 2016), to a more generalized, nested pat-
tern (Bascompte et al. 2003; Fortuna et al. 2010). Interactions between ants and
plants (Bascompte et al. 2003) are typically nested, as described for several ant-
plant networks in Brazil (Guimaraes et al. 2006; Dattilo et al. 2013, 2014; Lange
and Del-Claro 2014; Costa et al. 2016; Fagundes et al. 2016; Del-Claro et al. 2018)
and worldwide (Nielsen and Bascompte 2007; Vazquez et al. 2009; Chamberlain
et al. 2010; Diaz-Castelazo et al. 2010; Rico-Gray et al. 2012). In nested networks,
there are unequal interactions between species, where a few (central) species inter-
act with many others, but most species are less interactive (peripheral, Dattilo et al.
2014). In these nested networks, the low specialization of interactions and high
sharing of partners leads to a high redundancy of interactions, as peripheral spe-
cies interact with the same species as central ones (Dehling 2018).

Ant-plant interactions are consistently nested within different communities
(Dattilo et al. 2013, 2014; Costa et al. 2016; Sendoya et al. 2016; Fagundes et al.
2018), under different environmental conditions (Rico-Gray et al. 2012; Dattilo
et al. 2013), at different periods of the day (Dattilo et al. 2014) and seasons (Diaz-
Castelazo et al. 2013; Lange et al. 2013; Santos et al. 2014), and even after severe
disturbances (Falcdo et al. 2014; Costa et al. 2018; Fagundes et al. 2018). Nested
structures resist change due to a high overlap of interacting partners, which allows
flexibility in the replacement of species without necessarily disrupting the network
(Dattilo 2012; Passmore et al. 2012). Therefore, there is evidence of evolutionary
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selection for interactions that strengthen the nested structure of the ant-plant
networks (Del-Claro et al. 2018). However, few studies have tested whether
community-level benefits to biotic defense remain after changes in species compo-
sition (Piovia-Scott 2011) or network structure (Plowman et al. 2017), because it is
difficult to measure these benefits in the field.

Network approaches can also be used for biotic defense relationships beyond
ant and EFN-bearing plants, and comparing the network structure of different
biotic defense types can elucidate broader patterns or sources of variation. For
example, when comparing different ant-mediated defense relationships, Cagnolo
and Tavella (2015) found ant-lepidopteran and ant-myrmecophyte (domatia-
bearing plants) networks to be highly modular (specialized), unlike more nested
ant-EFN relationships. Furthermore, biotic defenses by definition involve at least
three layers of interaction: the defender, the defended, and the offender. As net-
work approaches become more widely used, they are being expanded to accom-
modate more complex interactions such as multiple trophic levels (Cagnolo 2018),
which could allow more accurate descriptions of biotic defense relationships.

Ecological networks are not the only approach to studying biotic defenses, and
indeed, other approaches are also warranted. Experimental tests of the immediate
costs and benefits to both the defenders and defended organisms, the longer-term
fitness ramifications, and the conditions that affect these costs and benefits will all
provide insight to the intricacies of these relationships. For instance, there are
trade-off effects between ant aggressiveness and plant protection. Although highly
aggressive ants provide increased protection against herbivores, they may drive
away potential pollinators, reducing the reproductive output of plants (Melati and
Leal 2018). Resource quality also affects the outcomes of ant-defended plants.
Nectar and honeydew rich in sugars and amino acids attract more ants and increase
plant defense (Bliithgen et al. 2004; Alves-Silva and Del-Claro 2013; Fagundes
etal. 2017; Pacelhe et al. 2019). However, as a facultative and non-specialized inter-
action, plants with EFNs are susceptible to robbers and visiting ants that provide
little protection (Dattilo et al. 2014). Further observation of natural history will
also help expand the known diversity of biotic defense interactions and is an
important key step in plant-animal interactions in general (Del-Claro et al. 2013).

5.6 Reconsidering Biotic Defenses: Implications for Biodiversity
and Future Directions

In the past centuries, researchers have investigated and proposed explanations for
why communities and ecosystems differ in terms of biodiversity. Although climate
and geography have been regularly used to explain species distribution since the
time of Humboldt (Norder 2019), only after the 1960s did studies start recognizing
the importance of ecological interactions for patterns of biodiversity (e.g., Janzen
1966; Paine 1966; Breedlove and Ehrlich 1968). Currently, we recognize that some
species are so dependent on interactions that their extinction may cause cascading
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effects that ultimately lead to the extinction of their associated species (Forup et al.
2008). Although these effects are usually demonstrated with key predators and pol-
linators, there is also evidence that biotic defenses may contribute to the persistence
of species in several systems (see Bronstein, » Chap. 11).

Biotic defenses may contribute to biodiversity by increasing the performance
and fitness of associated organisms. As we have seen in this chapter, plants with
EFNs are not the only ones benefited by the presence of natural enemies such as
ants, spiders, and parasitoids, since plants contribute to their defenders’ survival by
offering valuable resources. For example, Byk and Del-Claro (2011) showed that
the offer of extrafloral nectar increased the survival and growth rate of myrme-
cophilous ants. Biotic defenses also affect the herbivore competition and host rec-
ognition with enough potential to shape entire populations and communities of
arthropods (Agrawal and Sherriffs 2001; Gonzalez-Megias and Goémez 2003;
Ohgushi 2005; Kessler and Heil 2011). This was demonstrated in studies involving
the experimental removal of herbivores of distinct guilds. As an example, Waltz
and Whitham (1997) revealed that responses of cottonwoods attacked by a leaf-
galling aphid (Pemphigus betae) maintain high levels of species richness and
diversity through the attraction of natural enemies and other herbivores. When the
aphids were removed, the species richness and relative abundance of arthropods
decreased by 32% and 55%, respectively.

Given that biotic defense relationships play integral roles in the development
and maintenance of biodiversity, understanding how anthropogenic and natural
disturbances impact these relationships is an important part of predicting, manag-
ing, and when possible preventing the effects of future disturbances. Climatic
changes are impacting all biotic interactions by disrupting some relationships and
altering the outcomes of others. Many studies have shown that increasing tempera-
tures and changing precipitation are shifting plant and animal phenology (Munson
and Long 2017; reviewed by Cohen et al. 2018), with strong impacts on pollination
and biotic defenses (Vilela et al. 2018). Furthermore, deforestation and habitat
fragmentation may disrupt and weaken ecological interactions (Sabatino et al.
2010). However, modeling network techniques can be used to detect keystone spe-
cies and predict the possible consequences of their extinction (Messeder et al.
2020). This knowledge can be used to set management and conservation strategies
to mitigate ecological disturbances.

We have selected these example systems here to illustrate some of the main
aspects of biotic defense, but we encourage readers to be open-minded in what they
categorize as biotic defense. We and several authors before us have made the case
that indirect defense encompasses more than simple plant-herbivore-natural enemy
interactions—other organisms also manipulate natural enemies to reduce the
effects of predation, and considering these alternate systems can lead to broader
conclusions about defense as a whole (Pearse et al. 2020). Not all antagonistic
threats are herbivores, and not all natural enemies are other animals—some fungal
microbes might reduce more pathogenic fungi in fruit (Cipollini and Stiles 1993),
although this hypothesis seems to have been left untested.
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Conclusion

In this chapter, we discussed four examples of biotic defense systems and their mech-
anisms. We showed that plants protected by natural enemies such as ants and spiders
exhibit less herbivore damage, produce more fruits and seeds, and may ultimately
increase their fitness. The benefits provided by the biotic agents, however, are not per-
vasive and depend on the involved species and the ecological context. Additionally,
plants are not the only organisms employing biotic defenses—honeydew-producing
aphids and caterpillars also provide rewards to ants which can then provide protec-
tion from other natural enemies. These interactions can still benefit host plants by
attracting natural enemies, but such benefits are tempered by the herbivory of the
honeydew-producing insects. Such complex biotic interactions convey methodologi-
cal challenges, but ecological networks provide a useful approach to studying biotic
interactions and assessing how deforestation and climatic changes are extinguish-
ing and disrupting biotic interactions across the globe. Despite the fact that biotic
interactions contribute to the maintenance of biodiversity, most conservation efforts
focus on species loss. However, biotic defense interactions are a major piece of bio-
diversity, and their conservation is necessary for maintaining healthy environments
and essential ecosystem services.

Key Points

== The stability of biotic defense systems will depend on the costs and benefits to
both partners, as well as the generality or specificity of the defense and rewards.

== Although the most widely-studied biotic defense interactions involve plants,
extrafloral nectar, and natural enemies of herbivores, other organisms can also
engage in biotic defense relationships.

== Honeydew-producing herbivores and extrafloral nectar-producing plants can
attract the same biotic defenders, with synergistic or competitive effects depend-
ing on the fidelity of natural enemies to one or both rewards, the extent of her-
bivory, and the effectiveness of defense.

0 Questions
== Which conditions determine the stability of biotic defense interactions?
= What other organisms participate in biotic defense systems, particularly
understudied interactions?
= How will disturbance affect the outcomes of biotic defenses?
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@ Learning Objectives

After reading the text you should:

1. Comprehend the development of the flower through evolutionary time;

2. Realize the conditioned outcomes of flower development considering mutualis-
tic interactions;
Understand the benefits of the crosspollination;
Have an overview of animal-mediated pollination relationships;
Realize the impact of species invasions on plant-pollinator interactions;
Understand the impacts of fragmentation, loss of natural areas and pesticides
on pollinator populations and pollinating process in native and introduced spe-
cies, in crops and natural areas.

AR

= Foreword

Pollination and seed dispersion are possibly the most important mutualistic plant-
animal interactions. By promoting plant reproduction, pollinators support the
majority of the world’s plant diversity, playing a crucial role in most ecological
networks. Hence, pollinators are concomitantly vital to both natural ecosystems
and human food security, which is a singular position for such a group of organ-
isms. The past three decades have seen unparalleled interest in pollination ecology,
plant-pollinator’s biology and natural history, in some way stimulated by worries
about the decline of pollinator abundance and diversity in several natural and agri-
cultural ecosystems. In this chapter we will present a brief history of the origins
and evolution of pollination, followed by a characterization of the main pollinator
groups, what is basic to open ways to whom could be interested in to follow this
important research issue. Additionally, we will briefly discuss human impact on
pollination systems and point out some future direction.

6.1 A Brief Historical Approach of Pollination and Flower Origin

6.1.1 Definition

Pollination is the transport of pollen grains to the stigmatic surface of a flower.
Pollen is the special structure that contains the plant’s male gametophyte. A suc-
cessful pollination event needs to happen between flowers of the same species, and
preferably from distinct individuals (Wilcock and Neiland 2002). Post-pollination
outcomes depend on many factors. A pollen grain hydrates on the stigma before it’s
germination and production of the pollen tube, which goes through the stigmatic
surface and the transmitting tissue into the style, then down to the ovary and the
ovule inside. One of the gametic nuclei (sperm nuclei) inside the pollen tube reaches
and fuses with the oocyte, producing an embryo, while the second gametic nuclei
fuses with the two polar nucleus in the central cell, resulting in the endosperm. This
process is known as double-fertilization and is found in almost all Angiosperms,
configuring an important characteristic in this plant clade (but see also Williams
and Friedman 2002). These processes can be interrupted at any time due to incom-
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patibility reactions, which may prevent self-pollination and pollination between
flowers from distinct species. In the latter case, heterospecific pollen can physically
block the stigmatic surface and disturb conspecific pollen performance in several
ways extensively discussed by Streher et al. (2020) and references therein. Specialized
floral morphology and physiology limit the visits to the few pollinators able to
perform the best pollen transfer. However generalist flowers are much more com-
mon in nature and they usually have to support heterospecific pollination conse-
quences (Wilcock and Neiland 2002; Ollerton et al. 2007).

Pollination happens in gymnosperm and angiosperm species, as they are able to
produce pollen grains. Pollen can be transferred abiotically by wind or water, biot-
ically by animals or even automatically by the flower itself. Most plants depend on
animal pollination for their reproduction (Klein et al. 2007). As an example, pos-
sibly 94% of plants from tropical communities are pollinated by animals (Ollerton
etal. 2011).

From the animal point of view, pollination is often an accident or a by-product
of floral resource collection (Vitali and Machado 1994). A generalist pollinator is
able to collect floral resources from a wide array of plant species (Waser et al.
1996), while a specialist pollinator has close evolutionary adaptations that limits its
interactions to a few plant taxa (Dormann 2011).

6.1.2 Flower Evolutionary History and Morphology: What Have
We Learnt So Far?

Flowers are present on Angiosperm species and are responsible for fruit and seed
production, ensuring sexual reproduction. The definition of a flower has changed
a little bit over time (Moseley 1898; Bateman et al. 2006). Today we can say that a
flower is a very compressed and determinate bisexual or unisexual reproductive
axis, with its structures placed in concentric whorls with radial (actinomorphic) or
bilateral (zygomorphic) symmetry. The central whorls consist of carpels (megaspo-
rangia) and/or stamens (microsporangia), surrounded by a sterile perianth with at
least one laminar organ usually composed by distinct petals and sepals, or by simi-
lar structures called tepals (Bateman et al. 2006; Theissen and Melzer 2007; Smyth
2018). The carpel presents the stigmatic surface where pollen may be deposited, the
style and the ovary containing the ovules. The stamen is composed of the filament
and the anther, which is responsible for pollen grain production. The fossil history
of stamens is well explained by Crepet and Nixon (1996). Floral morphology plays
a central role in the pollination process, allowing legitimate pollinators to contact
the anthers and transfer pollen grains to the stigma. Hence, it is important to
understand the origin of flowers, their formation and the factors affecting floral
development and morphology.

Due to the evolutionary importance of the flower in defining the clade of the
flowering plants (Angiosperms), one could expect a general agreement about the
concept of the flower, but no perfect consensus has been achieved until now. A
central problem in understanding the flower’s evolutionary history is the difficulty
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in homology assignments among flowering plants and between the most recent
common ancestor of Angiosperms and Gymnosperms (Frohlich 2003; Theissen
and Melzer 2007).

In order to try to fill this gap, diverse tentatives were made to elucidate the evo-
lution of flower morphology. Traditionally, the ancestral flower was considered to
be similar to modern Magnoliidae flowers (Crepet 1984; Crepet et al. 1991), what
is partially supported by recent data based on phylogenetic ancestral reconstruc-
tion (Saunquet et al. 2017). Based on this last approach, the structure of the basal
Angiosperm flower had a radially symmetric perianth composed of tepals sur-
rounding a bisexual structure, with carpels organized in a spiral and an androe-
cium organized in whorls. From this basal floral structure and counting on an
elegant genetic control and pollinator pressure, a huge diversity of flower shapes
can be found among the extant Angiosperms.

6.1.3 The Enigmatic Origin of Flowering Plants and Animal
Pollination

Charles Darwin was fascinated by angiosperm emergence and its intriguing fast
radiation which he called the “abominable mystery”, as it initially seemed improb-
able. Darwin suggested angiosperm-insect associations could have increased the
angiosperm diversification (Friedman 2009). According to the fossil record, angio-
sperms appear in the Mesozoic era, Triassic period, about 200 million years after
the Gymnosperms (Doyle 2012; Li et al. 2019). However, recent DNA sequencing
studies and molecular dating methods suggest that the first angiosperms originated
in the upper Triassic, about 209 million years ago (Li et al. 2019) or a little after
that in the Jurassic (Doyle 2012). The time of angiosperm appearance is still nowa-
days a question to be solved (van der Kooi and Ollerton 2020).

6.1.3.1 Herbivory and Pollination

Since the early development of the first land plants by the Ordovician period
(Paleozoic era), spores were spread by water and wind. Those spores belonged to
very simple plants, possibly the bryophyte ancestors (Wellman et al. 2003). Sometime
after, in the Devonian period, land was full of moss-like vegetation (Bryophytes),
ferns (Pteridophytes) and conifers (Gymnosperms). Those plants were damaged by
primitive arthropods looking for food such as spores, pollen grains and plant juices,
which offered a very good nutrient source for arthropods, even for small ones unable
to masticate (Kevan et al. 1975; Ren et al. 2009). Herbivores used to feeding on those
other plant resources gradually started to consume the newly emerged angiosperms
(Nyman et al. 2019). Herbivory is the consumption of any living vegetal tissue
(Abrahamson 1989, Marquis and Moura: » Chap. 3).

Antagonistic plant-animal interactions, such as pollen consumption by ani-
mals, could have been the first step that led to the emergence of animal pollination
(Ren et al. 2009, see review by Del-Claro and Torezan-Sililingardi: » Chap. 1). Still
now herbivores and pollinators can use the same cues to find a specific flower, such
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as floral scent (Nunes et al. 2016). Liquid floral resources such as ovular secretions,
stigmatic exudate and nectar of angiosperm flowers were (and still are) commonly
used as food by animals (Lloyd and Wells 1992; Kato and Inouye 1994). Plant
reproductive parts show rapid development, which makes it difficult to form rigid
fibers, so the reproductive parts are usually soft and rich in water, mineral nutrients
and carbohydrates, which make them very interesting for insect herbivores (Varanda
et al. 2005; Mccall and Irwin 2006), both to those that feed inside (endophytic) or
outside (exophytic) the structure (Labandeira 1998; Torezan-Silingardi 2011).
Evidence from the earliest seed plants indicates animal (Kato and Inouye 1994;
Labandeira 1998; Ollerton and Coulthard 2009) and also wind pollination (Crepet
and Feldman 1991; Niklas 1997). The distinct insect mouthparts from the Devonian
period indicate their ability to collect and use many floral resources. For example,
there are many fossil records of insects covered by gymnosperm pollen (Grimaldi
1999; Hu et al. 2008), as Mecoptera (scorpionflies) (Ren et al. 2009), Thysanoptera
(thrips) (Penalver et al. 2012), Neuroptera (lacewings) (Labandeira et al. 2016),
Diptera (flies) (Pefialver et al. 2015) and Coleoptera (beetles) (Peris et al. 2017a).
There is also coprolite evidence of cycad pollen grains consumed by beetles
(Klavins et al. 2005). These two types of fossil evidence indicate gymnosperm-
insect pollination. Some other fossil evidence points to the development of angio-
sperm species in the same space and time as when gymnosperms were insect
pollinated (Ollerton 2017). Many of those Cretaceous gymnosperm pollinator
insects are nowadays exclusively angiosperm pollinators (Peris et al. 2017b).

6.1.3.2 The Ecological Dominance of Angiosperms

The emergence of the flower promoted additional chances for highly-faithful
mutualisms and coevolution (Crepet and Nixon 1996; Hu et al. 2008). Hu et al.
(2008) prepared a reconstruction of the evolution of pollination modes in angio-
sperm species. Their conclusions support the hypothesis that insect pollination was
the initial pollination mode, so more specialized animal pollination modes should
be derived. They present fossil evidence implicating insect pollination in approxi-
mately 86% of the basal angiosperms, many of which produced clumped sticky
pollen and pollen ornamented surfaces adequate for insect pollination. Several
other fossil records also support insect pollination, with insects feeding on just one
type of pollen grains and in a big quantity, which suggests a food preference
(Grimaldi 1999) or specialized pollination (Crepet and Nixon 1996). Those records
indicating insects feeding on many flowers from the same species may suggest a
situation where the animal was a regular flower visitor due to its feeding on flower
resources and, consequently it could act as a constant pollen transfer, characteriz-
ing a pollination mutualisms.

A certain degree of dependence evolved in some of those flower-insect interac-
tions, suggesting coevolution. In these cases, species develop a series of morpho-
logical and physiological characteristics that make them more apt to establish
mutualistic interactions over evolutionary time (Lomascolo et al. 2019). The asso-
ciations between angiosperms and animals have benefited both pollination pro-
cesses and seed dispersal and are an important part of the explanation for the great
diversification of angiosperms (see Corlett: » Chap. 7).
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The fossil record shows evidence of insect pollination of angiosperm species by
Coleoptera (Crepet 2008; Poinar Jr 2016; Nabozhenko 2019), Diptera (Grimaldi
1999 and references therein), Lepidoptera (Crepet 1984) and Apoidea: bees (Crepet
1984; Crepet 2008). These associations facilitated the rapid increase in richness of
species, abundance in number of individuals and angiosperm radiation worldwide
(e.g. Thompson 2014, see also Del-Claro and Torezan-Silingardi: » Chap. 1).

6.2 Floral Rewards

A floral reward is any resource produced by floral tissue that is used by animals and
leads to an increase in visitation rates helping the pollination process (Simpson and
Neft 1981). Pollen, nectar, oils, resins, fragrances and floral tissue are floral rewards
used by animals mainly for their nutritious value. Many animals can pollinate, but
not all visitors are efficient pollen vectors, some are just looking for an interesting
floral resource and do not pollinate adequately. For example, spiders feed on stigma
exudates (Marquinez et al. 2010) but they usually just use one of the several floral
products without pollinating. Occasional pollination is possible due to insects
looking for the flower as a sleeping or mating place, heat source and fiber or exu-
date sources for nest construction (Neff and Simpson 1981). Evolution has pro-
vided flowers with plenty of possibilities.

6.2.1 Pollen

Pollen is a nutritious resource, its composition depends on the plant family and can
be very variable (Campos et al. 2008). Pollen grains are composed of proteins and
amino acids, lipids, carbohydrates, vitamins, carotenoids, sterols, fibers, minerals
and salts (Day et al. 1990; Roulston et al. 2000; Campos et al. 2008). Pollen protein
and lipid ratios are a factor able to induce selection on plant-pollinator interac-
tions (Vaudo et al. 2020). Depending on the taxonomic plant group, pollen pres-
ents secondary compounds as flavonoids, alkaloids, terpenoids, and phenolic
compounds (Palmer-Young et al. 2018). Bees can selectively forage on distinct pol-
len species based on their quality, which influences larval development and colony
fitness (Vanderplanck et al. 2014; Cane 2016).

6.2.2 Floral Nectar

Nectar is the most frequent floral resource in South American communities
(Silberbauer-Gottsberger and Gottsberger 1988; Quirino and Machado 2014).
Floral nectar is produced in many angiosperm and some gymnosperm species as a
sugar solution composed of water and different proportions of carbohydrates such
as sucrose, fructose and glucose, small quantities of proteins (nectarins), amino
acids, and volatile organic compounds (Heil 2011; Abrahamczyk et al. 2017).
Distinct plants produce floral nectar with different quantities of some secondary
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compounds other than those cited by Heil (2011), such as flavonoids, alkaloids,
terpenoids, and others (Palmer-Young et al. 2018).

The kind of sugar determines the main group of pollinators: sucrose-rich nec-
tar is preferred by hummingbirds, butterflies, moths and long-tonged bees; hexose-
rich nectar is preferred by short-tonged bees and flies; and sucrose-free nectar is
preferred by birds and ants (Bliithgen and Fiedler 2004; Abrahamczyk et al. 2017).
Variation in nectar volume, composition, and concentration are easily detected by
pollinators and influence their behavior (Pyke 2016), indicating floral nectar is
under pollinator-mediated selection (Parachnowitsch et al. 2019).

6.2.3 Floral Oils

Floral oils are fatty acids rich in calories produced in epithelial or trichomal spe-
cialized glands called elaiophores, and their composition varies among species and
genera from the 11 families able to produce them (Vogel 1974; Possobom and
Machado 2017). Malpighiaceae floral oils present fatty acids associated with com-
pounds such as diacylglycerol, compounds from the acetoxy group, acetyl group
and diacetoxyicosanoic acid methyl ester group (Baronio et al. 2017), while
Orchidaceae floral oils present acylglycerols and relatively simple linear hydrocar-
bons such as diacylglycerol compounds (Reis et al. 2006). Floral oil composition is
more similar within genera than between genera (Baronio et al. 2017). Floral oils
are used by specialized oil-collecting bees for larval food provisioning (Michener
1974, 2007; Vogel 2009), for nest waterproof after lining brood cells (Vogel 2009)
and nest construction (Alves-dos-Santos et al. 2002).

6.2.4 Floral Resins

Floral resins are composed by mucilage, starch and sugars and small amounts of
lipoidal substances (Krahl et al. 2019). Floral resin from Dalechampia, Clusia
(Armbruster 1984) and Orchidaceae (Krahl et al. 2019) flowers are collected by
pollinating bees. The resin is used for bee nest construction as it is water repellent
and has anti-pathogen chemical properties (Armbruster 1984; Roubik 1989;
Oliveira et al. 1996). Sometime resins are neither a floral reward, nor are associated
with pollinator attraction (Gottsberger and Amaral Jr 1984; Gottsberger 1986).
Resins can act as a flower tool to facilitate pollen adhesion to the pollinator body.
The spathe of Philodendron adamantinum produces and releases resin droplets just
before pollen grains are liberated from the anthers (Gongalves-Souza et al. 2018).
The scarab beetles visiting P adamantinum are smeared by the resins contacting the
spathe inner side, when the inflorescence closes and the beetles are forced to leave.
The resin acts as an effective adhesive for pollen grains, increasing pollination rates
(Pereira et al. 2014).
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6.2.5 Fragrances

Volatile organic compounds are the main attraction cues for crepuscular and noc-
turnal pollinators such as bats, moths and beetles. However, even diurnal flowers
rely on scent to signal their locality to pollinators, such as the African milkweed
Pachycarpus grandiflorus that attracts wasp pollinators primarily by scent rather
than visual cues (Shuttleworth and Johnson 2009). An experiment with flowers
from species of the genus Thalictrum (Ranunculaceae) showed that the volatile
organic compounds of insect pollinated flowers are able to elicit larger antennal
responses from Bombus impatiens than volatiles produced by wind-pollinated flow-
ers, indicating that floral scent is a key characteristic to pollinator attraction (Wang
et al. 2019).

6.2.6 Floral Tissue

Pollinators can use the flower as a place to develop their offspring, as seen in Yucca-
yucca moth (Powell and Mackie 1966; Huth and Pellmyr 2000), Glochidion-
glochidion moth (Kato et al. 2003) and Ficus-fig wasp associations (Anstett et al.
1997, Jansen-Gonzalez et al. 2012, and see Bronstein: » Chap. 11, and Pereira and
Kejellberg: » Chap. 12). Yucca, Glochidion and Ficus pollen is collected by adult
female moths or wasps that carry it to another flower and deposit the grains over
the stigma, but do not eat pollen grains. The pollinated flower is the oviposition
place, where the moth or wasp larva grows while eating the developing seeds and
part of the ovary tissue.

6.3 Pollinating Vectors

Pollen can be transported to the stigma in many distinct ways, depending on corolla
size and shape, and the distinct pollen presentation in the anthers and characteris-
tics such as the size, shape and ornamentation of the pollen grain. There are two
kinds of vectors capable of pollinating: abiotic, such as wind and water, and biotic
such as animals (B Table 6.1). Here, we will present both types of pollination, but
will focus on biotic interactions, the issue of this book.

Abiotic pollination is observed in both aquatic and terrestrial plants. About
18% of all extant angiosperm families are pollinated by wind and about 3% are
pollinated by water (Ackerman 2000 and references therein). Probably the local
decrease of pollinator populations and/or unfavorable abiotic conditions caused
entomophilous angiosperms to evolve and adapt to wind pollination as a derived
condition (Culley et al. 2002), but the opposite situation also happened (Wang
et al. 2019).

The vast majority of plant species need biotic pollen vectors (about 80% follow-
ing Ackerman 2000). These numbers are even higher if we consider species-rich
communities from warm and wet places such as tropical forests, where animal pol-
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B Table 6.1 Pollination types and main characteristics

Pollination
type

Hydrophily

Anemophily

Ambophily

Zoophily
(Entomophily)

Melittophily

Melittophily

Myrmecophily

Cantharophily

Psychophily

Phalaenophily

Pollination
vector

‘Water

Wind

Wind +
animals

Animals
(insects)

Hymenop-
tera

Bees
(diurnal)

Bees
(crepuscu-
lar/
nocturnal)

Wasps

Ants

Coleoptera

Lepidop-
tera

Butterflies

Small
moths

Floral
reward

No

reward

No
reward

Pollen,
nectar

Pollen,
nectar,
scent, oil

Pollen

Nectar

Pollen,
nectar

Pollen
and floral
tissue

Nectar

Nectar

Floral type

Small flowers, petals and
sepals are absent, no
scent

Small flowers, petals and
sepals are absent, no
scent

Small flowers, open
corolla, there is scent

Diurnal, petals and
sepals ornamented, scent
present. Symmetry, size
and shape variable

Radial symmetry, open
corolla, exposed fertile
structures and scent
present

Diurnal anthesis, usually
with radial symmetry,
scent present and
ornamented corolla

Diurnal, small flowers,
radial symmetry, open
corolla, and exposed
fertile structures

Diurnal/crepuscular/
nocturnal, color is
variable, scent present

Diurnal anthesis, tubular
corolla, vibrant floral
coloration, sweet scent

Nocturnal/crepuscular
anthesis, tubular corolla,
discrete floral coloration

Reference example

Cox (1988)

Friedman and
Barrett (2008)

Tamura and Kudo
(2000)

Torezan-Silingardi
and Del-Claro
(1998)

Weislo et al.
(2004), Warrant
(2008)

Santos et al.
(2010)

Del-Claro et al.
(2019)

Gottsberger (1989)

Goulson and Cory
(1993)

Freitas and
Sazima et al.

(2009)
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O Table 6.1 (continued)

Sphingophily Big moths
Diptera

Myophily Flies

Sapromyophily ~ Carrion
flies
Thysanop-
tera

Zoophily

(vertebrates)

Chiropteroph- Bats

ily

Ornitophily Birds

— Non flying
mammals

— Lizards

Nectar

Nectar,
pollen

No
reward

Nectar,
pollen

Nectar
(pollen)

Nectar

Nectar

Nectar

Evening/crepuscular

anthesis, tubular corolla,
discrete floral coloration,

some species have very
strong pleasant scents

Diurnal anthesis,
fermentation or
decomposition scent

Diurnal anthesis, scent
of meat decomposition

Diurnal anthesis, small,
white or yellow

Nocturnal flower, white,
yellow or green,
pollination between
distant plants, some
species have strong
unpleasant scents

Diurnal flower, tubular

flowers of vibrant colors,

often red

Diurnal and nocturnal

flowers, radial symmetry,
usually near the ground,

scent present

Diurnal, rare pollination,

flower tissue may be
consumed

129 6

Amorim et al.
(2014)

Goldblatt and
Manning (2000)

Wisniewska et al.
(2019)

Williams et al.
(2001)

Fleming et al.
(2009)

Cronk and Ojeda
(2008)

Carthew and
Goldingay (1997)

Olesen and Valido
(2003), Sazima
et al. (2005)

lination is observed in 94% of plant species (Ollerton et al. 2011; Rech et al. 2016).
The reduced winds in dense forest vegetation can explain the prevalence of animal
pollination, at least partially. Animals are attracted to flowers due to their fra-
grances (long distance cues), colors and acoustic guides (medium distance), visual
guides and size/shape/morphological/tactical cues (short distance) (B Table 6.1
and references therein, Helversen and Helversen 1999, Raguso 2004, Streinzer
et al. 2009). If the flower shape is modified, as in a corolla damaged by florivory
(herbivore damage on floral parts) or a flower manipulative experiment, the visita-
tion rate and consequent fruit formation will decrease, especially in self-incompat-
ible species (Ferreira and Torezan-Silingardi 2013).
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The image of a flower plays a key role in its identification and offers honest cues
of quality to floral visitors. Flower image is mainly the result of corolla size and
shape and the presence of pigments such as anthocyanins and carotenoids.
However, microscopic conical cells in the adaxial surface of petals, tepals or nearby
bracts and other floral parts can modify the color pattern of a pigment and render
it more intense or more discreet (Moyroud and Glover 2017; Kraaij and van der
Kooi 2020). The conical design permits the color intensity to be increased as more
light reaches the cell vacuole and intensifies the pigment reflection, reducing sur-
face gloss and creating a velvety appearance which permits better use of floral pig-
ments and light scattering structures inside floral tissue (Stavenga et al. 2020). The
result is a flashy and intense color. The fruit-set dependent on pollinator attraction
is reduced in mutant plants that have lost the conical cells and produce flat cells
instead (Dyer et al. 2007).

Each animal clade has its own ability to perceive colors, a recent review based on
Drosophila is given by Schnaitmann et al. (2020). We humans are trichromatic
(Cronin et al. 2014). Insect pollinators such as bees are trichromatic too (Briscoe and
Chittka 2001), butterflies may even have 15 photoreceptors and some of them have
the chromatic abilities (Chen et al. 2016). Vertebrate pollinators like mammals may
be di- or trichromatic (Arrese et al. 2002) and birds are tetrachromatic (Hart and
Hunt 2007). Fly vision is not completed understood, but color vision is possible due
to a system with four (Lunau 2014) or five photoreceptors (Schnaitmann et al. 2020).

If pollinator diversity is restricted to just one or few groups, plants that depend
on biotic pollination for reproduction and maintenance will be locally conditioned
by the existing pollinators. For example, Macquarie Island is isolated in the
Southern Ocean, 1200 km from its nearest neighbor, New Zealand. The island has
neither bees nor birds visiting flowers, just dipteran pollinators live on the island,
consequently flies have become the big ecological limiting factor for the local flora
which is composed of 36 indigenous angiosperm species presenting basically white-
cream-green flowers (Shrestha et al. 2016).

The convergent evolution of floral features driven primarily by distinct adapta-
tions to the functional group of the most effective pollinator was predicted by
Stebbins (1970). It was confirmed in a review with 417 plant species by Rosas-
Guerrero et al. (2014), which also pointed out that secondary pollinators are not
excluded by pollination syndromes. Pollination syndromes use characteristics such
as floral color, shape and size, rewards and many others features to organize the
huge amount of distinct floral types under a functional and ecological perspective,
pointing to possible and probable pollinators (Dellinger 2020). Here we present the
main pollination syndromes:

6.3.1 Water Pollination: Hydrophily

Hydrophilous pollination is known for at least 31 genera from 11 plant families,
from marine and freshwater environments (Cox 1993), including dioecious, mon-
oecious and hermaphroditic species. For example, Vallisneria and Lagarosiphon
species have submerged plants that liberate the male flowers, which float to the
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surface of water and move with the breeze. Another submerged plant produces a
long branch with the female flower at the end, floating in the surface of the water.
A delicate depression in the water surface is produced by the female flower, permit-
ting the capture of the male flower and pollen transfer to the stigma. Some genera,
including Amphibolis, Halodule and Ruppia have a distinct pollinating process
where just the pollen grains are liberated to reach the water surface, where they
encounter the very long stigma, but the male and female flowers are both underwa-
ter. Other plants such as Thalassia and Syringodium can transport pollen in muci-
laginous strands underwater between submerged flowers, and some species from
Phyllospadix and Zostera have pollen grains that move on the surface and under-
water to reach the stigma. Cox (1993) and Ackerman (2000) and the references
therein present many interesting details about hydrophilous pollination.

6.3.2 Wind Pollination: Anemophily

Anemophily is reported in 60 angiosperm families, common in species with either
spatial (dioecy) or temporal (dichogamy) separation of stamens and pistils
(Ackerman 2000) and with dense inflorescences wherein small flowers present
reduced and inconspicuous perianths (Stebbins 1970). The long and delicate fila-
ment permits the exposed anther to move easily with the wind, releasing pollen
grains through large openings usually in dry conditions, common in Poaceae spe-
cies (Kozub et al. 2017) and also in other families. Anemophilous pollen grains are
usually spherical and small, unornamented and without pollenkitt, so they do not
clump easily (Crane 1986). The pollen-ovule ratios are impressively high, greater
than10%1 (Faegri and van der Pijl 1979) or than10'3:1 (Payne 1981), but just a
small number of grains will reach the stigma. The brush or feather-like stigma and
its extensive surface increase pollen capture, especially in windy and dry periods
(Heslop-Harrison and Shivanna 1977). Anemophilous species are usually observed
in higher latitudes and elevations mainly in temperate areas (Regal 1982). Wind
pollination is common in self-compatible plants, in gregarious population living in
open habitats, with low humidity and low precipitation (Culley et al. 2002).

6.3.3 Ambophily: Wind and Insect Pollination

The phenomenon in which species are pollinated by both wind and insects is called
ambophily (Ackerman 2000). Ambophily can occur in two situations. The huge
amount of pollen grains of anemophilous species can be an important food
resource easily accessed by generalist insects during periods of pollen limitation for
nearby entomophilous species (B Fig. 6.1). Or, plants usually pollinated by insects
can be wind pollinated if pollinator limitation is severe and pollen features permit
wind transport (Culley et al. 2002). Examples of ambophilic pollination are spread
over Arecaceae (Silberbauer-Gottsberger 1990; Rios et al. 2003), Euphorbiaceae
(Quirino and Machado 2014), Salicaceae (Tamura and Kudo 2000), Ranunculaceae
(Wang et al. 2019) and many other plant families.
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O Fig.6.1 Diptera eating
pollen from the longitudinal
dehiscent anther of Poaceae
flower. Note the white
feather-like stigma and thin
style near the anther. (Photo
credit: Eduardo Calixto Soares)

6.3.4 Insect Pollinators

Pollination by insects is much more frequent and diversified than vertebrate polli-
nation, both in nature and in cultivated areas. Wilson (1992) pointed out that we
have about 751,000 distinct insect species, the equivalent of 72.2% of all animal
species. However, Stork (2018) recently suggested that this number could surpass
five million species considering that Earth contains 20 million species or more,
including cryptic diversity. Thus, it is easy to presume that we could find more
insect pollinators than vertebrate pollinators. But there are more reasons to justify
that idea.

The immense richness of insect species needs to be considered together with
other characteristics that make this group of pollinators important: (a) the reduced
size usually seen in shorter life cycle species makes the development of genetic
mutations more common. Mutations that increase fitness are more likely to be
maintained in subsequent generations, but mutations that decrease fitness will be
negatively selected for and may disappear or remain with low numbers in the popu-
lation; (b) many insect species have different food niche between juvenile and
adults; (c) insect dispersion is favored by winged adults, facilitating the reach of
distant areas; (d) insects developed a sophisticated neuro-motor and sensory sys-
tem, with special olfactory receptors able to perceive very small quantities of vola-
tiles organic compounds far from the plants producing them. Odor is more relevant
than visual cues for insect pollination in many extant gymnosperms (Rydin and
Bolinder 2015 and references therein); (f) insects have distinct types of visual recep-
tors that allow them to perceive more colors than humans do. All these traits are
described in detail by Bernays (1992), Gullan and Cranston (1994), Triplehorn and
Johnson (2020), Schowalter (2000) and many others.

These morphological and physiological adaptations allow insects to have many
distinct interactions with plants. Of the 26 insect orders just five intensely interact
with flowers, however these five orders had so many benefits from flowers that they
constitute 84.5% of insect species: Coleoptera, Lepidoptera, Hymenoptera,
Diptera and Thysanoptera. Most plants receive distinct floral visitors and many of
them may be apt to pollinate in a mixed pollination system (Cesario and Gaglianone
2013; Shuttleworth and Johnson 2010). For instance, Ipomoea pes-caprae
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(Convolvulaceae) is bee pollinated and snail pollinated (malacophily) (Raju et al.
2014). The most relevant types of pollination and their main characteristics are
pointed out in g Table 6.1.

Here we will present some insect-flower associations using the most relevant
orders.

6.3.4.1 Diptera Pollination: Myiophily and Sapromyiophily
Myiophily, besides more generalized pollination by dipterans also includes sapro-
myiophily or pollination by attraction of carrion and dung-feeding flies. Diptera
are among the most common insects that visit flowers. Among the 110 Diptera
families, representatives of more than 70 families contain anthophilous species
(Kearns 2001; Larson et al. 2001). Species range from opportunistic nectar and
pollen consumers (the generalists), to specialists, which may be attracted to sapro-
myiophilous flowers that mimic carrion or dung or others that imitate fungal fra-
grances or even fungal forms, or others that have proboscides much longer than
their body and are thus able to explore and pollinate flowers with long-tubed corol-
las.

Good examples of generalist foraging by Diptera can be shown for several
Syrphidae, Tachinidae, Calliphoridae, Muscidae, among others. Hoverflies
(Syrphidae), for example, are fond of flowers with easily accessible nectar and
which are white, reddish or blue (Knuth 1898). Certain species, such as the well-
known syrphid fly in Europe, Eristalomyia tenax, have a strong preference for yel-
low flowers (Kugler 1955; Lunau et al. 2005). Many Syrphidae and other flies also
eat pollen grains in addition to nectar (Holloway 1976; Inouye et al. 2015) and thus
forage on a great number of flowering plants, usually together with other pollina-
tor groups.

In South Africa the specialized long-tongued flies of Nemestrinidae and
Tabanidae represent a distinct pollination niche, servicing colorful and nearly
scentless, long-tubed flowers. These specialist flies explore the nectar of tubular
flowers with mouthparts exceeding their body lengths. One nemestrinid fly with a
proboscis 57 mm long, four times its body length, pollinates the orchid Disa draco-
nis (Johnson and Steiner 1997). The long floral tube makes nectar unavailable to
most other insects, including other flies, bees and wasps (Manning and Goldblatt
1997; Goldblatt and Manning 2000; Potgieter and Edwards 2005). Another spe-
cialized group of flies with long tongues are the bee flies (Bombyliidae), which can
gain greater nectar rewards in the long-tubed flowers than other flies in generalized
flowers (Chittka and Thomson 2005).

Another specialization of flies (e.g., Sarcophaga spp., Sarcophagidae, and other
groups) is to deposit their eggs and rear their larvae on feces of carnivorous and
omnivorous mammals or cadavers. Certain flowers imitate such substrates in color
and stench emission and thus evolved a deceptive fly pollination system (Bénzinger
and Pape 2004). Most remarkable are the gigantic flowers of the Asian Rafflesia
(Rafflesiaceae) species. Thus, females of calliphorid flies were found on the vivid
dark colored R. cantleyi flowers, which emit a pungent floral scent. The analyses
indicated that the species “biochemically mimics carrion and that relative ratio of
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oligosulfides in the floral scent play a key role in sex-biased pollinator specializa-
tion, attracting only female Chrysomya chani flies to the flowers” (Wee et al. 2018).

A prominent group with myiophilous and even deceptive (sapromyiophilous)
systems are the Aristolochiaceae. The basic mechanism of pollination in
Aristolochia has been known since Sprengel (1793). The typical characters associ-
ated with fly pollination in this family were summarized by Huber (1993): flower
gigantism in some species; caudate perianth lobes often bearing osmophores (Vogel
1962); flower parts imitating fruiting bodies of mushrooms (including their lamel-
lae), and the flowers indeed being pollinated by fungus gnats (Mycetophilidae)
(Vogel 1978); in some species there are floral nectaries or nectarioles, which play a
role in attracting certain flies (Daumann 1959; Vogel 1998a; Murugan et al. 2006),
and in some cases the nectar functions as food to guarantee survival of the impris-
oned pollinators, in which case the nectaries belong to the trichomatous type
located inside the utricle (Vogel 1998b; Erbar 2014); dark purple, brown or black
coloration, often contrasting with yellow or green backgrounds; a musky, fruit-,
fungus-, urine- or carrion-like scent in several species; and the perianth tube con-
verted into a trap, which commonly retains visitors by a smooth, oily inner surface
or by stiff “trap hairs”. These hairs allow the visitors to enter the basal part of the
perianth tube, the utricle, harboring the stigmas and anthers, but inhibit their exit
until hairs wilt after pollination. Oelschldgel et al. (2015) described an extraordi-
nary kleptomyiophilous strategy for A. rotunda. The main pollinators are female
chloropid flies. The flies are food thieves that feed on secretions of true bugs
(Miridae) while these are eaten by arthropod predators. Freshly killed mirids and
A. rotunda flowers release the same scent compounds that chloropid flies use to find
their food sources.

Many more angiosperm species and whole groups, beyond the few mentioned
above, depend on flies as generalist or specialist pollinators, such as Apocynaceae
(Asclepiadoideae), Araceae or Orchidaceae and others. Therefore, Raguso (2020),
when he reports about dipteran diversity and its consequences for floral ecology
and evolution, certainly is correct in adverting: “Don’t forget the flies”. This also
has a practical or economic component for global crops. Facing tremendous envi-
ronmental changes, bees as pollinators of crops are in strong decline and non-bee
insects, such as flies, beetles, moths, butterflies, wasps and ants, but also birds and
bats, may be substitutes for crop pollination services. Rader et al. (2016) focused
and synthesized 39 field studies from five continents and found that non-bees per-
formed 25-50% of the total number of flower visits. Non-bees were less-effective
pollinators than bees, but they made more visits, and thus pollination services ren-
dered by non-bees were similar to those provided by bees. On the other hand, there
are some tropical crops that can be pollinated “only” by flies. One of these crops
important for the world market is Theobroma cacao (Malvaceae), which is exclu-
sively fly pollinated by Ceratopogonidae and Cecidomyiidae. The hidden stigma
and anthers can be reached only by flies, and Trigona bees are at the maximum
pollen thieves but not pollinators (Westerkamp and Gottsberger 2000).

There might be a bias with regards to the anthophilous fly distribution across
elevation gradients. Since Miiller (1881) the idea prevails that “The predominance
of flies on flowers at high elevations appears to be due to a decrease in representa-
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tion of other orders of insects.” (Kearns 1992, and literature mentioned therein).
However, today, high altitude montane and alpine regions nearly all over the world
are overgrazed by a too high number of livestock (cow, horse, sheep, goat, etc.).
Such overgrazed and destroyed mountainous and alpine environments full of ani-
mal feces evidently do not have the sufficient natural plant species composition to
attract hymenopterous, lepidopterous and coleopterous pollinators, but seem to be
much more attractive for certain fly groups. In the Otztaler Alps, in the Austrian
province Tirol, at an altitude of approximately 2550 m, well above the timber line,
we observed an area of several hectares being fenced and protected against grazing
livestock for making hay. The fenced meadow was extremely rich of flowering
alpine plant species and also of all kinds of hymenopterous, lepidopterous and
coleopterous pollinators. Apparently, it is not the high altitude which prevents the
presence and activity of non-dipterous insects but the lack of sufficient resources
in overgrazed and largely destroyed environments (Gottsberger and Silberbauer-
Gottsberger, pers. obs.). The old story that an increasing altitude promotes the
presence of flies in detriment to other pollinators is probably a legend.

6.3.4.2 Coleoptera Pollination: Cantharophily

Pollination by beetles is a very old association between plants and insects and can-
tharophily was also already established long before the advent of the angiosperm:s.
Beetles were associated with the extinct gymnosperm group Bennettitales, which
existed from the Triassic to the Cretaceous. A comparison of Bennettitales with
cycads and angiosperms, three plant groups which co-existed for a certain time,
hints that Bennettitales, just as cycads and many early angiosperms, were indeed
also insect pollinated, with their pollinators probably being beetles and in addition
also flies and thrips (Delevoryas 1968; Crepet 1972; Crowson 1981). In the
Cycadales, one of the oldest gymnosperm groups, and which have still about 350
extant species worldwide (Terry et al. 2012), beetles are the major group of polli-
nating insects and fossils indicate that beetles were already their pollinators at least
100 mya ago (Peris et al. 2017c; Alekseev and Bukejs 2017; Cai et al. 2018).

The angiosperms or flowering plants first appeared in the fossil record about
130 mya in the Early Cretaceous. Although we know that many of the early-
diverging angiosperms went extinct, there still exists quite a number of representa-
tives of these early groups. These are the ANITA grade group with Amborella
(Amborellales), Nymphaeales and Austrobaileyales, the early monocots, the
Chloranthales, probably together with the Ceratophyllales and the magnoliids.
Although the early-divergent angiosperms started as pollination generalists,
jointly pollinated by Diptera, Coleoptera, Thysanoptera and other insect groups,
several of these angiosperms specialized either exclusively on beetles, flies, bees or
thrips. Among the 13,000 to 14,000 extant basal angiosperms, there are approxi-
mately 3,600 cantharophilous species, thus exclusive beetle pollination in basal
angiosperms is the most common form of specialist pollination, followed by fly
pollination with an estimated 2,400 species, bee pollination with around 550 cases,
thrips pollination with 160, and cockroach pollination with only a few species
(Gottsberger 2016).
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Some characteristics of beetle-pollinated basal angiosperms are protogyny,
with the female pistillate organs of the flower being functional before the male
staminate organs. These protogynous flowers produce thick, tissue-rich petals or
tepals. Petals or tepals also curve over the flower center to form a dark interior,
called the pollination chamber, which is the most important structure to maintain
the beetles inside the flower during the first part of anthesis until pollen is shed
(Gottsberger 2016). The closed, dark interior of the flowers also shields the beetles
from daylight and the chamber may be warm and scented (especially during the
evening and night), promoting the activities of the beetles, such as feeding, digest-
ing and mating (Seymour and Schultze-Motel 1997; Seymour 2010), and at the
same time protecting the beetles against predatory birds and lizards.

To illustrate the relationship of angiosperm flowers and beetles and the co-
adaptations among them, a few examples of magnoliid representatives of the order
Magnoliales are given. The largest family with about 2,300 species is the family
Annonaceae, whose species are predominantly pollinated by beetles. Only some
genera and species are pollinated exclusively by thrips (Thysanoptera), flies, cock-
roaches and even by bees. There are two major groups of beetles pollinating flowers
of Annonaceae. Small beetles (Curculionidae, Nitidulidae, Staphylinidae,
Chrysomelidae), with a body length of up to 7 mm, are pollinators of the majority
of Annonaceae species, and large scarab beetles (Dynastinae, Rutelinae, Cetoniinae,
Trichiinae), with a body length of 14-21 mm, pollinate a smaller number of spe-
cies.

How do the flowers of the small beetle pollinated Annonaceae function? For
example, in Guatteria species, the greenish open petals of the pendulous flowers
expose their reproductive organs days and weeks before the flowers become
anthetic and are first completely unattractive for their pollinators. When the flow-
ers finally enter their reproductive stage (Gottsberger 1999), the hard and greenish
petals become soft, change to yellow and sometimes even to brownish, and the
three inner petals fold over the flower center to form a relatively small dark polli-
nation chamber, which starts to emit a heavy acetone- and fruit-like scent (with
e.g., alcohols, esters, benzenoids; Jirgens et al. 2000). These changed anthetic
flowers attract small fruit-inhabiting Nitidulidae beetles by providing floral odors
similar to overripe fruits. The beetles remain inside the pollination chamber until
the next day when the flower enters its staminate stage and sheds its pollen. In this
stage the flower drops its petals, the pollen-covered beetles are forced to leave and
are then eventually attracted by another strong-smelling flower in the pistillate
stage, which they pollinate when penetrating into the semi-closed pollination
chamber. Although each species of small-flowered Annonaceae has its particu-
larities, they all show the common characteristics of cantharophilous species.
Some Annonaceae with small flowers have diurnally active flowers, and others
have nocturnally active flowers. Especially, some of the nocturnally active species
of Anaxagorea, Polyalthia, Xylopia and others have flowers that can raise their
temperature several centigrade above the ambient air (thermogenesis). Depletion
of the high concentration of starch and in some cases also lipids in the petals dur-
ing the period of thermogenesis indicate that these are the source of fuel for heat
production.
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The species of Annona, Cymbopetalum, Duguetia, Malmea and others, with
large flowers, pollinated by large nocturnally active cyclocephaline scarab beetles
(Melolonthidae, Scarabaeidae) have adequate adaptations to lure and shelter their
specific pollinators. Its large-sized, pendent flowers (ca. 4 cm diam.) have thick (up
to about 5 mm), fleshy petals, which form a voluminous pollination chamber. There
is sufficient space inside the flowers for the large beetles to serve as effective pollina-
tors. They are nocturnally active and the flowers they visit also have a nocturnal
flowering rhythm. Although the large beetles are quite voracious and start to gnaw
at the petals after arrival, the flowers are not destroyed because of the enormous
thick petals, which even have food bodies containing large amounts of starch and
lipids. This tissue also causes the warming of the flower and even their extremely
strong smell. Annona coriacea, a common tree in the Brazilian cerrado vegetation
is an instructive example of an Annonaceae that is pollinated by large scarab bee-
tles (Gottsberger 1989). The flowers are bisexual, strongly protogynous and show
a clear temporal separation of pistillate and staminate stages. The flowering rhythm
of this species lasts about 24 h, during which the temperature of the flowers rises
during two nights in succession. During the first evening, the flowers enter the pis-
tillate stage and the petals produce heat, peaking between 20:30 and 21:30 h with
about 34 °C (14 °C above ambient temperature). Thereafter, the flowers cool down
for the rest of the night. In the afternoon and evening of the second night, in the
staminate stage, the flowers start to rise in temperature for a second time, with val-
ues similar to the first evening. This time, the highest temperature is attained
approximately half an hour or even 1 h earlier than in the first night. The strong
scent of the heated flowers, namely the nitrogen and sulphur-containing heterocy-
clic compound 4-Methyl-5-vinylthiazole (Maia et al. 2012) attracts its specific
scarab beetle, Cyclocephala atricapilla (B Fig. 6.2). Once the beetles have entered
the pollination chamber, they start feeding on the three inner petals, where two
regions with special nutritional cells are located. The flowers warm up a second
time on the second evening in the staminate stage, and because of new scent vola-
tilizations, attract more beetles. The newcomers enter the floral chamber, joining
the beetles already there, and they all become covered with liberated sticky pollen.
Pollen is now also an additional food for the beetles. The beetles are suddenly
released from the flower by the abscission of the petals about half an hour before
other flowers in the pistillate stage attain their temperature peak. The released bee-
tles, when flying to first-evening flowers, are the effective pollinators of this species.

The flowers, which offer their associated beetles a dark, odoriferous, often
warm pollination chamber and sufficient food, can keep them as long as necessary
to become efficiently pollinated. Some members of Nymphaeaceae, several
Araceae, some Winteraceae and Calycanthaceae, Hydnoraceae, some Myristicaceae
and Magnoliaceae, Degeneriaceae, Eupomatiaceae, many Arecaceae, and probably
about 90% of extant Annonaceae diversified and function on the basis of these
efficient and successful devices of beetle pollination.

Although there exists basic knowledge how beetle pollination works in different
groups, this knowledge is deduced from only a very limited number of case history
studies, mainly from the American tropics. Thus, future research will have to con-
centrate also on studies which show the situation in other continents (e.g. Ratnayake
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B Fig. 6.2 Beetle pollination. Cyclocephala literata (Scarabaeidae) pollinating Magnolia ovata
(Magnoliaceae) after entering the semi-closed flower in pistillate stage a. Erioscelis emarginata being
attracted to a strongly scented inflorescence of Philodendron selloum (Araceae) in the pistillate stage
b and the pollinating beetles crowded in the kettle of the inflorescence, contacting the receptive female
flowers ¢. Eulasia pareyssei (Glaphyridae) pollinating Cistus parviflorus (Cistaceae) d. (Photo credits:
Gerhard Gottsberger)

et al. 2006, 2007; Saunders 2012). How many plants function on the basis of ther-
mogenesis is one question? Very important will be also scent analyses, as well as
biotests with synthetic scent compounds to see how attractive they are. Is the whole
scent bouquet of a flower attractive or only one or some specific strong compounds,
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as was found already in several American cantharophilous species attracting dynas-
tid scarab beetles? (e.g. Jiirgens et al. 2000; Maia et al. 2012; Goodrich 2012). The
robust flowers and their beetles are well suited for manipulation. Thus, quite a lot
of experiments would be essential to obtain a better insight of this interesting but
still not fully understood pollination mode.

6.3.4.3 Thrips Pollination

The Fringe Wings or Thysanoptera are tiny insects of a few mm length. One habit
involves pollen feeding and thus some species occur numerous in flowers and can
be significant pollinators (Grimaldi and Engel 2005). Thrips, in addition to beetles
were pollinators of fossil cycads (Penalver et al. 2012) and are still co-occurring
pollinators in several extant cycad species (Terry et al. 2012). One of the earlier
observations of thrips as pollinators in angiosperms was done by Hagerup E. and
Hagerup O. (1953) on Erica tetralix (Ericaceae) in Copenhagen and elsewhere. The
small tubulous flowers are pollinated by the one mm long Taeniothrips ericae and
Frankliniella intonsa, which can transfer pollen from flower to flower and lay their
eggs in the tissue of the corolla. The males of Taeniothrips are rare and wingless
and thus the winged females of this species fly actively from flower to flower in
order to find males, becoming effective pollinators in the process. 26 years later,
Fagri and van der Pijl (1979), in the third revised edition of their classic textbook
still wrote that...“there is every reason to presume that both this group of insects
and other small and insignificant, unobtrusive animals may prove to be of much
greater importance in pollination than hitherto suspected.” Nowadays one has to
give consent to this prediction, because we now know that pollination by
Thysanoptera is a common and quite well understood phenomenon.

In the magnoliids, three New Caledonian species of Zygogynum (Winteraceae.
Canellales), with scented, yellow, protogynous flowers, function all in a similar
manner; they are found to be pollinated by a single species of thrips, Taeniothrips
novocaledonensis. The insects chew on the stigmas and eat the pollen (Thien 1980).
Likewise, in the pantropical Monimiaceae, the two Brazilian dioecious species
Mollinedia floribunda and M. widgrenii, female thrips (in M. floribunda Liothrips
seticollis and Heterothrips sp.) puncture the still closed pistillate and staminate
buds with their ovipositor and deposit their eggs in the interior of the receptacle.
When the flowers open, their interior contains thrips eggs, larvae and adults.
Movements of adult thrips from staminate to pistillate flowers cause pollination
(Gottsberger 1977, 2016, see also Mound and Marullo 1996; Williams et al. 2001).
Also, the self-compatible Ocotea porosa (Lauraceae, Laurales) appears to be exclu-
sively pollinated by the thrips Frankliniella gardenia (Danieli-Silva and Varassin
2013). In the Annonaceae (Magnoliales) there are at least two well documented
cases of thrips pollination. The Amazonian Bocageopsis multiflora (Annonaceae)
has quite small, semiclosed petals, forming a kind of pollination chamber. The
whitish flowers just open with small slits and emit a sweetish odor with a rancid
component, recalling the odor of the fruits of Genipa americana (Rubiaceae). Only
winged adults and unwinged nymphs of thrips occurred inside the flowers, which
after the staminate stage were covered by pollen grains. The insects were forced to
leave the flowers when stamens and petals were shed (Webber and Gottsberger
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1995). Another annonaceous species, Popowia pisocarpa in lowland dipterocarp
forest in Sarawak, with similar flower construction as Bocageopsis, having a tiny
pollination chamber, also is exclusively pollinated by thrips species (Momose et al.
1998). Further thrips pollinated species in basal angiosperms are two Chloranthus
species, C. serratus and C. fortunei in China (Luo and Li 1999).

From what can be seen in thrips pollination in basal angiosperms is, that since
thrips are minute elongate insects, they like to hide, to nourish themselves and to
breed in small flowers, which are closed (e.g., Mollinedia, Monimiaceae) or semi-
closed, and thus provide a shelter, and which are light colored and produce a faint,
sweet fragrance. Pollen is the main food while nectar can be present or absent. In
relation to thrips as visitors or pollinators of higher angiosperms or thrips as crop
pests, the literature is quite vast.

One interesting phenomenon, however, involving the flowering and pollination
of the huge Dipterocarpaceae forests in Southeast Asia has still to be tackled.
Dipterocarp forests in Malaysia come into heavy mass flowering at irregular inter-
vals of 2-10 years. The large number of flowers produced by Shorea species allow
certain thrips species to feed on flowers and multiply rapidly. Anthesis of Shorea
species begins in the evening and corollas together with the thrips are shed in the
morning. In the following evening, the thrips in the fallen flowers are covered with
pollen, fly up to the newly opened flowers and pollinate them (Appanah and Chan
1981; Appanah 1993). Subsequent investigations have indicated an even more
sophisticated situation. During mass flowering of Shorea acuminata, the big-eyed
bug, Geocoris sp., a major thrips predator, was an inadvertent pollinator that
importantly contributed to cross-pollination. During flowering the bugs travelled
among the Shorea trees, attracted by the abundant thrips. The outcross pollen on
thrips was about 30% that on the bugs. This indicates that thrips and big-eyed bugs
are essential pollinators of S. acuminate (Kondo et al. 2016a). A similar situation
was found in Shorea curtisii (Kondo et al. 2016b). On the other hand, in Vatica
yeechongii, another Malysian dipterocarp tree, Suhaida et al. (2018) found that
members of Apidae were the effective pollinators. Although thrips were the most
abundant flower visitors of this species, they were poor pollen-carriers and thus
probably not very effective as pollinators. Future studies certainly will reveal more
about the diversity of the pollination biology of these tall and interesting tropical
trees.

6.3.4.4 Bee Pollination: Melittophily

Bees depend on floral resources for their larval development and adult survival and
reproduction (Nicolson 2011; Vaudo et al. 2015). In many plant communities, bee
pollination is prevalent, with about 63% (Ishara and Maimoni-Rodella 2011),
65.2% (Quirino and Machado 2014) or 75% melittophilous species (Silberbauer-
Gottsberger and Gottsberger 1988). Lots of pollination interactions can present
more than just one pollinator type, as in Ipomoea pes-caprae (Convolvulaceae) that
receives melittophilous and malacophilous (snail pollination) interactions (Raju
et al. 2014). Pollen collection is performed by bees gleaning the longitudinal anther
openings (Torezan-Silingardi and Oliveira 2004, B Fig. 6.3) or buzzing the pori-
cidal anthers (Silva et al. 2004), but buzzing is also used in quirky pollen collection
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B Fig. 6.3 Bee pollination. Centridini bee collecting oil from the elaiophores of Byrsonima interme-
dia (Malpighiaceae), note the oil deposited on the scopa at the hind leg a. Trigona spinipes (Meli-
ponini) collecting pollen in the anthers of Campomanesia pubescens (Myrtaceae) b. Apis mellifera
(Apini) collecting nectar from Lantana camara (Verbenaceae) ¢. Meliponini bee collecting nectar
from Coleus sp. (Lamiaceae) d. (Photo credits: Kleber Del-Claro)

of non-poricidal anthers (Torezan-Silingardi and Del-Claro 1998). Bee plumose
hairs can be simple or multiple branched and are suitable for pollen, oil, resin and
fragrance collection (Vogel 1963, 1966, B Fig. 6.3). Hairs also decrease the amount
of energy used to maintain bee temperature (Southwick 1985).

Small bees may collect nectar from small, open flowers, most times radially
symmetric, usually called generalist flowers as nectar collection is not restrictive
and the flower is visited by other generalist insects as wasps, butterflies, flies and
beetles (A Fig. 6.3). Medium and big bees may visit and collect nectar during pol-
lination in bigger flowers with profound tubular corollas or spurs, often zygomor-
phic. These differences are due to the tongue length (Balfour et al. 2013). Long
spurs or long corolla tube flowers have one or a few specialized long-tongued bees,
such as Euglossine, but long-tongued bees are not specialized on just one or a few
plant species, they visit many distinct corolla lengths (Borrell 2005).
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Species from the Melittidade, Ctenoplectridae, Anthophoridae and Apidae
families are able to collect oil from the flower (Buchmann 1987). An example of
coevolution of oil-bee and oil-flowers is observed in about 92% of all American
species of Malpighiaceae, whose flowers produce disc-shaped epithelial oil glands
exposed in the abaxial surface of the sepals and can be easily accessed by bees from
tribes Centridini, Tetrapediini and Tapinotaspidini, their main pollinators (Vogel
1974; Michener 1974, 2007; Neff and Simpson 2017). The big or medium sized
bees arrive in front of the flower, use their mandibles to cling to the banner petal
and attach to the flower while inserting the fore and mid pair of legs between the
petals to scratch the sepal oil glands (Vogel 1990, @ Fig. 6.3). During oil collection
the anthers and stigmas touch the bee thorax, dusting the ventral portion of the
thorax and abdomen with pollen and leading to the pollination of the same and the
next visited flower (Vogel 1990). The floral conservatism of Malpighiaceae species
permits specific insect-flower relationships to develop in the family (Anderson
1979; Vogel 1990). The floral oil and pollen are collected by bees in sequential flow-
ering periods from the distinct Malpighiaceae species, permitting the maintenance
of oil-bee community in the area (Baronio and Torezan-Silingardi 2017).

Another very good example of coevolution between oil collecting bees and
their flowers is the case of the African female bees Rediviva emdeorum and R.
longimanus that collect oils from inside the two long spurs of the flower of Diascia
longicornis (Scrophulariaceae), the flower morphological adaptations restrict oil
collection to few Rediviva species (Vogel and Michener 1985). Specialized bees have
their forelegs elongated as much as the entire body in similar length to the visited
floral spur, and also have distinct types of hairs elaborately arranged to improve
the oil collection (Kuhlmann and Hollens 2014).

The volatile chemicals or odoriferous compounds of many Neotropical orchid
species as Coryanthes, Gongora and Stanhopea are the sole reward offered to male
Euglossini bee, which actively collect these compounds from the flower to use as
precursors of sexual pheromones to attract females (Proctor et al. 1996). Male
Euglossini store the compound in specialized and highly vascularized hind tibial
structures. The new volatile formed after the union of the floral fragrance and the
bee metabolites will take part in Euglossinae courtship as a faithful indicator of
male quality. The high importance of the compound is enough to make Eulaema
nigrita males fight and rob it one from the other, even from a detached hind leg
(Carvalho-Filho 2010).

The deceptive pollination is a very curious process where the insect is attracted
to the flower for a simulated reward that does not exist, but pollen transfer happens
effectively (Darwin 1904; Kullenberg 1950). Here, male insects (bees, wasps, ants,
sawflies, tachinid flies, fungus gnats and beetles) are the pollinators, but they nei-
ther receive pollen nor nectar. They were not even looking for pollen or nectar or
any other flower resource, many of them were looking for a sexual partner! Many
sexually deceptive orchids present a differentiated flower with a specialized label-
lum which simulates visual and tactical cues of a receptive insect female, but the
main attractant is the mimic sexual pheromone (Streinzer et al. 2009). This system
is observed in species from the Mediterranean (Dressler 1981; Jersakova et al.
2006), Australia (Peakall et al. 2010), South America (Ciotek et al. 2006; Martel
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etal. 2019) and South Africa (Steiner et al. 1994). Male bees patrol a restricted area
near the nesting place looking for sexual partners when they observe the Ophrys
flowers, in which the chemical/visual/tactical mimetic cues are so convincing that
the male bees try to copulate with the flowers leading to pollinia transfer (Peakall
and Schiestl 2004). After being pollinated, the floral scent is modified and the new
fragrance is similar in composition to the Dufour’s gland secretion of copulated
female bees, which decreases male copulating attempts (Schiestl and Ayasse 2001).

Another interesting and extremely rare deceptive pollinating interaction is
observed with Bombus queens visiting and pollinating the nectarless Cypripedium
tibeticum flowers (Li et al. 2006). These orchids require animal pollination for fruit
and seed production. The floral labellum forms an inner chamber due to its sharp
concavity, which mimics a good nesting site for the queens. Bombus queens are big-
ger than working bees and present the proper size and shape to contact the pollinia
when leaving the chamber. Bombus workers were less frequent in the flowers and
inapt to pollinate.

Bees and wasps are predominantly diurnal, but some species prefer to visit flow-
ers during low light incidence periods called dim-light periods (Warrant 2008;
Cordeiro et al. 2017). Hypothesis were proposed to justify the nocturnal foraging,
such as avoiding competition for floral resources with the higher diversified of
diurnal bees when exploiting crepuscular or nocturnal flowers, or escape from nat-
ural enemies as predators and parasites are more frequent during the day (Wcislo
et al. 2004; Warrant 2008). The dim-light foraging is observed in Central American
bees as the crepuscular Rhinetula (Halictidae) and Ptiloglossa (Colletidae) and the
nocturnal bees Megalopta (Halictidae) (Wolda and Roubik 1986) and in the Indian
carpenter bee Xylocopa tranquebarica (Apidae) (Warrant 2008). They prefer to for-
age during two short periods each day, just before dawn and just after sunset, but
they are able to visit flowers also during the day with high intensity light (Wcislo
et al. 2004). The night vision is possible due to special morphological and physio-
logical properties of the photoreceptors. For instance, the eyes of the nocturnal
Megalopta genalis are almost 30 times more sensitive to light than the eyes of a
honeybee worker (Warrant et al. 2004).

6.3.4.5 Wasp Pollination

Wasps are usually seen as predators due to their protein requirements, but they also
need water and carbohydrates, which are easily found in nectar from nectaries
inside or outside the flower. Some angiosperms apt to receive wasp visits can have
up to seven species of social wasp collecting floral resources in the same blooming
period, but their low frequency in the flowers suggests they act as opportunistic
visitors and eventual pollinators (Santos et al. 2010). Social wasp-plant interac-
tions are higher in more heterogeneous habitats, indicating a bigger tolerance to
extinctions of interactions (Clemente et al. 2013), which is expected to be true in
many other pollinators.

Generalist flowers with radial symmetry and with exposed pollen and nectar
usually can be visited and pollinated by wasps, bees, flies and beetles, as observed
in Anacardiaceae, Hyacinthaceae and many other families (Cesario and Gaglianone
2013, Shuttleworth and Johnson 2010, @ Fig. 6.4). Four African Eucomis species
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B Fig. 6.4 Wasp and ant pollination. Wasp collecting nectar from Hortia brasiliana (Rutaceae) a.
Ant Camponotus crassus collecting nectar from Paepalanthus lundii (Eriocaulaceae) b. (Photo credits:
Kleber Del-Claro)

(Hyacinthaceae) with similar morphology, shape and size, offer exposed pollen and
nectar to diurnal floral visitors. Color was not the main character to attract polli-
nators and many scent compounds were the same. But the presence of two sulphur
compounds (dimethyl disulphide and dimethyl trisulphide) indicates fly preference
and wasp avoidance, acting as the main cue to fly or wasp visits on the four plant
species (Shuttleworth and Johnson 2010). This study exemplifies how genome
modification can lead to an odor change with shift in the pollination system.

Wasp specialized pollination happens even in a visually/morphologically gener-
alist flower. The African milkweed Pachycarpus grandiflorus (Apocynaceae) has
open cryptic colored flowers and expose sugar-rich nectar, but is pollinated by just
four species of spider-hunting wasps (Hemipepsis, Pompilidae) which are the only
flower visitors able to effectively carry the pollinaria (Shuttleworth and Johnson
2009). Coleopteran, dipteran and other wasp visitors were just nectar thieves.
Experiments in the field and also in the laboratory using a Y-maze indicate floral
scent is more important than visual cues to the wasps. Honeybees are present in the
field area, but do not visit P. grandiflorus flowers. Authors note nectar has an
unpleasant bitter taste to humans but is palatable to wasps and unpalatable to
honeybees. As P. grandiflorus is self-incompatible and consequently needs cross-
pollination to set fruits, wasp pollination is of paramount importance. Shuttleworth
and Johnson (2009) point out that plants can achieve specialized pollinating vec-
tors even without morphological restrictions.

Specialized pollination is also seen in the South American asclepiad flowers
Morrenia odorata with wasp pollinators and M. brachystephana with wasp and bee
pollinators (Wiemer et al. 2012). Both plants present an intricate system of guide
rails and chambers carefully positioned to facilitate the effective transport of their
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pollinaria. Fig wasp pollination is very well presented and discussed in this book
by Bronstein (» Chap. 11) and Pereira and Kjellberg (» Chap. 12).

The antagonistic co-evolutionary relationship between deceptive orchids and
‘loving wasp males’ is very interesting. It is supposed that the deceptive orchid
ancestors had a mutation that turned the wax metabolites similar to the sex phero-
mones of a determinate pollinator wasp species (Schiestl et al. 1999), and this pro-
cess may have happened repeatedly in orchids (Bohman et al. 2016a, 2016b). The
Ophrys orchid surface wax simulates female cuticular metabolities to attract the
male scoliid wasp (Paulus and Gack 1990). Australian orchids of the genus Drakaea
and Caladenia produce semiochemicals in their labellum to simulate the sex phero-
mone of the female Thynnini wasp, composed of alkylpyrazines and hydroxymeth-
ylpyrazine (Bohman et al. 2016a; Phillips et al. 2017).

Males are lured by the flower labellum semiochemicals that convincingly simu-
late the morphology and odor of the wingless female, attracting specific pollinators
able to transfer the pollinia during the pseudocopulation process (Paulus and Gack
1990; Bohman et al. 2016b). One unique compound (chiloglottone) is responsible
for the chemical signaling of the Australian sexually deceptive orchid Chiloglottis
trapeziformis to attract the male wasps (Schiestl et al. 2003), while the European
Ophrys sphegodes has a mixture of 14 alkanes and alkenes that produce a synergis-
tic effect forming the signaling compound (Schiestl et al. 1999).

The deceptive processes are so effective that they result in changes in behavior.
The male liberates a smaller quantity of sperm per ejaculation in areas with the
deceit orchid than in areas without the orchid (Martin et al. 2020). The authors
propose that (a) males are not able to distinguish between real females and orchids,
so they act as if many of the females were considered as ‘low-quality females’ lead-
ing males to save sperm for a new ‘better opportunity’; or (b) males consider both
real females and orchids as high-quality sex partners and sperm is partitioned and
offered to all of them.

6.3.4.6 Ant Pollination: Myrmecophily

Ants are extremely abundant and diversified insects, omnipresent in terrestrial
environments. Usually ants are in the flowering plant as predators able to inhibit
visiting pollinators and decrease fruit and seed formation (Assungao et al. 2014;
Sousa-Lopes et al. 2020). But this is not the case at all times.

In the overall context of ant—plant mutualism, ant pollination is regarded as a
rare interaction, with few studies showing the role of ants as effective pollinators
(Hickman 1974; de Vega et al. 2014; Domingos-Melo et al. 2017; Del-Claro et al.
2019). The main reasons why ants are considered bad agents of pollination (espe-
cially cross-pollination) are: (1) their small size, many time smaller than most floral
reproductive structures; (2) ant self-cleaning behavior removes pollen grains before
they can reach the stigma; (3) limited displacement as foragers-ants cannot fly and
thus only visit resources near the nest; and (4) the interference in pollen viability
and germination by antibiotics secreted by the metapleural glands and spread over
the surface of the insect’s body (Hickman 1974; Del-Claro and Torezan-Silingardi
2020).
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However, in dry environments, small herbs or shrubs that produce inflores-
cences near the ground level, with small flowers produced in blooming and
unisexual male and female flowers or bisexual flowers in a same plant, offering
nectar as main reward, can be pollinated by ants lacking metapleural glands (Del-
Claro and Torezan-Silingardi 2020). Ant importance as pollinators in dry ecosys-
tems is recently attracting enormous attention of biologists (de Vega et al. 2014;
Del-Claro et al. 2019; Del-Claro and Torezan-Silingardi 2020; Delnevo et al. 2020).
Indeed, ants can be considered a new field for pollination studies.

6.3.4.7 Lepidoptera Pollination: Psychophily, Phalenophily
and Sphingophily

The order Lepidoptera is composed by more than 160,000 species described, with
butterflies (9%) and moths (91%) spread worldwide (Capinera 2008). Butterfly pol-
lination is called psychophily, while moth pollination is differenciated as phale-
nophily (small moths) and sphingophily (big moths). Their mouthparts are adapted
do collect fluids such as the nectar inside long and narrow corolla tubes or spurs
(Ehrlich and Raven 1964, Capinera 2008, | Fig. 6.5). The tongue and proboscides
lengths determine from how deep in the floral tube the nectar can be collected.
During the feeding processes pollen grains or pollinaria are easily deposited on
their bodies, usually on their faces and proboscises (Johnson and Liltved 1997;
Balducci et al. 2019). The deposition place depends on the morphology of the
flower and the lepidopteran behavior. For instance, many Campanulaceae species
present pendant bell-shaped flowers with exerted styles that facilitate pollen grain
deposition onto the ventral side of the latter thorax and former abdomen of their
moth pollinators, characterizing the unusual sternotribic pollination (Funamoto
2019). Another uncommon pollination is observed in Gloriosa genus (Colchicaceae)
with its distinct floral morphology, such as the African G superba flowers that are
adapted to deposit their pollen grains on the scales from the ventral wing surface
of their pollinators, mainly the Pieridae butterflies (Daniels et al. 2020).

O Fig. 6.5 Nectar feeding pollinators. Butterfly Leptophobia sp. (Pieridae) on Asteraceae flower,
note the long proboscis inside the narrow floral tube a. Hummingbird Thalurania glaucopis on cactus
flowers b. Coereba flaveola on Agave americana (Agavaceae) flowers c. (Photo credits: A, B: José
Sabino; C: Kleber Del-Claro)
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Yucca-moths, glochidion-moths and fig-wasps present species-specific pollina-
tion mutualism with their respective plant species, and represent the singular active
or intentional pollination cases currently known. The yucca-moths (7Tegeticula,
Proxidae) (Pellmyr 2003; Pellmyr and Segraves 2003; Cole et al. 2017) and the
glochidion-moths (Epicephala, Gracillariidae) (Kato et al. 2003) do not look for
nectar, as yucca (Asparagaceae, Agavoideae) and glochidion (Phyllanthaceae)
flowers do not produce nectar. Female moths have exceptionally adapted mouth
parts as tentacle-like appendages arising from the maxillary palps. These tentacles
are used to collect pollen from the anthers and transport the pollen grains pressed
like a ball up to another flower and actively pressing the grains onto the stigma.
The female oviposit in the style or near the developing ovules, so the larva will be
able to feed on the new formed seeds. To avoid fruit abortion, not all the seeds will
be consumed by the growing larvae.

Floral traits are used differently by butterflies and moths to locate the flower.
The floral scent is an important feature (Andersson et al. 2002). Visual cues such as
colors are more important to butterflies which visit flowers during the day; however
a weak, fresh and sweet scent may exist, produced by a group of metabolites as
benzenoids and terpenoids (Dobson 2006; Kinoshita et al. 2017). Moths which
visit crepuscular or nocturnal flowers depend more on the strong, heavy and sweet
scents, caused usually by the acyclic terpene alcohols or benzenoid esters and
monoterpenes components (Dobson 2006, Kinoshita et al. 2017). But there are
moths that visit flowers also during the day and use the odor and the floral colors
as important cues to find the flowers (Sakamoto et al. 2012). Few examples are
given, as for instance the African Bonatea cassidea, which is pollinated by
Hesperiidae and Pieridae butterflies (Balducci et al. 2019) and which has weakly
scented flowers with diurnal anthesis and landing platforms formed by the petals.
Or the African orchid Bonatea speciosa (Johnson and Liltved 1997), pollinated by
hawkmoth. The hovering hawkmoths attracted by the strong scented evening/night
flowers collect nectar at dusk and also during the night.

Some plants, such as the Clerodendrum trichotomum (Lamiaceae) produce pro-
tandrous flowers that can last from 2 to 4 days long, which are intensely visited by
lepidopterans and bees (Sakamoto et al. 2012). The stigma is able to receive pollen
during the day and the night, but not all lepidopteran have the same role in pollina-
tion. The main visitors are the several species of the butterfly genus Papilio, the
bees Xylocopa appendiculata and the larcenist hawkmoths Macroglossum pyrrhost-
icta, which is the most frequent floral visitor. Butterflies and bees visit the flowers
during the day, and the hawmoths visit during the night. Authors performed con-
trolled pollination treatments and insect exclusion treatments and observed fruit
formation after distinc visitation behaviors. They considered butterflies and bees as
effective pollinators, as they moved between flowers from neighboring plants and
the C. trichotomum needs crosspollination to achieve better fruit and seed forma-
tion. The high frequency of hawkmoth visits may increase self-pollination with
geitonogamous pollen transfer (from distinct flowers produced in a single plant),
what makes the hawmoth an inefficient pollinator to that plant species.
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6.3.4.8 Hemipteran Pollination

Hemipteran species are usually known as plant antagonists acting as herbivores
that suck plant tissue, or as mutualists predating small insects as the Thysanoptera,
but they are more than that. Some Hemipteran species can pollinate. Hemipteran
and thrips pollination was described in Macaranga species (Euphorbiaceae) (Fiala
etal. 2011). The dioecious tree Macaranga tanarius produces buds and flowers with
an enclosed chamber formed by floral bracts, which are the breeding sites of hemip-
teran species that pierce the nectaries from the adaxial surface of flower bracts to
feed on nectar, and pollinate (Ishida et al. 2009).

6.3.5 Vertebrate Pollinators

Vertebrates such as bats, birds, terrestrial mammals and even lizards are also pol-
linators. A meta-analysis study based on 126 experiments on the vertebrate pollina-
tion evidenced their responsibility for about 63% of fruit or seed production of 91
plant species all over the world (Ratto et al. 2018). The higher degree of tropical
plant specialization renders vertebrate pollinator much more relevant in tropics
than in temperate areas (Trojelsgaard and Olesen 2013).

6.3.5.1 Bats

Bats that feed on nectar and pollen present morphological adaptations such as the
skull with elongated rostral portion, modified teeth, long tongue, throat muscles
and stomach linings (Koopman 1981). Their tongues have many long papillae to
increase nectar collection velocity. Bat-pollinated species can fail in about 83% of
their fruit or seed set if bats are absent, due to the specific adaptations for quirop-
terophily in floral morphology and phenology that exclude many other animals,
like the crepuscular/nocturnal anthesis period (|3 Table 6.1) and the capacity of
the fur to hold and shed easily more pollen than feathers. Consequently, plant
dependence on bats as pollinators is higher than the dependence on birds.

The tropical pitayas (Stenocereus queretaroensis) from Mexico are pollinated by
nectar-feeding bats Leptonycteris (Tremlett et al. 2020). If bats are experimentally
excluded pollination can be done by birds and insects, but at the cost of a 35%
decrease in pitaya yield and fruits 13% less sweet, obtaining a worse market value.
The fruit-bats (Pteropodidae) from Asia and Australia and the leaf-nosed bats
(Phyllostomidae) from the Neotropics are the most important mammal pollinators
(Fleming and Muchhala 2008), already observed in about 528 plant species (Kunz
et al. 2011). The Glossophaginae bats are important pollinators on Neotropical
areas from Central and South Americas (Koopman 1981). Passiflora species
(Passifloraceae) are usually pollinated by bees, and sometimes by hummingbirds
that visit the radial and colorful corollas during the day looking for nectar and
perform cross-pollination in self-incompatible species (Yamamoto et al. 2012). But
the passionflower species P. setacea and P. mucronata have white flowers that open
at dusk, with anthers and stigmas bilaterally arranged in the flowers. These two
species also need cross-pollination to produce quality fruits with seeds and pulp
adequate for commercialization. Passiflora setacea flowers offer pollen and nectar
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to their main pollinator, the bat Glossophaga soricina that visits the flowers mainly
from 20 to 22 h and receives pollen on the fur of the snout, neck and back (Teixeira
et al. 2019). Passiflora mucronata is pollinated by the bats Glossophaga soricina and
Carollia perspicillata (Sazima and Sazima 1978). Other nocturnal visitors do not
pollinate, including wasps and sphingid and noctuid moths.

Species can present some modifications on floral structures and physiology with
time that permit an evolutionary switch in the pollen vector. The Mimosa genus is
mostly pollinated by insects, but M. lewisii shows characteristics pointing to a
switch from insect to bat pollen vectors (Vogel et al. 2005). The shrub is found in
open areas and presents big racemes over the foliage, developing many capitula of
white brush-type small flowers without scent. After nocturnal anthesis, pollen and
nectar are produced and the long filaments are seen immersed in the copious nec-
tar. Just one species of Glossophagine bat pollinates while feeding on the nectar,
while hummingbirds visit the flowers during the day but are not able to pollinate as
flowers are not functional anymore, and insects are absent.

6.3.5.2 Birds

There are more than 920 bird species responsible for pollinating flowers, including
hummingbirds (Trochilidae), honeyeaters (Meliphagidae), sunbirds (Nectariniidae),
lories (Loriinae) and honeycreepers (Coerebidae) (Stiles 1981, @ Fig. 6.5). Whelan
et al. (2008) reviewed many studies on bird pollination and noted that the rate of
pollination by birds is very low when communities are considered, with the higher
values found by Brown and Hopkins (1995) that observed about 20% of bird-pol-
linated tree species in New Guinea. But when species are considered values are
higher. For instance, a hurricane in the Bahamas was responsible for the death of
the two bird species that pollinated Pavonia bahamensis, leading to a fruit-set
decrease of 74%, indicating the great importance of bird pollination to that plant
reproduction (Rathcke 2000). Bird pollination is even more important if we con-
sider their large area coverage. As birds are able to travel greater distances than
insects, another benefit of bird pollination is the higher paternal diversity observed
in the seeds produced compared to insect pollination (Krauss et al. 2017).

Morphological and phenological features of bird-flowers, such as nectar pro-
duction, diurnal anthesis and a long and narrow corolla, allow many of those flow-
ers to be pollinated by animals other than birds (Hargreaves et al. 2004), then, if
bird pollinators are absent some insect species could provide at least a little pollen
transfer (Whelan et al. 2008). However, the degree of floral specialization is vari-
able. Many hummingbird flowers are able to reflect mainly long-wavelength light
that is not perceived by bees and other insects (Altshuler 2003). Consequently, spe-
cific floral colors can decrease insect visits and save nectar to bird pollinators
(A Table 6.1).

Hummingbirds are the most specialized nectarivores, followed by sunbirds. Bill
morphology indicates the manner of nectar extraction: by piercing, mashing or
probing. Flower nectar feeding birds have some common features such as a long
tongue able to extend beyond the bill tip, a tongue tip grooved and fringed, and the
birds may roll the tongue into a tube to easily take up nectar. Pollen feeding birds
may present a papillate tongue tip. These important pollinators look for floral
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resourcesin large and dense patches of flowers, withabundant nectar. Hummingbirds
present spatial and plant preference, as observed in Costa Rica (Stiles 1981).
Hermit hummingbirds” higher abundance was found in wet lowlands and adjacent
foothills with abundant monocotyledonous herbs as Heliconia, while nonhermit
hummingbirds preferred the lower middle elevations plenty of dicotyledonous and
bromeliads. Ecological and evolutionary processes drive plant-hummingbird net-
works. Dalsgaard et al. (2011) observed that plant-hummingbird pollination net-
work is more specialized in tropical areas than in temperate ones, evidencing a
greater number of species interactions between morphologically matching partners
(Sonne et al. 2020).

6.3.5.3 Ground-Dwelling Mammals

Primates, marsupials and rodents are the non-flying or ground-dwelling mammals
already observed to pollinate 85 plant species (Carthew and Goldingay 1997). It is
not so easy to confirm ground-dwelling mammals as pollinators, due to their sensi-
tivity to human presence and the nocturnal activity of many species. Usually, their
activities as pollinators are inferred after field-trapped animals have their fur and
fecal pollen loads analyzed, but the motion-activated remote cameras can help a
lot in these studies (Zoeller et al. 2016). Usually, flowers are not destroyed by mam-
mals, which visit them to look for insects or floral resources such as sugar-rich
nectar and pollen, and transport pollen grains in their fur. As many insectivore
mammals have large home ranges, they benefit the plant enabling a great genetic
flow between distant plants.

The capuchin monkeys from Costa Rica act as florivores (flower herbivores)
mainly in the dry season, when fruits and invertebrate abundance are low (Hogan
et al. 2016). The flowers visited present pollen and nectar, with high proportion of
water soluble carbohydrates, proteins and also fats on floral tissues. From the nine
species whose flowers were consumed by the capuchin monkeys, three of them were
effectively pollinated by geitonogamous and xenogamous processes: Luehea speci-
osa, Callistemon viminalis and Manilkara chicl.

Flowers of Protea humiflora (Proteaceae) from South Africa are visited by three
species of little ground-dwelling mammals (Fleming and Nicolson 2002). Acomys
subspinosus and Aethomys namaquensis are nocturnal species that feed on pollen
and possibly on nectar, and Elephantulus edwardii that is a diurnal insectivore visit-
ing flowers looking for preys. The three mammal species carry pollen grains on
their fur, and were considered responsible for about 56% of P. humiflora seed set.
Seed production was significantly higher after open visitation than in caged flow-
ers, where the small mammals were excluded.

6.3.5.4 Lizards

At least 37 lizard species are flower visitors and many of them are able to pollinate,
especially in islands (Olesen and Valido 2003). Lizards find nectar, pollen and
arthropods in the flower. When animal preys are rare, flower resources will be more
consumed increasing pollination possibilities. For example, lizards, doves and pas-
serine birds from Fernando de Noronha Island, Brazil, can use the floral nectar
produced by plants that bloom during the dry season for their energetic require-
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ments and water intake (Sazima et al. 2005, 2009). To access the nectar accumu-
lated within a chamber the lizard skin and dove feathers touch the anthers and
became covered with pollen grains that can be used to pollinate distinct flowers
from the same plant (geitonogamy) or from other trees (xenogamy). Passerine
birds also collect the nectar, but they are too small to touch the reproductive organs,
so pollination is rare.

6.3.5.5 Mixed Pollination

Many species produce flowers that can benefit from distinct visitors transferring
pollen, including vertebrates and insects simultaneously. For example, Langsdorfia
sp. (Balanophoraceae) has features that permit birds, mammals and insects to visit
the flowers looking for pollen and nectar (Thorogood and Santos 2020).
Langsdorffia hypogaea produces sweetly scented, conspicuous red inflorescences
near the soil. In Brazil, the flowers attract ants, beetles, Hemiptera, Dermaptera,
Blattodea, Araneae (Freitas et al. 2017) and the corvid bird Cyanocorax cyanopogon
(Santos et al. 2017). In Madagascar Langsdorffia malagasica flowers attract pri-
mates (Irwin et al. 2007). Further studies are needed to define the main pollinators,
but most animal species appear to be able to pollinate at least partially. In another
example, the red tubular nectar flowers of Seemannia sylvatica (Gesneriaceae) are
pollinated mainly by hummingbirds and secondarily by butterflies (Camargo et al.
2011).

6.4 Pollination: Benefits and Threats

6.4.1 Beneficial Consequences of Pollination

The important benefit of pollination is the gene exchange between different flow-
ers, especially between two distinct plants from the same species. Seeds originating
from cross-pollination will present more gene variability than those from self-
pollination. Variability is very advantageous in a modifiable environment and in
the presence of pests and diseases (e.g., Holeski: » Chap. 4). Seed production by
agamospermy and clonal vegetative reproduction produces no genetic variation in
the next generation. If the species grows pretty well in an uncommon situation of
a very stable environment, with steady soil characteristics, temperature, rains, spe-
cies presence and species interactions along time, then it would be advantageous to
maintain this genetic pool which is so highly adapted to this specific immutable
ambient. But this is a highly unusual situation.

The benefits from animal pollination in both natural areas and agricultural sys-
tems are shown in many studies (Bowers 1975; Gemmill-Herren and Ochieng 2008;
Hudewenz et al. 2013; Nunes-Silva et al. 2013; Depra et al. 2014; Lindstrom et al.
2015). Even self-compatible plants such as the oilseed rape produces significantly
more seeds and heavier seeds with insect pollination or manual pollen supplemen-
tation than in autonomous self-pollination or wind pollination (Hudewenz et al.
2013). When honeybee hives are added near the oilseed rape crop fields, yields are
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11% higher than in fields without artificial hives (Lindstrom et al. 2015). Eggplants
produce heavier fruits after bee pollination (Nunes-Silva et al. 2013) and increase
the seed numbers caused by higher quantities of pollen grains arriving on the
stigma, independently if pollen was delivered by an animal or by manual pollina-
tion (Gemmill-Herren and Ochieng 2008). Some populations of tomatoes are inca-
pable of fruiting if animal pollinators are absent (Bowers 1975). Even tomato
varieties able to automatically self-pollinate can benefit a lot from animal pollina-
tion services, achieving higher fruit-set and number of seeds in open field pollina-
tion (Depra et al. 2014).

6.4.2 Ecological Services and Crop Pollinators

Pollination failure may be caused by lack (or even excess) of pollen grains depos-
ited by animals on the stigma, bad quality of the pollen load caused by a high
number of unviable grains or heterospecific pollen grains (from two or more species
mixed together) on the stigma, late deposition when stigma is no longer receptive,
and self-incompatibility reactions preventing fertilization or inducing rapid seed
abortion. Aspects that can decrease pollination quality are very well presented by
Wilcock and Neiland (2002) and references therein.

Biotic pollination services are fundamental to sustain natural areas and
also for many of our crops. Insect pollination is essential for food production glob-
ally, for example, apples, strawberries, coffee, cocoa, avocado, guarana, melon, pas-
sion fruit, pear, peach, sunflower, tomato, watermelon, alfalfa, red clover, figs,
pineapple, guava, kiwifruit, vanilla, durian, cherimoya, papaya and many others
fruit crops rely heavily on this important ecosystem service (Westerkamp and
Gottsberger 2000; Novais et al. 2016). A lot of these crops are considered eco-
nomically significant commodities on the global market (Prescott-Allen and
Prescott-Allen 1990). In a study performed in 200 countries from four continents,
Klein et al. (2007) found that 87 species of important crops are animal pollinated,
while 28 species are not. For instance, although soy flower is able to self-pollinate
before anthesis in a cleistogamous process, insect pollination significantly increases
seed production (57%) and final harvest income (Chiari et al. 2005).

Information about the role of insect pollination needs to be disseminated to
farmers all over the world, but especially to small farms with family agriculture in
developing countries. For example, Tanzanian watermelon yield is pollen limited
by insufficient floral visits and the lack of efficient pollinators (Sawea et al. 2020).
Human manual pollination increased the development of mature watermelons
(42%) with heavier fruits. Although manual pollination is possible, the costs are
incredibly high (Westerkamp and Gottsberger 2000) and not nearly as effective as
natural pollination near preserved areas. Moreover, natural pollination by animal
vectors doesn’t cost anything.

Aside from that, New Zealand bee populations decreased due to Varroa destruc-
tor infestation (Brown et al. 2018). For the kiwi being a dioecious plant (male and
female unisexual flowers on separate plants), cross pollination is obligatory (Simao
1998). To support the country’s most profitable horticulture product (Zespri 2016)
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avoiding the decrease of kiwi yields and getting better results than those provided
by the handheld sprayer for manual pollination, a robotic pollinator machine was
developed for kiwi plantations in New Zealand (Williams et al. 2019). Future work
is needed to enhance this system and reduce its costs.

All over the world, complex landscapes such as natural preserved ecosystems
present a larger overall abundance and richness of wild insects than homogeneous
areas. This is the case of Sweden’s oilseed rape crop, which produces heavier seeds
(18%) and achieves a better market value (20%) in farms near complex landscapes
(Bommarco et al. 2012). Oilseed rape crops are increased by good management
practices that lead to higher pollinator abundance and functional divergence
(Lindstrom et al. 2015). Also, Brazilian coffee crops near natural areas and with
low management intensity are able to maintain higher pollinator biodiversity and
increase yields up to 30%, improving a fundamental trade-off between food pro-
duction and flora/fauna conservation (Hipolito et al. 2018).

A recent meta-analysis indicated that pollinator functional diversity and abun-
dance can increase crop pollination and consequently its yield, constituting the
complementarity hypothesis: pollination function should be maintained by non-
overlapping trait distributions (Woodcock et al. 2019). A crop can be considered
an artificially constructed community, where species richness is positively corre-
lated with yield. Many studies can confirm the conclusions of that meta-analysis.

For instance, in apple fields in the United Kingdom, the presence of pollinating
insects as bees and hoverflies is crucial to the fructification. Garratt et al. (2014)
show insects increase the quantity, size and shape of the fruits, leading to higher
prices on the market and a potential to improve UK output by up to £5.7 million
per annum. Their study indicates how continued pollinator decline is as a serious
danger to apple crops and the apple industry.

The same was observed in 191 plant species related to food production in Brazil
(Wolowski et al. 2019). For 75% of plant species animal pollination is important,
performed by nine distinct groups: bees (66.3%), beetles (9.2%), butterflies (5.2%),
moths (5.2%), birds (4.4%), wasps (4.4%), flies (2.8%), bats (2%) and even hemip-
terans (0.4%). These studies show how useful animal pollination is (B Fig. 6.6).

The ‘Evaluation Report on Pollinators, Pollination and Food Production’ esti-
mated that the global economic valuation of pollination ecosystem service ranges
between US $ 235 billion and US $ 577 billion (IPBES 2016) and grows as times
goes on. The financial implications of pollinators decline are already severe and
will be worse in the future if we do not recover pollinator populations.

6.4.3 The Impact of Pollinator Declines: Biodiversity, Human
Health and Economic Aspects

It is certain that pollinator decline has enormous potential to lead us to a scenario
of expensive food and vegetal resources (Wilcock and Neiland 2002). Besides that,
we need to understand that the current and intense destruction of angiosperm
communities, as seen through the past years in Brazilian Amazonia/Cerrado/
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O Fig. 6.6 Approximately 75% of plant species related to food production are animal pollinated,
and it is estimated that the global economic valuation of pollination ecosystem service ranges between
US § 235 billion and US $ 577 billion. (Based on Wolowski et al. 2019 and IPBES 2016)

Pantanal ecosystems and in many other parts of the world, can reverse insect evo-
lutionary diversification and success obtained in about 245 million years
(Labandeira and Sepkoski Jr 1993).

The worldwide pollinator crisis refers to wild and domesticated pollinators and
their population declines. Disorders in bee colonies are increasing due to viruses
and other pathogens (Faurot-Daniels et al. 2020) such as the ectoparasitic mite
Varroa destructor and the gut parasite Nosema ceranae (Brown et al. 2018).

The worldwide pollinator crisis presents direct consequences for the vegetal
populations that rely upon them. Plants are the basis of our life, not just our
food source. Plants give us wood for furniture, ethanol for car engines, many
substances used in the pharmaceutical and cosmetic industries and rubber prod-
ucts such as rubber gloves, tires, etc. As already said, pollinator decline will have
many serious consequences on natural life and on crop production. In Brazil, a
country with great biodiversity richness and one of the world’s agricultural lead-
ers, 68% of 53 major food crops depend on animal pollination, occupy 59% of
the total cultivated area and are responsible for 68% of all crop monetary value
(Novais et al. 2016).
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6.4.4 Fragmented Areas and Animal Pollination

Fragmentation of natural areas modifies the landscape and the local plant com-
munities, creating difficulties for pollinators moving from one flowering plant to
another, as long distances between fragments may create unfavorable conditions
such as dry and windy open spaces without floral resources (Lazaro et al. 2020).
Fragmentation also modifies nesting and oviposition sites (Williams et al. 2010;
Johst et al. 2006). Natural areas near big farms of wind pollinated crops may be
isolated from floral nectar and other floral resources needed by many pollinators.
Meanwhile, biotically pollinated crops can produce and offer lots of homogeneous
floral resources, but in a very restricted period and often with chemical defenses.
When such crops are not in bloom, pollinators will need to look for food in natural
areas nearby, such as ruderal areas, field margins and ecological reserves (Neumiiller
et al. 2020).

Ruderal weeds usually grow near crops on farms and road sides, and many are
annual or biannual species able to flourish for weeks or even months, in alternating
periods. The floral resources offered by ruderal species or by native wildflower
plantings near crop areas can support pollinators’ food requirements when crops
are not in bloom (Williams et al. 2015). When two or more species coexist and
share pollination services, sequential flowering is a key point to support pollinator
richness and abundance, benefiting both plant fruit set and animal fitness, whether
they are from the same plant family (Vilela et al. 2018) or not (Ogilvie and Thomson
2016).

One of the important causes of fragmentation and decreases of wild pollinator
communities is agricultural intensification (Klein et al. 2007). The removal of natu-
ral vegetation to open new farm areas destroys insect nests and the juveniles within.
New roads to newly established planting areas can facilitate the arrival of exotic
species. Many farms use pesticides like pyrethroids, neonicotinoids, azaconazole,
tebufenpyrad and other chemicals that seriously affect not only herbivores but the
vast majority of animals, including humans (Rigotto et al. 2014). Pesticides kill
insects, including pollinators, predators and parasitoids which would otherwise
benefit the harvest yield. The consequences of pesticides are well studied in bee
nests, where larvae do not grow properly and adult bees loose spatial orientation
and, consequently are not able to return to the nest and die outside during the
night (Goulson et al. 2008). These nest disorders reduce bee health and numbers,
with the possibility of loss of the nest. In central Europe about 25% of domesti-
cated honeybee colonies were lost from 1985 and 2005 (Potts et al. 2010). A worse
situation was seen in the USA, with a loss of 59% of all honeybee colonies from
1947 and 2005 (Natural Research Council 2006).

Cities can participate in pollinator maintenance with better management of
urban wildflower meadows. When roadside vegetation and urban green spaces,
such as private or public gardens, have exotic woody species removed and replaced
by native wildflower meadows, arthropod populations increase and maintenance
costs are reduced. The native plants grown in these meadows permit colonization
by native animals and support a varied insect community by offering food and
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nesting places (Mody et al. 2020). Available floral resources from distinct native
plant families can support many dietary preferences of a high diversity of pollina-
tors, from generalists to specialists (Kelly and Elle 2020).

6.4.5 Invasive Species

Invasive species, whether animal or vegetable, can be observed in many places all
over the world, usually either by accidental or intentional human transport to a
new area where the invasive species did not exist before. The invasion begins with
introduction to a new area, colonization by the first individuals (animals or propa-
gules), successful reproduction of the first generations (establishment) and more
dispersal events (Mekki 2007). Some invasive species are able to promote quick and
intense perturbations in the new community, and others are not. The results of the
interaction of the invasive species in the new community are conditioned by the
invasive species’ characteristics and preferences, and by the biotic and abiotic con-
ditions of the new place that receives the invader.

6.4.5.1 Animal Invasive Species X Pollinators

Invasive species able to interact as predators or competitors of local pollinators are
considered novel stressors in the environment. They may have intense and direct
harmful effects on the maintenance of pollinator communities, and also negative
indirect effects on the pollination and fruiting of many plants.

Several distinct lineages of the European honeybee were brought to Brazil in
the first half of the nineteenth century to produce honey and wax for candles: Apis
mellifera ligustica from Italy, Apis mellifera mellifera from Germany and Apis mel-
lifera carnica from Austria. Although their colonies were easy to maintain, as these
European bees were very calm, the tiny honey production was insufficient. The
aggressive African Apis mellifera scutellata was introduced by Brazilian govern-
ment in the 1950s to increase honey production, but they accidentally escaped the
experimental bee hives, mated with the European honeybees and spread across the
Americas (Torezan-Silingardi 2008). The new hybrid, usually called Africanized 4.
mellifera caused many fatal accidents in the first years, but as time went on the bees
became less aggressive and honey production increased a lot. However, A. mellifera
has displaced many native pollinators. One of the causes of its high competitive-
ness and exclusion of native pollinators is that 4. mellifera has a high degree of
floral constancy (Chittka et al. 1999 and references therein).

For instance, in a Brazilian Cerrado natural reserve flowers of Campomanesia
pubescens (Myrtaceae) were intensely visited by 4. mellifera to collect pollen, but
as these bees were too small to contact the stigma they were very inefficient as pol-
linators. The main pollinator of C. pubescens was the native bumblebee Eulaema
nigrita, responsible for about 43% of fruit formation after buzz pollination.
Bumblebees usually avoid shrubs intensely visited by 4. mellifera due to its aggres-
sive behavior and high density, despite the bigger size of E. nigrita (Torezan-
Silingardi and Del-Claro 1998).
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A recent animal invasion able to severely disturb beehives is the Asian Giant
Hornet or Vespa mandarinia (Vespidae). Some months ago, in the end of 2019
the first records of the Asian Giant Hornet were reported in Canada and the
United States (USDA 2020). In its original Asian Northwest areas this insect
can pollinate important crops, but their aggressive behavior is a serious danger
to bee and wasp nests as they are able to attack and decapitate the adults in the
hive, and after that take the bee larvae and some muscular parts of the adults
back to their own nests to feed their young (Matsuura 1984). North American
and Canadian beekeepers and farmers that depend on pollination by 4. mel-
lifera will be at serious risk if the eradication of V. mandarinia is not successful
(Alaniz et al. 2020).

6.4.5.2 Plant Invasive Species X Pollinators

Species interactions and local biodiversity may be severely impacted by invasive
plants (Traveset and Richardson 2006) from the moment that invasive and native
species co-occur, flourish simultaneously or at least partially, and share mainly gen-
eralist pollinators. Invasive plants compete with local plants (native or crop spe-
cies) for water, nutrients, light, space and also pollinators (Tscheulin and Petanidou
2013 and references therein).

To illustrate the effects of invasive plants on plant-pollinator associations we
can mention the Solanaceae family, in which many species are able to invade and
adapt very well to conditions in distant places. In a Korean island, Hong et al.
(2014) recently discovered Solanum elaeagnifolium, the tenth invasive Solanum spe-
cies in a country that originally had just two native Solanum species. Solanum
elaeagnifolium is considered a noxious weed native from the US and Mexico, but
nowadays can be found in countries from South America, Europe, Africa, Asia
and Australia. This species is a perennial herb able to grow and develop even in
relative drought thanks to its creeping horizontal and deep vertical roots, it pro-
duces sexual and asexual propagules and is toxic to cattle, sheep and horses (Mekki
2007). The purple/blue petals of Solanum elaeagnifolium contrast with its yellow
poricidal anthers and make the flowers very attractive to visitors, especially buzz
pollinating bees from the tribes Anthophorini, Centridini, Exomalopsini and
Xilocopini (Teppner 2005).

Considering that S. elaeagnifolium is spread all over the continents and can
attract the same bees that visit other Solanaceae species, it is expected that many
crop or native species will have a reduced fruit set due to competition for pollina-
tors. Consequently, many plant species are at potential risk of having their harvest
yields decreased, as their pollinators may prefer the new invasive species more than
native/crop ones. Solanum elaeagnifolium disturbs invaded crops so much that a
biological control program was developed against it (Hoffman et al. 1998) and also
against other invasive Solanum species (Minghetti et al. 2019). Solanum elaeagnifo-
lium was found to be responsible for decreasing the cotton production in Texas by
about 75% (Brandon 2005) and wheat yield in Australia by about 50% (Benalla and
Frankston 1998).
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6.4.6 Climate Changes and Global Warming

Global temperature increases are severely affecting many countries by modifying
temperatures and humidity. Recently many scientists all over the world are advising
about the near future with warmer temperatures and its high impact consequences
for humanity, considering urban and natural areas modifications (Del-Claro and
Dirzo: » Chap. 13). Natural area conservation is important not just for the cli-
mate, but for the preservation of biodiversity and all the still unknown uses for the
biological resources present in native species, including plant and animal species
and their interactions locally and beyond.

In a 10 years study from 2005 to 2014, Vilela et al. (2018) observed in a Cerrado
area (Brazilian Savanna) the sequence and intensity of four Malpighiaceae species
flowering in relation to an increase in the mean annual temperature by one degree
Celsius. As climatic factors changed, the sequential flowering and the intensity of
flowering also changed. Only one species (Banisteriopsis malifolia) increased flow-
ering intensity, while other three (B. campestris, B. laevifolia and Peixotoa tomen-
tosa) flowering decreased. Besides that, initially the four flowering period peaks
were in sequence, after 5 years two species (B. laevifolia and P. tomentosa) were
overlapping. The modified climatic conditions across 10 years had direct and indi-
rect consequences on the phenology of the studied plants, and also on associated
pollinators. Decreased flowering periods mean less pollen and oil offered to bees,
which use these resources to prepare nests for generations. Coincident flowering
periods indicate competition for pollinators and the possibility of heterospecific
pollen loads on the stigma. So, this study points out that the intensification of
global warming led to a smaller blooming and a reduction of oil and pollen offered
to the bee community.

Moreover, insects depend on the environmental temperature to control their
physiological processes. The ongoing global warming forces species to adapt to
new and higher thermal limits, which may be achieved through genetic adaptation
and phenotypic plasticity (Gonzalez-Tokman et al. 2020). Consequently, global
warming is a relevant factor for the decline of pollinators and associated plants.

Thomas et al. (2004) estimated the proportion of animal and plant species at
risk of future extinction as a result of climate change until 2050. They also consid-
ered the effects of unprecedented CO, levels, habitat loss and fragmentation. They
concluded that increasing temperatures are the greatest threat in most world
regions. Species that flourish in the same place and time and offer the same floral
resources are expected to have the same group of pollinating species. In this case,
the interactions may vary from competitive to facilitative (Thomson et al. 2019).
The presence of a more rewarding flower species can attract more pollinators and
may benefit the visitation rates of a less rewarding flower species, as it may receive
more visits and increase its fruit-set. But every situation has its costs and gains.
Simultaneous flowering promotes a detrimental increase in heterospecific pollina-
tion, especially in congeneric or similar species, disturbing the pollen tube growth
and fertilization.
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Conclusion

Animal-plant interactions are extremely old, and among them, pollination is
one of the main factors responsible for the diversification of animals and plants.
Pollination is usually mutualistic in character and its results are conditioned by
numerous factors, which vary from flower shape and size to pollinator morphology
and behavior. Distinct animal groups are related in different way to pollination
phenomena in terrestrial environments. These relationships, therefore, structure
the trophic chains and networks of ecological interactions. Pollination is a vital
process, not only for human survival and economic systems, but also for life on
the planet as a whole. In a world undergoing deep and rapid transformation, with
increasing degradation, environmental fragmentation and global warming, investi-
gation into certain issues in pollination must be deepened or initiated, such as: How
to preserve natural populations of pollinators and plants in a world with increas-
ing rates of deforestation? What is our real capacity to raise awareness among the
general population and politicians about the importance of ecosystem services and
the preservation of natural environments close to crops and cities? Why do we not
fight for preservation of natural vegetation, to make it possible to study the still
unknown species of plants and animals and their pollination interactions, espe-
cially in tropical environments where deforestation is increasing? Pollination studies
must take prerogative in decision-making by governments and sources of scientific
funding, as pollination is one of the main mutualisms that maintain biodiversity.

Key Points

1. Pollination is the main process of plant reproduction, especially important in
permitting gene exchange in modifying environmental conditions.

2. Mutations and genetic changes along time in plants and insects permitted the
fabulous diversification of the angiosperms.

3. Animals are the main pollen vectors, especially insects and particularly bees.

4. The mutualistic relationships of plants and their pollinators are fundamental to
our well-being, our health and our economy.

9 Questions

1. Is there time to discover new pollination interactions?

2. What can be done to reconnect fragmented areas and benefit plants and pollina-
tors?

3. What can we do to avoid the increasing deforestation and the excessive use of
pesticides and not intensify the pollinator crisis, so that better crops and yields
may be produced?

4. How can we make our governments aware of pollination’s relevance to health
and economy?
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Frugivory and Seed Dispersal

@ Learning Objectives

After completing the chapter, you should have an understanding of the following:

== Why frugivory and seed dispersal are so important.

= How fleshy-fruited plants and frugivorous animals have adapted to each other.

= The value of seed dispersal networks for describing and understanding
communities.

= The ongoing debate about the relative importance of coevolution and ecological
fitting in the origin of seed dispersal networks.

== The vulnerability of seed dispersal to human impacts.

7.1 Introduction

A frugivore is any animal that eats fruit, although in ecology this term is usually
only applied to animals that eat a lot of fruit. Fruit in this definition means seeds
surrounded by edible flesh, whatever they are called in strict botanical terminology,
and usually excludes dry (non-fleshy) fruits, such as those of grasses or oaks. Seed
dispersal is the movement of seeds away from the parent plant. This chapter deals
with seed dispersal by frugivores, a mutualistic relationship in which the animal
benefits from the nutritional value of the fruit flesh and the plant benefits by having
its seeds dispersed.

Fleshy fruits are one of the few plant foods eaten mostly by vertebrates. Most
birds and mammals, and many reptiles, eat at least some fruits, and frugivores
account for a large proportion of bird and mammal biomass in tropical forests.
Seasonality in fruit production has impacts on the behavior, breeding, and migra-
tion of frugivores, while irregular, supra-annual fruit famines can have dramatic
effects on frugivore communities, including reduced breeding and increased mortal-
ity (Wright et al. 1999; Wong et al. 2005; Vogel et al. 2012). On evolutionary times-
cales, a high dependence on fruits affects almost all aspects of animal biology from
the sensory capabilities to morphology, physiology, and behavior (Corlett 2011a).

Seed dispersal is an essential step in the life cycle of the majority of seed plants,
although many herbs have small, poorly dispersed, dormant seeds that appear to
be ‘dispersed in time’ more than in space (Chen et al. 2020a). Wind and, to a lesser
extent, water disperse the seeds of many plant species, and some seeds are dis-
persed externally on animals, but dispersal by frugivorous animals dominates in
woody plants and in forests. Dispersal away from the parent plant reduces competi-
tion from conspecific seedlings and the density- and distance-dependent impact of
pathogens and pests. In a forest in Amazonia, most saplings were established from
seeds dispersed at least several crown widths away from parent trees (Swamy et al.
2011). Disproportionate dispersal to favorable microsites for germination and
growth would increase plant fitness but, while there are now multiple examples of
this ‘directed dispersal’ known (Wenny 2001; Bravo and Cueto 2020), it is still
unclear if it is of widespread significance.

Seed dispersal is also a major contributor to gene flow—probably as important
as pollen movement in tropical forests, where both pollen and seeds usually have
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animal vectors (Corlett 2019)—and the only mechanism by which species can colo-
nize new areas. It is thus the only way that plants can track climate change across
the landscape (Corlett and Westcott 2013). Loss of dispersal agents can, in the
short term, lead to increased clumping and reduced regeneration (Harrison et al.
2013; Pérez-Méndez et al. 2016), while in the longer term it can result in population
declines and potentially extinction. Note that dispersal is not the only benefit of
frugivory for a plant. Seeds may also obtain other benefits from passage through a
vertebrate gut, including removal of fruit pulp and scarification of the seed coat,
both of which may enhance germination, and deposition in nutrient-rich fecal mat-
ter (Fricke et al. 2013; Stringer et al. 2020).

7.2 Origins and Evolution of Frugivory and Seed Dispersal

In the modern world, frugivory and seed dispersal are associated with warm wet cli-
mates, and with trees and forests (Eriksson 2016; Chen et al. 2017). They also occur
elsewhere, but both fleshy fruits and frugivores are most diverse and abundant in
these environments. Forests favor large seeds with the food reserves needed to estab-
lish in deep shade, and large seeds favor dispersal by animals. The convergent evolu-
tion of fleshy rewards in numerous plant lineages led to the evolution of frugivory in
many lineages of animals and, where fruits were found year-round, the evolution of
specialist frugivores (see also Del-Claro and Torezan-Silingardi, » Chap. 1).

The first trees and forests arose in the Late Devonian, approximately 390 mil-
lion years ago, and the first seeds appear soon afterwards. Seeds are found in fossil
guts and feces of animals from the Late Permian, around 270 million years ago
(Tiffney 2004). This is evidence for endozoochory (dispersal of seeds in animal
guts), but probably accidental from the animals’ viewpoint, with the seeds swal-
lowed while consuming other plants parts. Seeds with external flesh appeared early
on, however, and by the Mesozoic were widespread, in cycads, Gingko, and other
gymnosperms. The first evidence suggestive of at least seasonal specialization on
flesh-covered seeds comes from a dinosaur fossil, from around 170 million years
ago (Salgado et al. 2017). Early angiosperms mostly had small seeds, but a Middle
to Late Jurassic (>164 million years ago) fleshy fruit fossil from Inner Mongolia—
probably from an angiosperm—was an 11 X 8§ mm drupe (Chen et al. 2020b,
@ Fig. 7.1). Such a fruit would still attract dispersal agents today. The diversity of
seed and fruit sizes, and of fruit types, peaked in the Eocene fossil record,
50-55 m years ago (Eriksson 2016), but many modern groups of frugivores, includ-
ing the fruit bats and passerine birds, diversified more recently.

7.3 Some Basic Concepts

Seeds are dispersed away from the parent plant to varying distances. Information
on dispersal distances (and directions, if not symmetrical) can be summarized as a
two-dimensional density plot describing the probability of a seed being deposited
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O Fig.7.1 A fossil fruit,
Jurafructus daohugouensis, from
the Jurassic of Inner Mongolia,
China, >164 million years ago.
The 11 X 8 mm fruit consists of
a single seed surrounded by flesh
like a modern angiosperm drupe.
(Photograph courtesy of Xin
Wang and also used in Chen

et al. (2020b))

at each point. This probability density function is called a dispersal kernel. For a
given plant species, the dispersal kernel will be different for each dispersal agent.
The total dispersal kernel is the sum of all the kernels for all dispersal agents for an
individual plant, population, species, or community (Rogers et al. 2019).

However, the movement of seeds is not, by itself, of ecological interest, except-
for the weight it adds to the frugivore’s body and the space it occupies in its guts.
Seed dispersal is interesting only if it results in the establishment of new individuals
of the plant species, i.e. if dispersal is effective. Seed dispersal effectiveness is the
product of the number of seeds dispersed (the quantity component of seed disper-
sal) and the probability that each dispersed seed will produce a new reproductive
adult (the quality component) (Schupp et al. 2010). The two concepts—dispersal
kernels and seed dispersal effectiveness—can be combined as the effective dispersal
kernel, which multiplies the probability of a seed being deposited at each point
with the probability of seedling establishment from a deposited seed, and the total
effective dispersal kernel, which sums this for all dispersal agents (Rogers et al.
2019). In practice, describing even an approximation to the total effective dispersal
kernel for a single plant species is a major challenge.

7.4 How to Be a Frugivore

Fruit is usually advertised by color or scent, minimally defended, rapidly digested,
and does not fight or run away. It is an easy food. Most bird and mammal species,
many reptiles, and at least one frog (da Silva and de Britto-Pereira 2006) eat at least
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some fruit. However, while a small amount of fruit in an animal’s diet may contrib-
ute valuable vitamins and minerals, eating a lot of fruit and, in particular, eating
mostly fruit requires special adaptations for efficient location, harvest, and diges-
tive processing (Moermond and Denslow 1985; Wang et al. 2020a). A major prob-
lem is that fruit flesh is nutritionally dilute, with particularly low concentrations of
nitrogen (Levey et al. 2000; Donati et al. 2017). Most, but not all, frugivorous ver-
tebrates supplement a fruit diet with animal protein (Corlett 2017; Orr et al. 2016).
Two groups of Old-World pigeons appear to eat only fruit, but pigeons produce
protein- and fat-rich ‘crop milk”as a supplementary food for their young (Kozlowski
et al. 2016). The Neotropical oilbirds also feed their young on an exclusively fru-
givorous diet, but the nestlings grow very slowly as result (Thomas et al. 1993). The
advantages and disadvantages of relying on fruit are illustrated by the global dis-
tribution of passerine birds with female-only parental care (Barve and La Sorte
2016). Most such species are frugivorous, reflecting the relative ease of finding
enough fruit for a family, compared with alternative diets, but they are largely con-
fined to areas with exceptionally long fruiting seasons, where multiple small broods
are possible.

Unfortunately, most chemical analyses of fruit flesh so far have been very
crude; typically, dividing components into sugars, lipid, fiber, and ‘crude protein’,
with the latter simply a multiple of the total nitrogen content. Most flying frugi-
vores—birds and bats—have short guts and rapid gut passage, favoring the
absorption of small molecules such as simple sugars and free amino acids
(Moreno et al. 2019). A major clade of birds, including the Muscicapidae,
Turdidae, Sturnidae, and Mimidae, is unable to digest sucrose and avoids foods
that contain it (Zungu and Downs 2016). Sucrose is the major transport sugar in
plants (Lohaus and Schwerdtfeger 2014), so the dominance of the hexose sugars,
glucose and fructose, in fruits eaten by birds (Ko et al. 1998) suggests strong selec-
tion against sucrose. The sucrose-intolerant clade is not important enough in
most areas to account for this, suggesting a more general preference for hexoses.
Lipids are preferred by other bird species (Stiles 1993) or at certain times of the
year (Bairlein 2002).

All fruits are nutritionally unbalanced as a food for vertebrates, even when sup-
plemented with non-fruit foods, and all frugivores eat many fruit species. The
extent to which this is deliberate ‘nutrient balancing’ is unclear, but it could poten-
tially result in an advantage for rare plant species, with frugivores eating propor-
tionally more of rare fruits because they are needed for a balanced diet
(Moran-Lopez et al. 2018). Nutrient balancing requires that the frugivore can
detect the nutritional value of available fruits. Fine discrimination is likely to
involve linking pre-ingestive (before swallowing) sensory cues—from vision, smell,
touch, and taste—and spatial memory to the post-ingestive (after swallowing) con-
sequences of eating a particular fruit at a particular stage of ripeness (Corlett
2011a; John et al. 2016). Rapid gut passage in many frugivores should allow physi-
ological feedbacks to provide a continuous update on the costs and benefits of fruit
choice. Although we know that many animals are able to do this, there have been
few studies of how learning and memory influence frugivory and seed dispersal,
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resulting in a major gap in our ability to predict the impacts of global change on
these processes (John et al. 2016). This contrasts with studies of seed dispersal by
scatter-hoarding birds and rodents, where excellent spatial memory is assumed,
and with pollination studies, where even bees are known to rely heavily on learning
and memory.

Most research has focused on sensory cues, which are easy to study in the lab
and are likely to be most important for frugivores faced with a novel fruit resource,
as will occur frequently in naive juveniles and migrants, but less often in territorial
adults. Cues will be most useful in these situations if they provide honest informa-
tion on fruit nutritional value, rather than simply increasing conspicuousness
(Albrecht et al. 2018). The currently available evidence suggests that this is true in
some cases but not in others, and that, even when there is an association between a
cue and a reward, it tends to be weak (Stournaras et al. 2015; Albrecht et al. 2018).
Even weak associations may be useful, however, since repeated interactions will
allow a frugivore to verify their reliability and adjust their future responses accord-
ingly. Birds (Duan et al. 2014) and macaques (Skalnikova et al. 2020) have
apparently innate color preferences for food items—red for both but also black for
birds. However, the diversity of fruits eaten by most frugivore species in the wild
suggests that any innate preferences have little impact on what is actually eaten,
which presumably reflects subsequent learning and memory. Conspicuous fruit
crops (e.g. those of many /lex species) may persist as long as there are alternatives,
because frugivores have learned to avoid them, while inconspicuous crops may be
stripped as soon as they ripen. Individual female orangutans in Sumatra living in
the same area, presumably with the same senses, have strikingly different fruit diets,
which may reflect social learning by infants from their mothers (Hardus et al.
2013). Signals of social learning are also seen in the foraging of young golden lion
tamarins (Troisi et al. 2020).

7.5 How to Be a Fruit

Frugivores are mobile and can actively choose among fruit species, or between
fruits and other foods, but an adult plant is fixed in the ground. If the fruit supply
is limited, however, and frugivores differ in their effectiveness as seed dispersal
agents, then a plant can increase recruitment by choosing among frugivores. Plants
have two advantages over frugivores in this process. First, the fruits of many
plants—but by no means all—can persist on the plant in a viable, edible form for
days, weeks, or in some cases months, if not eaten (Tang et al. 2005; Cazetta et al.
2008). Second, most plants are longer-lived than frugivores and can survive for
years without dispersing any seeds at all. Small endothermic frugivores need to eat
every day but plants can wait years to be dispersed.

Fruit flesh must be protected from invertebrates and microbes, particularly in
species with fruits which persist after they become ripe (Tang et al. 2005; Cazetta
et al. 2008). Moreover, deterring unsuitable vertebrate frugivores, including seed
predators, is likely to be an important function of fruit flesh. Fruit size alone can
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exclude narrow-gaped birds, which will usually disperse seeds less far, although the
stronger-billed of these may steal flesh without swallowing the seeds. Mechanical
protection—an indehiscent husk, rind, or other covering—can exclude most birds
and weak-jawed mammals. Classic ‘primate fruits’, with a protective outer layer
that primates remove with teeth and hands, are hard for other frugivores to handle.
Indeed, the spatulate (shovel-shaped) front teeth of monkeys and apes have been
viewed as an adaptation for efficiently peeling such fruits (Valenta et al. 2020). Very
large size and enhanced protection characterize so-called megafaunal fruits, >4 cm
in diameter, which today are largely consumed by elephants in Africa and Asia, but
are assumed to have been eaten by the diverse global megafauna that survived on
all continents and near-shore islands until the end of the Pleistocene (Galetti et al.
2018; Lim et al. 2020) and through most of the Holocene on Madagascar (Albert-
Daviaud et al. 2020).

There is also evidence for selective chemical exclusion—directed deterrence—in
a few cases, including the well-known example of capsaicin in chili peppers, which
deters mammals but not birds (Naves et al. 2019). It is likely that many less obvious
examples have been overlooked. A recent study found evidence for this in the
relationship between understory Piper species in tropical forests and their principal
dispersal agents, bats in the genus Carollia (Baldwin et al. 2020). Amides in the ripe
fruits reduced gut retention times for seeds and delayed fruit removal, reducing
dispersal distances.

Fruits may cheat, providing the expected sensory cues but little or no nutri-
tional reward, but the learning abilities of vertebrate frugivores must limit the suc-
cess of this strategy. Despite this, mimetic seeds, which look like fleshy fruits but
have no flesh, are quite widespread in the angiosperms, particularly in the legumes
(Fabaceae) (Brancalion et al. 2010). They usually have very low removal rates and
persist in an attractive and viable state for months on the plant or on the ground
beneath in compensation. Although it has been suggested that they are consumed
mostly by naive young birds, a study of Rhynchosia melanocarpa in the Brazilian
cerrado found that peak removal was early in the fruiting season when young birds
were absent (Pizo et al. 2020). Migratory birds provide an alternative source of
naivety, but it is also likely that resident frugivores simply forget between seasons.

7.6 Internal Dispersal of Non-fleshy Fruits by Animals

Most frugivory and seed dispersal studies have been on birds, bats, and/or pri-
mates, resulting in a focus on fruit flesh as the main attractant for seed dispersal
agents. A corollary of this has been an unstated assumption that the dispersal of
non-fleshy, inconspicuous, ‘dry’ fruits and seeds by animals in their guts is some-
how less legitimate, less evolved, less effective, less common, and overall, less
important. However, viable seeds of dry fruits are common in the dung of fish,
pheasants, ducks, elephants, rodents, ungulates, and many other animals (Corlett
2017), and dry fruits with no other obvious dispersal mechanism dominate in herb
floras worldwide (e.g. Janzen 1984; Corlett 2011b). Janzen (1984) suggested that
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the vegetative parts of some dry-fruited plants may be the functional equivalent of
fruit flesh, selected for attraction as well as photosynthesis, i.e. ‘the foliage is the
fruit’. Large herbivores tend to have large ranges, and some migrate, so potential
dispersal distances are large. Globally, the biomass of domestic cattle now far
exceeds that of wild animals (Bar-On et al. 2018) and these may now dominate the
internal dispersal of dry seeds in many areas (personal observations).

For granivorous animals, the attractant is the seed itself, so any dispersal of
viable seeds is a consequence of incomplete digestion. Viable seeds have been found
in the feces of many species of granivorous birds (Corlett 1998, 2017; Orlowski
et al. 2016; Kleyheeg et al. 2019). Most seeds are destroyed, but those that survive
may be dispersed long distances because of long gut passage times and dispersal
may be directed to suitable habitats (e.g. wetland to wetland). Moreover, many
granivores are migratory. For example, modeling studies suggest that migratory
mallard ducks (Anas platyrhynchos) in Europe could disperse seeds between wet-
lands hundreds of kilometers apart (Kleyheeg et al. 2019). Migratory grassland
birds could potentially do the same for grassland plants.

7.7 Diplochory: Sequential Dispersal by Two Different
Dispersal Agents

Diplochory is common in seed dispersal and may account for an even higher pro-
portion of effective dispersal events (Vander Wall and Longland 2004). In cases
where the first step is dispersal in the guts of a frugivore, the second phase typically
involves removal of intact seeds from the feces (or regurgitate) of the frugivore by
ants or scatter-hoarding rodents, or removal of seeds within part of the feces by
dung beetles. In general, the first phase accounts for most of the final dispersal
distance from the parent tree, while the second phase may influence establishment
success. Simply spreading the seeds initially deposited close together in feces over a
larger area will reduce competition and possibly reduce mortality from predators
and pathogens. The survival, germination, and establishment of seeds is also often
enhanced by burying them: in ant nests (e.g. Passos and Oliveira 2002), rodent seed
caches (e.g. Longland and Dimitri 2016), or dung balls (e.g. Culot et al. 2018). Ants
and dung beetles are more likely to bury small seeds (<5 mm) while rodents are
more likely to scatter-hoard larger ones.

However, the impact of seed removal from the dung of the first-phase dispersal
agent is not always positive. Different ant species may move seeds very different
distances, scatter-hoarding rodents are also seed predators, and different functional
groups (dwellers, tunnellers, and rollers) of dung beetles differ in effectiveness. All
three groups of second-phase dispersal agents may bury seeds too deep for germi-
nation. The overall impact on plant fitness will thus be species and context depen-
dent. Diplochory may involve obvious dual adaptations, as when seeds embedded
in pulp attractive to frugivores also have an elaiosome to attract ants (Aronne and
Wilcock 1994), but in most cases it is not clear if natural selection on fruit and seed
traits has also influenced the second phase.
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7.8 The Frugivores

7.8.1 Invertebrates

Endozoochory by invertebrates has usually been regarded as a curiosity, but many
plant species bear tiny-seeded, fleshy fruits near ground level which are likely to be
candidates for dispersal by invertebrates. Distances will be short, unless the disper-
sal agent can fly, but if seeds are dispersed among suitable microhabitats even short-
distance movements may enhance fitness. Tiny seeds with few or no resources for
establishment are likely to be exceptionally vulnerable to centimeter-scale variation
in the deposition environment, so short-distance movements may be critical. At
least some seeds retain viability after gut passage through Orthoptera (wetas, crick-
ets etc.) (Suetsugu 2018a, b, 2020), particularly large individuals (King et al. 2011;
Larsen and Burns 2012; @ Fig. 7.2), some Coleoptera (beetles) (de Vega et al. 2011),
some Blattodea (cockroaches) (Uehara and Sugiura 2017), some Gastropoda (slugs
and snails) (Calvino-Cancela and Rubido-Bara 2012; Tiirke et al. 2012), and earth-
worms (Clause et al. 2017). Dispersal by invertebrates may often be a supplement to
dispersal by vertebrate frugivores, but in other cases invertebrates appear to be the
main or only dispersal agent (Uehara and Sugiura 2017; Suetsugu 2018a, b, 2020).
In some cases, dispersal may be directed to favorable sites, e.g. the beetle Pimelia
costata may deposit seeds of the Mediterranean root parasite, Cytinus hypocistis,
underground near to suitable roots (de Vega et al. 2011). Evidence that some plant

B Fig.7.2 An alpine scree weta, Deinacrida connectens, from New Zealand. These insects consume
the fruits of Gaultheria depressa and disperse the seeds, with the largest individuals dispersing thou-
sands of seeds per night. (Photograph by NZSnowman from Wikimedia Commons used under the
Creative Commons CC BY-SA3.0 license)
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species have an evolved relationship with invertebrates includes the presentation of
inconspicuous fruits on or near the ground, the small sizes of the seeds (<1 mm) so
invertebrates can swallow them, and a hard, lignified seed coat (testa) which pro-
tects the seed during gut passage.

7.8.2 Fish

Frugivory and seed dispersal by fish is mostly a tropical phenomenon, although the
role of temperate fish species may have been underestimated (Horn et al. 2011). It
has been studied largely in the Neotropics, where fish play a major role in seed
dispersal in seasonally flooded forests and savannas (Correa et al. 2015). Many
plants in these systems produce fleshy fruits that are dropped into the water in the
flood season. Similar ecosystems exist across the tropics, in Africa, Asia, New
Guinea, and Australia, and frugivorous fish are found in them all (Horn et al. 2011;
Corlett 2017). Frugivory may be genuinely less common outside the Neotropics,
for historical and/or biogeographical reasons, but unequal study effort makes it
impossible to be sure at present. Some fruit-eating fish show apparent morpho-
logical, behavioral, and physiological adaptations to a fruit diet (Correa et al.
2015), and there is evidence of varied fruit preferences and degrees of specializa-
tion (Araujo et al. 2020), but the degree of interdependence of fruits and fish is
unclear. Many fish disperse small seeds, but only large fish disperse large seeds,
which can be moved over long distances (>1 km) (Costa-Pereira et al. 2018).

7.8.3 Reptiles

The consumption of fruit has been widely reported in lizards (Valido and Olesen
2019) and in turtles and tortoises (Falcon et al. 2020), and is at least seasonally an
important part of the diet in some species. Most seeds survive gut passage so seed
dispersal can occur. However, there is little evidence that reptiles are quantitatively
important as seed dispersal agents, except on some oceanic islands, where frugivo-
rous lizards are common (Pérez-Méndez et al. 2016) and large tortoises—now
extinct on most islands where they used to occur—have diverse fruit diets and very
long gut-passage times (Corlett 2017; Falcon et al. 2020).

7.8.4 Birds

Globally, most seeds in fleshy fruits are dispersed by birds. Modern birds lack teeth
and, although specialist granivores destroy seeds in their bills or guts, frugivory
and seed dispersal are more widespread than seed predation across the bird phylog-
eny. Major frugivores include the cassowaries and tinamous in the basal
Palaeognathae, and members of the orders Columbiformes (pigeons and doves),
Musophagiformes (turacos), Bucerotiformes (hornbills), Piciformes (barbets and
toucans), and Passeriformes (many groups of passerine songbirds) in the Neoaves.
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B Fig.7.3 A great hornbill, Buceros bicornis, carrying food to feed its chicks in India. This is one of
the largest flying frugivores. (Photograph by Angadachappa from Wikimedia Commons used under
the Creative Commons CC BY-SA 4.0 license)

In most other bird orders, at least one member is recorded as eating some fruits.
Specialist frugivores range in size from 5-g flowerpeckers (Dicaeidae) to 70-kg cas-
sowaries (Casuariidae), with the numbers and maximum sizes (<6 mm to >50 mm)
of the seeds dispersed, and maximum dispersal distances (10s to 1000s of meters),
varying roughly in proportion. The largest flying frugivores are the hornbills
(<3000 g; @ Fig. 7.3), which can swallow whole fruits >5 cm in diameter.

Not all bird characteristics relevant to seed dispersal scale with size, however, so
it matters to a plant which medium-sized bird eats its fruit. In the Neotropics,
many frugivorous suboscines—manakins, cotingas, tyrant flycatchers—take fruits
on the wing, swallowing them whole, while tanagers and related oscines have nar-
row gapes, take fruits from a perch, and then crush them in the bill, squeezing out
all but the smallest seeds (Moermond and Denslow 1985; Corlett and Primack
2011). Neither of these fruit acquisition and processing behaviors—taking fruits
on the wing and ‘mashing’ out seeds—is common in other bird groups and other
parts of the world, with unclear consequences for seed dispersal. As a result of
such idiosyncrasies, biogeography matters since most major frugivorous clades
arose too late to spread easily between continents (Corlett and Primack 2011).
Only the Neotropics has toucans, guans, tanagers, and manakins, for example,
while only Africa has turacos, Asia and Africa share hornbills and bulbuls, and
New Guinea has birds of paradise and shares cassowaries with Australia.

Day-flying birds have tetrachromatic vision, with the same range of cone types
as people, plus an additional cone most sensitive in the near ultraviolet (or violet,
in most non-passerines), and vision is usually their dominant sense for locating
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things. As a result, ‘bird fruits’ are often red, although the predominance of black
fruits in some local floras is hard to explain. They usually appear odorless to our
senses. Lack of teeth means that fruits are typically swallowed whole, with the indi-
gestible seeds and digestible flesh separated in the guts before the seeds are defe-
cated or regurgitated.

7.8.5 Mammals

Mammals are second only to birds as seed dispersal agents and, as with the birds,
most mammalian orders have records of fruit consumption but only a few are
widely important. Among the placental mammals, these are the Proboscidea (ele-
phants and extinct relatives), Primates (most species), Chiroptera (fruit bats),
Artiodactyla (pigs, deer, and cattle), Perissodactlya (rhinoceroses and tapirs), and
Carnivora (several families). Marsupials (Marsupialia) have received less attention
than placentals, but many species eat at least some fruits and disperse seeds. Most
frugivorous mammals are red-green colorblind dichromats with an excellent sense
of smell, many forage at night, and many of the fruits they consume appear visu-
ally inconspicuous but strong-smelling to human senses.

Mammals have teeth and strong jaws, so fruit processing is much more diverse
than in birds, with very varied consequences for seed dispersal. Elephants swallow
most fruits whole without any processing, including the largest fleshy fruits known
(>10 cm diameter), and their long gut-passage times can result in very long disper-
sal distances for seeds that survive (Campos-Arceiz and Blake 2011; Bunney et al.
2017). Carnivores have limited chewing ability and relatively simple digestive sys-
tems, so seeds usually pass through undamaged. Many smaller carnivores consume
a lot of fruit, at least seasonally, with the families Procyonidae (raccoons, coatis,
kinkajous, and their relatives; Corlett and Primack 2011), in the New World, and
Viverridae (civets; Corlett 2017), in the Old World, probably most important in
seed dispersal. Fruit is also seasonally important in the diets of most bears
(Ursidae), many members of the dog family (Canidae), and most Mustelidae,
except the otters.

Primates have hands as well as teeth, making the removal of an inedible peel
easier. Most primates swallow most seeds whole, but the Neotropical Pitheciinae
(sakis, bearded sakis, and uakaris) are specialized seed predators and the Old
World colobine monkeys (langurs, leaf monkeys, snub-nosed monkeys etc.) destroy
all but a few small seeds in the fruits they eat. Cercopithecine monkeys (macaques,
mangabeys, baboons, and guenons) spit out most larger seeds, often after dispers-
ing fruits away from fruiting trees in their unique cheek pouches (Corlett 2017;
McConkey 2018). Unlike most other frugivorous mammals, Old World apes and
monkeys have human-like trichromatic color vision, which has an advantage over
dichromacy when searching for red or reddish fruits (Skalnikova et al. 2020).

Fruit bats lack hands but New World phyllostomids use the wrists and thumbs
of their wings to manipulate fruits and many Old World pteropodids use one foot
for the same purpose (Vandoros and Dumont 2004). Most fruit bats carry fruits
away from the parent tree to a nearby feeding roost for processing. Here larger
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seeds are usually dropped along with other inedible fruit parts, and only the fruit
pulp and smallest seeds swallowed. Swallowed seeds may then be defecated in
flight, in contrast to birds which usually defecate from a perch.

The even-toed ungulates (Artiodactyla; pigs, deer, cattle, and their relatives) can
feed only on fallen fruits or those borne on low-growing plants, but they disperse
many seeds in a variety of ways, and their importance has probably been
underestimated (Corlett 2017; Baltzinger et al. 2019). They disperse many seeds
from dry fruits, presumably with foliage by accident, but also consume many fleshy
fruits and the nutrient-rich, hard-seeded, sometimes scented, indehiscent pods of
some legumes (Miller 1996; Corlett 2017). These pods are functionally fleshy fruits,
even though not ‘fruit-shaped’. Deer, chevrotains, and cattle may regurgitate large,
hard seeds hours after swallowing (Delibes et al. 2019), and all ungulates also def-
ecate some smaller seeds.

7.9 The Fruits

Fleshy fruits have evolved independently numerous times across the angiosperm
phylogeny, with the flesh derived from a wide range of different tissues, including
the seed, the fruit in the strict sense, and a variety of accessory structures. Fleshy
fruits are found in basal angiosperms (Kadsura, Schisandra), magnoliids
(Annonaceae, Lauraceae, Myristicaceae), monocots (Arecaceae, Pandanaceae),
and in all major clades of the eudicots. Fruit flesh does not fossilize well so we
know rather little about the evolutionary history of these fruits. The family
Lauraceae, for example, was abundant in the Cretaceous, but the oldest known
fruit fossils—indistinguishable from modern ones—are from the Miocene (Wang
et al. 2019). Given that all branches of the family have single-seeded fleshy fruits
today, it seems very likely that Cretaceous family members also did. In contrast,
the family Rosaceae produces a great diversity of fruit types which appear to have
originated independently from ancestors with dry fruits (Xiang et al. 2017). There
is some evidence that small fleshy fruits have proliferated since the Eocene (Eriksson
2016; Yao et al. 2021), perhaps in response to the spread and diversification of the
small and medium-sized passerines which are now the single most important group
of frugivores (Corlett 2017; Oliveros et al. 2019).

7.10 Seed Dispersal Networks

Interactions between a particular frugivore species and a particular fleshy fruit spe-
cies take place in communities that have many other species of frugivores and
fruits. The number of possible pairwise interactions increases rapidly with the
number of species involved, but only some of these interactions occur in nature
and some of these are more important than others. The interactions between fruits
and frugivores in a community can be summarized in a plant-frugivore network
(see also Luna and Dattilo, » Chap. 10). Simply showing what eats what—a binary
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network— is a lot less informative than a quantitative network, where the thickness
of the link between two species indicates the quantitative importanceof this inter-
action. In most plant-frugivore networks, quantification is by the frequency of
visitation by a frugivore species to a fruiting plant species. The frequency of an
interaction does not necessarily indicate its importance, to either partner, but it the
easiest general proxy to measure (Vazquez et al. 2005). Measuring seed removal is
better, since seeds removed per visit varies a lot among frugivore species, but it is a
lot more effort.

If we are interested in seed dispersal, rather than just frugivory, it makes sense
to use natural history information to remove from the network those interactions
where the visitor is consuming pulp or seeds, and not dispersing seeds (Simmons
et al. 2018). Unfortunately, in species-rich tropical systems, we often do not know
this for many frugivore-plant pairs. Pigeons and doves (Columbidae), for example,
include species which apparently grind up all seeds they consume and species which
pass all seeds intact, as well as many in which seed fate seems to depend on seed size
and hardness (Corlett 2017). Even where information on interaction natural his-
tory is available, this usually only accounts for the fruit removal stage of the disper-
sal process, and frugivores also differ in where they deposit seeds after gut passage,
with potentially large consequences for dispersal effectiveness. Ideally, we want to
construct a dispersal effectiveness network, with links weighted by both the quan-
tity and quality components of dispersal, but this would be a massive undertaking!

Incomplete sampling can result in a significant underestimate of the number of
interactions in a network and thus overestimates in the degree of specialization
(Valdovinos 2019). The problem of ‘missing links’ can be reduced by the use of
complementary sources of information, such as both field observations of fruit
removal and fecal analyses. Stable isotopes can give a complementary picture of
the assimilated diet over several weeks (Bosenbecker and Bugoni 2020), but net-
works in species-rich systems will never be complete. Networks also underestimate
the plasticity of interactions, which allows for rewiring of interactions when a spe-
cies is lost. Frugivores can adapt to novel fruit sources if a preferred source is
unavailable, and plants may attract new dispersal agents when a stronger competi-
tor is absent. It is also difficult to illustrate seasonal changes, although most plant
species fruit for only part of the year and many frugivores are migratory (Ramos-
Robles et al. 2018). Networks are also often deliberately truncated, for example by
focusing only on birds, even though bird and mammal diets overlap, and most
exclude dry fruits and invertebrate frugivores.

Despite the limitations inherent in summarizing complex natural history in a
single measure of interaction strength, network studies have transformed studies
of frugivory and seed dispersal. They identify both the most important links in the
community and the interactions which do not occur. They have shown that net-
works are modular, with groups of species which interact more frequently with
each other than with other species in the network. Another striking feature of
frugivory networks is the great variation in how many interactions each species is
involved in, ranging from specialists, involved in very few interactions, to generalists
which eat—or are eaten by—many species. Interestingly, generalist populations of
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fruits and frugivores may consist of relatively specialized individuals. The fruits on
individual plants may differ significantly in the traits assessed by frugivores, and
thus in the frugivore species they attract (Crestani et al. 2019), while individual
frugivores may differ significantly in their diets (Pires and de Melo 2020) and their
uses of space (Kerches-Rogeri et al. 2020). Networks of individuals are also modu-
lar, with groups of individuals sharing similar fruit or frugivore resources.

Frugivory networks are also more or less nested, with the interactions of the
more specialist species (of both animals and of plants) a subset of the interactions
of the more generalist species. As a result, specialists tend to interact mostly with
generalists, rather than other specialists. This should make networks relatively
resilient to the loss of specialists, since no other species depend entirely on them,
while very vulnerable to the loss of generalists. Despite the vast literature on nest-
edness in mutualistic networks, it is still not clear if it is an emergent property of
the network itself or a simple consequence of the fact that communities contain
species spread across the spectrum from extreme specialists to extreme generalists
(Mariani et al. 2019; Payrato-Borras et al. 2019). In any case, the usefulness of
networks does not depend on simple descriptive metrics, but on their ability to
provide a single, easily understood, visualization of relationships in a community.

Local networks, in turn, form regional and global meta-networks, with com-
partmentalization by biogeographic barriers increasing at the larger spatial scales
(Fricke and Svenning 2020). Indeed, local networks rarely have sharp boundaries,
since wide-ranging and migratory frugivores providing links at different spatial
scales for different plant species. The difficulties of tracking seeds over long dis-
tances limit our ability to quantify seed export beyond local networks, but molecu-
lar techniques make it theoretically possible to assess what proportion of local
plants were established from non-local sources (Rogers et al. 2019).

7.11 Plant-Frugivore Coevolution and Dispersal Syndromes

A recent review states that the ‘pervasive role of evolution’ is manifest within eco-
logical networks (Segar et al. 2020a), although this view was immediately chal-
lenged (Sagoff 2020; Rossberg 2020; and see Segar et al. 2020b). A major point of
disagreement is whether the species in a network share enough evolutionary his-
tory to have influenced each other’s adaptive evolution, or if the species composi-
tion is simply a ‘snapshot’ of a structure that changes continuously in space and
time. On this second view, trait matches between interacting species largely reflect
‘ecological fitting’ between species that have recently met and did not evolve
together. These opposing views represent different parts of a spectrum, from net-
works that are entirely structured by coevolutionary processes—although nobody
has suggested that these exist in the real world—through to networks composed of
fortuitous combinations of species with independent distributions and evolution-
ary histories, and traits that evolved for other reasons (Segar et al. 2020b). It is
striking that most of the evidence for evolution within interaction networks comes
from antagonistic networks, such as those of plants and their herbivores, or from
pollination. What about seed dispersal networks?
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At first sight, choosy frugivores interacting with choosy plants sounds like a
recipe for pairwise coevolution, but two factors mitigate against this. The long lifes-
pans of vertebrate frugivores in comparison with individual fruit crops means that
a frugivore species cannot specialize on—and evolve adaptations to—only one
fruit species. Also, on a much longer timescale, plants evolve more slowly than
vertebrates, and many plant families are older and more widespread than vertebrate
families. The family Lauraceae, for example, has spread globally in warmer envi-
ronments since the Cretaceous and its uniformly single-seeded fleshy fruits must
have interacted with numerous different groups of vertebrate frugivores across
space and time. Together, these factors mean that the type of reciprocal specializa-
tion which drives the few well-documented examples of mutualistic co-evolution,
such as figs and their pollinating fig wasps, cannot occur with fruits and frugivores.

We know that the properties of seed dispersal networks described in the previ-
ous section do not necessarily require prolonged co-evolution, since the same
structural features are found in Hawai‘i in communities dominated by introduced
species in which all interactions are novel (Vizentin-Bugoni et al. 2019). Instead,
the general properties of seed dispersal networks seem to largely reflect trait
matches and mismatches between fruits and frugivores—i.e. ecological fitting—
plus lack of phenological overlap which forbids some potential links (Bender et al.
2018; Valdovinos 2019). However, fleshy fruits would not have evolved without the
need to attract frugivores to eat them, or specialist frugivores evolved their multiple
adaptations to a fruit-dominated diet without fruits to eat. Clearly the diversities
of fruits and frugivores have evolved in concert in some sense.

Diffuse coevolution between groups of taxa is more plausible than pairwise
coevolution, but also much more difficult to demonstrate convincingly. It requires
that a group of frugivores evolves a set of shared traits in reciprocity with the evo-
lution of matching traits in a group of fruits. The modular structure of most plant
dispersal networks shows that, at least locally, groups of frugivore and fruit species
do interact more with each other than with other species in the area. The modular
structure of seed dispersal networks has, in turn, been attributed to the existence of
seed dispersal syndromes: suites of fruit traits that have apparently co-evolved with
matching frugivore traits, including sensory capabilities, morphology, and behav-
ior (Valenta and Nevo 2020). There is good evidence that at least some fruit traits—
particularly size, color, and scent—are adaptive, and thus likely to have been
influenced during evolution by directional selection by frugivores (Valenta and
Nevo 2020). However, evidence for syndromes that combine multiple, coevolved,
traits is still largely anecdotal. Moreover, the idea of multiple species interacting
and coevolving together is surely an oversimplification, given the great variation in
the numbers of interactions between pairs of species in networks. The role of other
factors, including phylogenetic and developmental constraints, abiotic conditions,
and selection by pathogens and fruit and seed predators, is also unclear.

A phylogenetic comparative study of fruit diversity in Ficus (the figs) in Papua
New Guinea showed that at least six fruit traits in this genus have evolved in con-
cert across different clades of figs into two contrasting syndromes, whose traits
match those expected for the frugivorous birds and bats respectively observed to
consume them (Lomascolo et al. 2010). ‘Bird figs’ were smaller, softer, redder,
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darker, less odorous, and borne among the foliage, while ‘bat figs’ were larger,
harder, greener, lighter, smellier, and borne away from the foliage. A recent study of
the genus Viburnum found evidence for the correlated evolution of fruit color,
reward, and morphology, with blue fruit having a high lipid content and a large,
round endocarp while red fruits were juicy, with low lipid and a smaller, flatter
endocarp (Sinnott-Armstrong et al. 2020). However, the selective pressures driving
the evolution of these two syndromes were unclear, as fruits with both syndromes
were primarily dispersed by birds. Within the genus Viburnum, red and blue are
largely honest signals of fruit qualities, but blue fruits are relatively rare in other
plant families and the bright metallic blue of lipid-rich Viburnum fruits is a struc-
tural color, formed from lipids, which is so far unknown from other taxa (Middleton
et al. 2020). Non-fruit traits may also be associated with the evolution of seed dis-
persal syndromes. In Neotropical palms, the evolution of fruit color and size are
correlated, resulting in two, more or less distinct, syndromes: smaller, colorful
fruits that are dispersed mainly by birds and larger, dull-colored fruits dispersed
mainly by mammals (do Nascimento et al. 2020). Large fruit size was also posi-
tively associated with spines on the leaves, bracts, and stems, which are interpreted
as a defense against the now-extinct megafauna, which may otherwise have been
tempted to eat more than just the fruits.

7.12 Long-Distance Dispersal

Most seed dispersal is within the local population and genetic neighborhood, but
often a small proportion of seeds is dispersed further: long-distance dispersal
(LDD). There is no standard definition of LDD, with some authors setting arbi-
trary thresholds for the dispersal distance or the proportion of events, while
Jordano (2017) defined three types: within the geographic limits of the local popu-
lation but outside the genetic neighborhood, within the genetic neighborhood but
outside the local population, and ‘strict-sense’ LDD which is outside both. LDD is
important for connecting populations that are naturally or anthropogenically frag-
mented, for colonizing new areas made available by environmental changes, and,
through these processes, for allowing global survival in the face of local extinctions
(Jordano 2017). Rapid plant migration in response to rapid natural or anthropo-
genic climate change probably usually depends on LDD.

Rare events are inherently difficult to study, particularly when sparsely spread
across huge areas as will often be true in the LDD of seeds, but advances in biote-
lemetry have made it increasingly practical to follow the movements of frugivores
over relevant scales while advances in molecular methods have made it easier to
identify sources of individual seeds or plants (Rogers et al. 2019). Although the
correlation is not perfect, these studies have identified frugivore body size as the
best single predictor of effective LDD. In tropical Asia, for example, LDD appears
to be dominated by the largest frugivorous birds (fruit pigeons and hornbills,
@ Fig. 7.3), the largest fruit bats (flying foxes, 8 Fig. 7.4), and the largest mammals
(elephants, ungulates, bears) (Corlett 2017). Large Old-World fruit bats (flying
foxes) may fly tens of kilometers in a night (Epstein et al. 2009; Randhawa et al.
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O Fig. 7.4 An Indian flying fox, Pteropus giganteus, in Madhya Pradesh, India. These bats are the
largest flying mammals and a similar size to large hornbills. (Photograph by Charles J. Sharp from
Wikimedia Commons used under the Creative Commons CC BY-SA 4.0 license)

2020; Welbergen et al. 2020), potentially with seeds retained in their guts (Shilton
et al. 1999). Unfortunately, body size is also a good predictor of vulnerability to
hunting and other human impacts, making LDD particularly vulnerable (see
» Sect. 7.14). As discussed earlier, granivores may also perform LDD for any sur-
viving seeds in their guts, particularly where long gut passage times are combined
with long-distance movements. Indeed, even small migrant birds may be significant
if they carry occasional viable seeds in their guts (Viana et al. 2016).

In fragmented habitats, it is also important to know what land-cover types the
dispersal agents are willing and able to cross. Hornbills, fruit pigeons, flying foxes,
and many migratory birds will cross both cleared areas and open sea, while many
other birds and most forest mammals avoid both. In Australia, flying foxes poten-
tially link fragmented forests over vast distances (Welbergen et al. 2020).

7.13 The Potential Velocity of Plant Spread

In response to climate change, plant populations must either acclimate (plastic
change), adapt (genetic change), or move so as to stay within their climate envelope
(Corlett and Westcott 2013). Evidence for genetic change is limited, but plastic
responses in phenology and physiology have been widely observed. Movement is
more difficult for plants than most animals because plants can only move once per
generation and generation times can be much longer than for animals. The fossil



194 R.T. Corlett

record suggests that movement, rather than acclimation or adaptation, was the
most common response to previous periods of climate change, although species
responses were idiosyncratic, and plant communities did not shift as a block.
However, the fossil record usually has a low temporal resolution—centuries, at
best—and most species are not represented. We really do not know how most plant
species are adjusting to the rapid climate changes experienced over recent decades
and expected to continue in the immediate future. Moreover, rapid movement is
difficult enough for plants in pristine natural landscapes but even more challenging
in the fragmented landscapes in which most wild species now live.

How fast do they need to move? A useful concept is the ‘velocity of climate
change’, which is the speed and direction that something needs to move to keep
within its current ‘climate envelope’, i.e. to stay within the range of climate condi-
tions it can tolerate (Brito-Morales et al. 2018). Velocities of temperature change
are expected to exceed 1 km/year over much of the Earth’s land surface during the
twenty-first century, but they will be lower in areas of steep topography where
movements over short vertical distances are enough to compensate for expected
warming. Velocities of rainfall change are projected to be similar. In reality, plant
species will likely respond individualistically to changes in multiple different cli-
mate parameters, but a standard definition of climate velocity based only on widely
available physical parameters has the advantage of simplicity and generality.
Moreover, areas of relatively low temperature velocity over the last 20,000 years
support more narrow-range species of plants and animals, suggesting that these
standard definitions are a useful indicator of future threats (Sandel et al. 2011;
Harrison and Noss 2017).

Can plants keep up with climate change? Converting dispersal distances into
potential velocities requires knowledge of the number of dispersal events in the
time period under consideration, which will depend on the time from dispersed
seed to reproductive adult. Thus, if most plant species can disperse 50-1500 m at a
time and can grow from seed to adult in 1-30 years, the range of plant velocities in
unfragmented habitats with no barriers to movement would be 1.7-1500 m per
year (Corlett and Westcott 2013). However, potential movement velocities for most
forest plant species are likely to be at the lower end of this range. Projected veloci-
ties of climate change and estimated potential velocities of plant movement thus
broadly overlap, but most plant species will probably only be able to fully track
climate change in steep topography where climate velocities are low.

7.14 Vulnerability

Any process that depends on vertebrates is vulnerable to human impacts. Larger
fish (Correa et al. 2018), reptiles (Pérez-Méndez et al. 2016), and birds and mam-
mals (Corlett 2017), consume larger fruits and disperse more seeds longer dis-
tances. These larger species are the main targets of hunters (Benitez-Lopez et al.
2017; Correa et al. 2018) and are also more likely to require large areas of
unfragmented habitat. Defaunation (the loss of animals from a habitat) and down-
sizing (the disproportionate loss of large species) are thus the hallmarks of human
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impacts and would be predicted to have large, selective, impacts on frugivory and
seed dispersal. Downsizing of disperser faunas started in the Late Pleistocene with
the megafaunal extinctions and continues to the present day (Galetti et al. 2018).
Average maximum body sizes of mammalian frugivore assemblages would be more
than 11-fold higher without the Late Pleistocene and Holocene extinctions (Lim
et al. 2020). Population declines of large vertebrates are common even in protected
areas, particularly in poorer countries (Rija et al. 2020), and large areas of the trop-
ics have now lost most or all large species.

The consequences of downsizing for seed dispersal are neatly illustrated in the
Canary Islands, where large-bodied frugivorous lizards (Gallotia, Lacertidae,
@ Fig. 7.5) were abundant before human settlement but have declined subse-
quently (Pérez-Méndez et al. 2016). Seed dispersal distances now decrease along a
defaunation and downsizing gradient, while intrapopulation spatial genetic struc-
ture increases. In the Hawaiian Islands, the loss of most native frugivores and their
replacement by smaller-sized, smaller-gaped, introduced species has added to the
conservation risks faced by larger (>8.1 mm) seeded plants (Case and Tarwater
2020). The shorter-term consequences of downsizing in more complex communi-
ties have also been shown in several studies. In lowland dipterocarp forest in
Borneo, for example, the elimination of most large frugivores over 15 years by
hunters resulted in a decline in the diversity of frugivore assemblages at fruiting fig
trees, and both increased clustering of saplings and a relative decline in recruitment
for animal-dispersed tree species (Harrison et al. 2013). Fleshy fruits with larger

B Fig. 7.5 A frugivorous lizard, Gallotia galloti, on La Palma in the Canary Islands. Larger
conspecifics are already extinct. (Photograph by Uwezz from Wikimedia Commons used under the
Creative Commons CC by 3.0 license)
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seeds showed greater declines in cluster size and recruitment than those with small
seeds. In the Brazilian Atlantic forest, there is evidence that a bird-dispersed palm,
Euterpe edulis, has evolved significantly smaller fruits in less than a century in areas
that have lost large-gaped avian frugivores (Galetti et al. 2013).

In the Central Amazon, fragmentation of the forest reduced and altered seed
dispersal through multiple pathways: reduced bee pollination, loss of dispersal by
primates and large birds, and reduction in large-seeded, rare, and mature-forest tree
species (Hooper and Ashton 2020). Reductions in fragments were large: a three-
fold reduction in seed production by non-pioneer species; a six-fold reduction in the
density of dispersed seeds; and a 9.6-fold reduction of the functional richness of
dispersed seeds in the smallest, 1 ha, fragments. Roads and trails through forests
can also impact seed-dispersing birds (da Silva and Silva 2020). Urbanization is an
even more extreme form of human impact, leading to low diversity frugivore com-
munities of well-adapted generalists which consume all available fruits, and net-
works with high interaction evenness and low nestedness (Schneiberg et al. 2020).

Species introductions also influence seed dispersal. The proportion of the ani-
mal and plant species in local networks which are introduced is greatest on islands
and in disturbed habitats (Fricke and Svenning 2020). In tropical Asia, many suc-
cessful bird invaders are bulbuls (Pycnonotidae), babblers (Timaliidae and
Leiothrichidae), or mynas (Sturnidae), all of which are partly frugivorous (Corlett
et al. 2020). Introduced species reduce biogeographic compartmentalization and,
since introduced plants and animals are more likely to interact with introduced
partners, may promote invasion, resulting in ‘invasional meltdown’ (MacFarlane
etal. 2016; Thibault et al. 2018). The combined effect of these human impacts risks
leading to a future in which a few well-connected generalists, often introduced,
replace many, more specialized, native species. However, seed dispersal networks in
Hawai‘i, dominated by introduced species and consisting entirely of novel interac-
tions, were surprisingly similar to networks elsewhere in specialization, modularity,
and nestedness (Vizentin-Bugoni et al. 2019).

The interactions between climate change and seed dispersal were discussed in
the previous section. Climate change could also, potentially, reduce seed dispersal
by causing a loss of synchrony between migrating frugivores and the ripening of
seasonal fruits if they respond to different climatic cues (Rafferty et al. 2015).
There is, as yet, no evidence for this and it is possible that either fruit timing is not
that precise or birds will show behavioral flexibility.

7.15 The Way Forward in Seed-Dispersal Research

Pollination envy has long been a problem for seed dispersal studies, with ideas
from pollination ecology sometimes uncritically extrapolated to ‘the other plant-
animal mutualism’. Despite the morphological continuity between flowers and
fruits, pollination and seed dispersal are very different processes, however, car-
ried out largely by very different animals. Pollination has a precise target—a
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conspecific stigma—and a degree of specificity is maintained by ‘payment on
delivery’ of pollen, which gives the plants some control over pollinators.
Moreover, pollinators are mostly smaller than or a similar size to flowers, so
access to rewards can be mechanically restricted. Seed dispersal agents, in con-
trast, must be ‘paid in advance’, making them impossible to direct to particular
targets, even if these were predictable, and frugivores are much bigger than fruits
and cannot easily be mechanically excluded. These differences largely account
for the amazing diversity of flowers and relative uniformity of fruits, at least in
morphology (Herrera 2002).

Frugivory and seed dispersal studies are still dominated by more or less
systematically collected records of this eating that. In contrast to pollination
ecology, quantitative assessments of dispersal effectiveness have been rare and
manipulative experiments almost nonexistent. There are good reasons for this:
the diffuseness of fruit-frugivore interactions and their variability in space
and time, the shyness of many dispersal agents which makes them hard to
observe, and the very large spatial scales over which seed dispersal operates.
Experiments have been widely used in studies of dispersal by scatter-hoarding
rodents, however, making this the best-understood seed dispersal mutualism
(e.g. Kuprewicz and Garcia-Robledo 2019; Wang et al. 2020b), and opportuni-
ties for experimentally manipulating fleshy fruits and/or frugivores should be
explored further. We need to move past simply describing and explaining
observed patterns of frugivory and seed dispersal, and towards making useful
predictions in a changing world: predictions that can help with real-world
management decisions.

Two very different approaches look most promising at present. One is trait
matching, based on the assumption that the observed patterns largely reflect trait
matches and mismatches between fruits and frugivores. Trait-based approaches
have had considerable success in explaining patterns of frugivory and seed disper-
sal in a variety of situations (Bender et al. 2018; Ramos-Robles et al. 2018;
Valdovinos 2019; Case and Tarwater 2020; Sorensen et al. 2020). Most success so
far has been with frugivorous birds, where size matching between fruit and gape
constrains frugivory, while other potentially relevant traits of fruits and frugivores
have usually been represented by crude proxies. The use of more and better-chosen
traits is likely to increase predictive power, although the incorporation of memory
and learning into trait-based approaches may be difficult. The second, complimen-
tary, approach uses fossil-calibrated phylogenies to investigate the evolution of
fruit traits, in relation to each other and to the physical environment (Lomascolo
et al. 2010; Onstein et al. 2019; do Nascimento et al. 2020; Sinnott-Armstrong
et al. 2020). Although an understanding of trait evolution does not have the imme-
diate application that empirical trait-matching can, it may be more robust to
changes in local conditions and thus useful for predicting responses to novel
futures.
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Conclusions

Defaunation and downsizing of disperser communities are increasingly the ‘new
normal’, not the exception. Although the general consequences for seed dispersal
are well understood, we are not yet in a position to make detailed recommendations
that can be directly applied in local conservation management. Despite an explo-
sion of new work over the last decade, studies of frugivory and seed dispersal are
still dominated by description and correlation, while experiments are rare, so our
ability to make useful predictions for novel future conditions is still limited. Most
studies look only at visitation and fruit removal, and other components of effective
seed dispersal have received much less attention. The focus has been on birds and
primates, and thus on fleshy fruits, but internal dispersal after fruit consumption
encompasses considerably more than this: indehiscent pods and a variety of dry
fruits, ungulates and other mammals, plus reptiles, fish, and many species of inver-
tebrates. Fruits are typically described only in terms of external dimensions, along
with human perceived color and odor, while defensive and nutritional chemistry
have been neglected. Frugivores have also been viewed in a simplistic way, ignoring
their ability to learn from experience. Frugivory and seed dispersal studies need to
expand their focus to include all fruits and fruit-eaters, and to follow seeds from fruit
maturation to the establishment of a new plant.

Key Points

= Frugivory and seed dispersal are very different processes from pollination: more
diffuse, more variable in space and time, less coevolved, and in many ways more
difficult to study.

== QObserved patterns of frugivory and seed dispersal are best explained by trait
matches and mismatches between fruits and frugivores, and phenology, i.e. eco-
logical fitting rather than coevolution.

== QOver evolutionary time, however, it is clear that fruit traits have evolved, more or
less diffusely, in response to frugivore traits and presumably, to some extent, vice
versa.

== Dependence on vertebrates makes frugivory and seed dispersal very sensitive to
hunting and habitat degradation.

© Questions
== Which fruit and frugivore traits are most important in controlling patterns of
frugivory and seed dispersal?
= How do memory and learning influence frugivore choices and seed dispersal out-
comes?
= To what extent can frugivory and seed dispersal enable plant populations to
track anthropogenic climate change?
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Plant-Mediated Above- Belowground Interactions: A Phytobiome...

@ Learning Objectives

After reading this chapter, you should have a better understanding of the following

topics:

== The concept of “phytobiome” and its implication for the study of plant-medi-
ated above- belowground interactions

== The mechanisms through which plant-associated above- and belowground
organisms influence each other

== The importance of the plant induced systemic resistance (ISR) in mediating
above- belowground interactions

== The role of the “soil legacy effect” in shaping the plant rhizosphere microbiome
and affecting the performance of aboveground herbivores

== The potential of manipulating the phytobiome to enhance plant performance

8.1 Introduction

Plants are an important link between the aboveground and belowground compart-
ments as their roots and aerial parts connect both habitats (Bezemer and van Dam
2005). They also interact with a wide range of organisms both above- and below-
ground that can influence each other, even though they do not come into direct
contact (Heil 2011). Together, the plant and its interacting organisms form the so-
called “phytobiome” (Leach et al. 2017). Interactions within the phytobiome may
be beneficial, neutral or harmful for the host plant (Pieterse and Dicke 2007;
Méndez-Bravo et al. 2018). Beneficial plant-microbe relationships, especially at the
rhizosphere level, are important for plant health and productivity as they enhance
nutrient acquisition, promote plant growth through the production of phytohor-
mones, or act as a protection against phytopathogens (Philippot et al. 2013; Baez-
Vallejo et al. 2020). As a result, they alter the plant fitness and physiology, thereby
affecting the performance of plant-associated aboveground organisms (Pineda
et al. 2017; Heinen et al. 2018a). On the other hand, harmful plant herbivores and
pathogens induce defense responses that are often systemic, thus modifying the
whole plant nutritional and defense levels and subsequently influencing other
plant-associated organisms both above- and belowground (Bernaola et al. 2018).
Furthermore, pest attacks or pathogen infections influence the quantity and com-
position of root exudates, which