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Abstract

Herbivores can damage plant productivity and fitness; plants have improved defen-
sive traits, such as chemical defenses. Plant species produce specific defensive traits in
response of diverse risk factor generated by herbivores. In this chapter, we analyze and
compare the defensive traits used by plants in different habitats: aquatic ecosystems,
temperate forest, and rainforest. In aquatic environments, the number of herbivores is
scarce, and plants develop biomass and restrict defensive compound production. At
the terrestrial environment, plants need to accumulate defensive traits for an eventual
attack. But the number and quantity of those traits depend on biotic and abiotic factors.
In temperate forest, plants have a low growth, and herbivore diversity is low, because
there are a few number of defensive traits but in great quantity to guarantee plant sur-
vival. In contrast, at tropical forest there is a great herbivore diversity, and plants have a
quick growth; thus they develop a great variety of defensive traits. There are substantial
differences in plant defensive strategies at different environments. Usually, the aquatic
plants use water-soluble and diffusible compounds; plants in rainforest use a plethora
of chemical defenses, and in temperate forest, plants utilize physical barriers, resins, and
terpenes.

Keywords: aquatic environment, terrestrial environment, temperate forest,
tropical forest, plant defenses

1. Introduction

Photosynthetic organisms are the primary producers; they are essential for correct function
of all ecosystems; nevertheless, these organisms are susceptible to be attacked by different
herbivores, and they can perform various defensive measures: allocate resources to protect
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themselves from microbes, competitors, ultraviolet (UV) rays, and predators [1], reduce plant
tissue quality, and produce chemical and mechanical defenses [2, 3].

Throughout 350 million years, plants and insects have been keeping a close relationship [4]
resulting in an efficient defense system in plants that can recognize signals from herbivore
and activate the plant immune response against them. To arrest herbivore attack, plants pro-
duce specialized metabolites with negative physiological effects against herbivores, such as
toxins, deterrent, dissuasive, and/or no nutrition [5].

Metabolites that implicate in defense against herbivores can be modified by biotic and abiotic
factors, such as humidity, altitudinal gradient, nutrient availability, herbivores diversity, etc.,
[6]. Then, we asked: at distinct environments, are plant defense mechanisms the same? If they
are different, are there some recognizable patterns at separate environments?

To answer, we select three very distinct ecosystems to compare plant defense traits: the first
great difference is between aquatic and terrestrial environments, and the latter we divide in
tempered and tropical forest. The objective is recognizing the ecological and evolutionary
diversification of plant defense traits at distinct environments.

2. Aquatic environments

In aquatic environments, there is a great diversity of photosynthetic organisms that inter-
act and maintain complex ecological relationships with herbivores. In aquatic habitats, these
interactions are considered very important since they affect the nutrient cycle and energy
flows of food chains [7, 8].

Generally, when a plant is attacked, its defense mechanisms are activated through the pro-
duction of diverse compounds generically termed plant secondary metabolites (PSM) [9]. It
has been recognized that the secondary compounds may either serve as feeding deterrents
or attractants in terrestrial plant-animal interactions or function as allelopathic chemicals or
antibiotics; the same evolutionary pressures responsible for the many biologically active com-
pounds found in terrestrial vegetation have been predicted to have parallels in marine [1, 10]
and freshwater vegetation [11]. However, it is possible that the constraints in aquatic habitat
lead to some differences in the production and action of these natural compounds.

2.1. Marine environments

The primary producers most widely distributed in marine habitats are the seaweeds (red,
brown, and green algae); these photosynthetic organisms have developed several defenses in
response to herbivores, for example, by having a resistant or unpalatable physical structure
or a morphology that makes the feed difficult for the herbivore or by having spatial and tem-
porally diverse stages of life cycle and by the production of chemical defense against herbi-
vores ranging from unpalatable to toxic. Marine algae are known to produce a wide range of
secondary metabolites with various biological actions [1], many of them with medicine and
agriculture human uses [12].



Plant Antiherbivore Defense in Diverse Environments
http://dx.doi.org/10.5772/intechopen.70418

On the sea, the most common grazers are generalist such as fishes, sea urchins, gastropods,
polychaetes, and a great variety of marine crustaceans [7], which usually feed on the stalks of
seaweed. Over 2400 natural products have been isolated from marine red, brown, and green
algae, the majority are terpenoids and acetogenins; very few nitrogenous compounds have
been isolated. In general, these compounds occur in relatively low concentration (0.2-2.0%
dry mass), even so several ecological roles have been documented, and some of them are
produced as protection against grazing [13, 14].

Brown algae produce about 1000 secondary metabolites, terpenoids and acetogenins are the
most frequent, and they are the only seaweeds that produce polyphenolic compounds [12].
Polyphenolic compounds may function like terrestrial tannins, but they are structurally differ-
ent so they are often termed phlorotannins to distinguish from them [12, 15, 16]. Phlorotannins
are usually associated with a chemical defense: protection against grazing, pathogen attack, epi-
phytism, microfouling, and ultraviolet (UV) damages [16]. In red algae, the greatest variety of
secondary metabolites is found, about 1240 reported; in Rhodophyta, all classes of compounds
except phlorotannins can be found; most of them are halogenated (methanes, haloketones,
phenolics, and complex terpenes) [15] recognized as antibacterial, antifungal, antiviral, anti-
inflammatory, antiproliferative, antifouling, antifeedant, cytotoxic, ichthyotoxic, and insecti-
cidal activity [17]. In contrast, the green algae are the ones with the least secondary metabolites
isolated; about 290 are known and most of them are sesquiterpenes and diterpenes; only few
species produced halogenated compounds [18].

These diverse compounds are consumed directly by the herbivore when it feeds algae, but
many of them may be released into the aquatic environment during algal growth or at cell
lysis. In the last cases, chemical information is transmitted by diffusion and adventive lamina
flow [19]; a major problem in the aquatic environment is dilution of the secreted products, so
small molecules are favored because of their faster diffusion.

As we see, the natural compound production differs among seaweeds, as well as between
and within species [7, 20], these differences suggest separate historical origin [11]. In the same
way, the type and quantity of secondary compounds in algae differ from vascular plants; in
algae, the absence of alkaloids and the presence of halogens compounds have been detected,
contrary to terrestrial plants [7].

In marine environments, sea grasses are the only true submerged angiosperm, and as vas-
cular plants, they are more complex morphologically and physiologically than algae; they
produce some secondary compounds against herbivores, such as phenolic acids, phenolic
acid sulfate esters, and sulfated flavonoids [21].

2.2. Freshwater and continental environments

In continental and freshwater environments, angiosperms are more abundant than mac-
roalgae; therefore, they contribute significantly to primary productivity, and they maintain
numerous interactions with aquatic consumers such as birds, mammals, fishes, crayfish,
insects, and mollusks [22, 23]. For a long time, it was considered that the herbivory on fresh-
water macrophytes was infrequent and with minimal impact [24, 25]. Contrary to this point
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of view, a growing body of evidence suggests that the evolutionary and ecological impor-
tance of herbivory occurs in an aquatic context as in terrestrial habitats [9, 11]. Interactions
between herbivores and aquatic plants have been reported in a wide range of habitat types,
including freshwater lakes, rivers, estuaries, wetlands, and shallow seas [26, 27]. Accordingly,
interactions between herbivores and aquatic plants have global distribution, and herbivores
are present wherever submerged, floating, or emergent plants are present [27]. It is a fact that
aquatic herbivores have a strong impact on aquatic plant biomass, productivity, and species
composition [22, 28]; thus, like in terrestrial angiosperms, selection may favor aquatic plants
that have chemical and other types of antiherbivore defenses [9].

Defense and resistance mechanisms against herbivores have been poorly understood in fresh-
water; even so we now know that freshwater plants are frequently chemically or structur-
ally defended from consumers [29-31]. Structural defenses are more commonly found among
upland plants than wetland plants [22]; in some cases, we can find thorns or tough leaves [32].
Chemical defenses are more widespread in macrophytes [23, 31] as well as in various algae,
cyanobacteria [22].

Diverse groups of chemical compounds are known in aquatic plants, including alkaloids [33,
34], flavonoids, steroids, saponins, phenolics (including tannins), cyanogenic glycosides, glu-
cosinolates [23, 29], quinines, and essential oils [32]. The different types of chemical defenses
can vary between species, localities, time, and environmental conditions [31]. Many of them
have not been identified; some studies have found multiple dissuasive components in the
chemical extracts analyzed, but the low concentrations or their unstable state makes their
identification difficult and therefore their correlation with the dynamics of the aquatic com-
munity [35].

In the aquatic environment, plant-herbivore interactions are different from terrestrial ecosys-
tems because water provides different physicochemical conditions compared with air or soil,
which should affect the herbivore access and the dispersal of released compounds [36].

2.2.1. Macrophyte growth adaptations

The growth forms of macrophytes are the most significant adaptation to freshwater environ-
ments and have important consequences for aquatic plant-herbivore interactions. The struc-
ture of the macrophytes and the presence of leaves and flowers above or below the water
level determine the access and type of herbivores [36], so structures above the water surface
can be consumed by terrestrial herbivores while the submerged parts by aquatic herbivores.
Therefore the growth forms may have different mechanisms to prevent herbivory. Compared
with terrestrial vegetation, freshwater aquatic plants produce less phenolic compounds, and
a different phenolic amount in the aquatic growth forms has been observed. Lodge [22] indi-
cated that the rank of mean phenolic content in wetland plants is tree > floating leaves plants
> emergent > submersed > algae. Submerged macrophytes have much lower content than
emergent or floating leaved macrophytes [37]. These differences are because emergent plants
need more structural tissue, thicker cell walls, and a more complex cuticle to limit evapotrans-
piration and provide stability; therefore they present structural defenses, while submerged
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macrophytes are less structurally defended because they have little lignification, thin cuticles
to facilitate gas exchange with water, and less exposure to ultraviolet light [36]. As a conse-
quence, interactions with herbivores are modified, fully aquatic leaves of amphibious species
and submersed plants exhibited higher grazing rates than aerial leaves, possibly due to a
lower structural defense [38].

It is considered that in freshwater plants, constitutive chemical resistance against herbivores
are frequent [31, 39, 40] presumably because of a high and lengthy exposure to mostly gen-
eralist herbivores [34]. Plants, which would be attacked by generalist herbivores, tend to be
defended by a diverse collection of toxins in small concentrations, whereas plants attacked by
specialist herbivores tend to employ higher levels of compounds, which reduce digestibility,
as it happens in numerous terrestrial plants that are consumed by specialist herbivores.

Aquatic plant-herbivore interactions are highly variable across aquatic ecosystems [11], and
we have little information about the presence, levels, types, and function of PSMs; thus we
require further analysis in order to make suitable generalizations.

3. Terrestrial ecosystems

The ancestors of terrestrial plants are closely related with charophytes. Plant terrestrialization
was preceded by terrestrial algae after aquatic algae, with adaptive mechanisms to live in
terrestrial environment such as drought, resistance to UV radiation. In addition, land plants
need to increase its body size and cellular differentiation [41].

Another important topic is defensive mechanisms. Aquatic plants have only a few defensive
compounds, and their structural defenses are limited because its biomass is constantly renew-
able. By contrast, terrestrial plants have a plethora of both chemical and structural defensive
traits elaborate and accumulate by long-time periods [42]. Nevertheless, at different envi-
ronment conditions, plants can accumulate diverse molecules or develop distinct structural
mechanisms.

Abiotic factors, such as altitude, drought, and nutrient availability, can control defensive
traits in plants. At altitudinal gradient, it has been hypothesized that the plant species grow-
ing at lower elevations need to invest more in defensive traits because they have greater her-
bivore pressure, whereas high-elevation plants need less defensive traits [43]. So, as expected
at tropical forest, there are more defensive traits than at temperate forest.

Drought slows growth to decrease photosynthetic rate and, in moderate drought, an increase
in secondary metabolites is possible, including defensive compounds and structures [44]. In
tropical forest, the humidity remains relatively constant, then that factor is not significant.

Plant defense mechanisms are partially due to resources availability; at high resource avail-
ability, there are more photosynthesis and growth; but at low resource environments, plant
increased defense allocation, because with herbivore attack, it is much more difficult to
replace tissue [6, 45, 46].
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3.1. Temperate forest

In temperate perennial forest, dominant plants are gymnosperms (see Figure 1 for distribu-
tion). Conifers are dominant vegetation since 200 million years ago, and they appeared 300
million year ago, and during their evolution, they have had few changes. Currently, there
are 630 species, which dominate many terrestrial ecosystems, principally in the Northern
Hemisphere [47].

Gymnosperms are the major plant lineage with less leaf herbivory, only 0.9%. Low percentage
can be explained to tough needle tissue and the presence of terpenoid resins [48]. Herbivory
is low in temperate forest tree canopies, and the highest foliar damage occurs in high-quality
leaves as youngest [49], it is more probably that the trunk is attacked by bark beetles [3].

At conifer communities, the primary compounds in defense are principally phenolics, ter-
penoids, and alkaloids, which lay up in the bark [50]. Another line of defense is resin ducts,
which confer resistance to insect attack by resin production, flow, and chemical content
(Table 1) [51].

There are two defense kinds: constitutive, which are expressed all time, even when they are
not suffering from damage and induced defenses that enhanced after damage [50, 52]. Among
constitutive defenses are resin canals, chemical compounds such as phenolics and therpenes,
and the mechanical properties of the cortex that act as a barrier [50, 53]. Those constitutive
compounds are nonselective against herbivores, but chemicals produced by induced defense

te,

- Perennial temperate forest
- Deciduous temperate forest

[ Tropical forest

.-" ;
[] Aquatic environment ﬁ’ PETINE 17 i SR

Figure 1. General distribution of different ecosystems in the world.
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Environment Principal plant Chemical compounds produced

Aquatic environment

Marine Red, brown, and green 2400 products, the majority terpenoids, acetogenins,
algae phlorotannins (polyphenolics), and halogens

Freshwater Angiosperms submerged, Alkaloids, flavonoids, steroids, saponins, phenolics
floating, or emergent (including tannins), cyanogenic glycosides, quinines, and

essential oils
Temperate forest
Perennial Conifers Terpenoid resins, phenolics, tannins, and alkaloids
Deciduous Subclass Hamamelidae Condensed tannins and phenolics
Tropical forest

The most diverse plant Great variety of chemical compounds, principally blends,
ecosystem which include phenolics, saponins, amino acids, amides,
alkaloids, azoxy glycosides, and terpenes

Table 1. Chemical compounds produced by principal plant types at different environments.

have a wide spectrum and form specific compounds, so they are very diverse and cover a
great variety of herbivores [54, 55]. Among induced defenses include phenolic compounds,
resin terpenoids, enzymes, PR proteins, and reactive oxygen species [50].

In conifers, resin terpenoids are produced during and after attack of insects, when constitu-
tive duct is active and produces resin, which can flow at great quantity [54, 56].

The bark of conifers has abundant phenolic compounds [57-59]. When phenolics and tannins
join to amino acids and proteins, both of them reduce the nutritional value and the ability of
insects to digest plant tissues [60]. Constituent phenols can be converted in polyphenolic com-
pounds after herbivore attack, and they are more toxic and specific against herbivores [61].

There are proteins than act as chemical defenses, such as enzymes that degrade components
of herbivores such as glucanases and chitinases [62]. Generally, chemical defenses have mul-
tiple strategies overlapping that result in a chemical toxic cocktail that stops or destroys an
aggressive or virulent attack.

At gymnosperms, multiple overlaying defense systems provide an efficient barrier against a
wide range of possible insect attacks. However, conifers remain susceptible to certain organisms
that have evolved strategies to overcome the defenses or avoid them. Nevertheless, the remark-
able longevity of conifers is a proof to the success of their defense strategies (Figure 2) [53].

Another plant community at temperate environment is deciduous forest, particularly the oak
forest (distribution in Figure 1). In Quercus robur, phenolic concentration in leaves increases
toward higher elevations with a decrease in leaf damage in comparison with organism at
same species that grow in lower altitude [43] that suggest that temperate oak forest is less sus-
ceptible to insect damage that tropical forest. In the same way, Quercus variabilis total phenolic
and total condensed tannin concentration decreases to higher elevation and is more concen-
trated in juvenile individuals [63].
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Aquatic environment

- Low biodiversity environment

- Hydropholy pollination

SRR PR LT - Few and generalist aquatic herbivores

s oo - Soluble defensive traits, with short diffusion range like alkaloids,
: steroids, saponins, terpenoids, phlorotannins and halogens

Temperate perennial forest

- Low biodiversity environment

- Anemophily pollination

- Few and very specific herbivores

- General defensive fraits: resins, terpenoids, phenols

Temperate deciduous forest

- Medial biodiversity environment

- Anemophily pollination

- Few herbivores

- General defensive traits: tannins, phenolics

Tropical forest

- Greath biodiversity environment

- Different pollination types, entomophily principally

- Enormous herbivore diversity, both: generalist and specialist
- Vanety at defensive traits:alkaloids, terpenes, isoterpenes,
tannins, phenols..____.

Figure 2. Characteristics related to defense mechanisms in plants of different environments.

In a temperate deciduous forest at Powdermill Nature Reserve, the leaf damage caused by
herbivores and in majority of individual had a low rate than 2% that can be due to low herbi-
vore densities and poor degrees of specialization thereof [64].

Also, in stressful environment like high-elevation alpine plant communities with low tem-
peratures, plant species have asexual reproduction by rhizomes resulting in clones. Clonal
species have developed a tolerance strategy against herbivores and reduced investment in
chemical defense [65].

3.2. Tropical forest

The most recent plant community is the tropical forest (see distribution in Figure 1), which
originates toward of the end of Cretaceous period when angiosperms take over the plant
diversity [66]. In general, plants at tropical forest have a great variety of chemical compounds
for defense, principally blends (Figure 2, Table 1).
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In tropics, there is a high herbivory variation explained by multiple syndromes in plant
defense strategies, driven by leaf nutritional quality, in relation to nutrition defense [67],
where most extreme plants can combine high chemical defense, low nutritional quality and
asynchronous leaf expansion, reduces to minimal its vulnerability [68].

At tropical forest, chemical plant defenses have diverged recently and increased their diver-
sity, because there is a high herbivore pressure due to high insect diversity [69]. Tropical
forest may hold more than 650 tree species per hectare, in that species interact each, and
pests may promote plant diversity including that in leaves of a unique tropical tree, there are
hundreds of different chemical defensive compounds. In addition, herbivore diversity and
abundance, rates of herbivory, and host specificity are higher in the tropical than temperate
plants (see Table 1 for comparison) [70]. For example, in Amazonian forest canopy, there
are concentrations of one to two orders of magnitude in value of foliar phenols, lignin, and
cellulose [71].

Tropical forest has been considering an unproductive habitat where plants need investment in
defensive traits because they cannot utilize molecules and energy simultaneously to defense,
growth, and replacing loss tissues [6, 45, 72]. Then, synergistic interactions among various
defensive traits offer an effective resistance, which is reflected with an increase in the simul-
taneous expression for direct and indirect defenses [73]. When plants exceed the capacity to
store, constitutive secondary metabolites could avoid autotoxicity [74].

Mixtures of defensive compounds allow plant increase resistance, including attack from new
herbivore-related congeners, considering that species interactions are stronger in tropics [75].

In general, plant species in tropical forest have a high defensive diversity, in which plant spe-
cies are chemically unique in their communities [76]. It should be noted that chemical com-
pounds implicate in defensive traits, and different interactions between molecules to perform
defenses are equally distributed at family, genus, and species level [71].

For example, in tree genus Inga, there are a great variety of defensive traits, like phenolics,
which includes polygalloylated compounds, polymers of flavan-3-ols with different substi-
tutions, triterpene saponins, and the amino acid tyrosine. Moreover, plant can identify the
agent, amount, and timing of damage and produce a particular induced response, and its
response differs in low- and high-risk environments [77].

Amino acid tyrosine can be redirected into other primary and secondary metabolites, and its
accumulation in excess in young leaves may not be adaptive as they would persist once the
leaf was full size and protected by toughness [78].

Another genus well characterized about its defensive chemical compounds is Piper, which
is broadly represented at tropical forest in the world [79]. The most bioactive compounds
reported by Piper are amides, a group nitrogen-based compounds stored at leaves and fruits to
defend that genera against herbivores [80]. In Piper, prenylated benzonic acid, chromene, and
dimeric chromane at concentrations higher than 10% of dry weight of leaf material that com-
pounds have synergistic or additive effect against herbivore attack also have been reported. In
addition, concentration of these metabolites is correlated with increasing elevation in relation
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with UV exposure and photoactive properties, and more toxic plants support a lower diver-
sity of specialist herbivores [81].

Sometimes, plant species can response locally to different herbivores, as Datura stramonium:
the plant can be eaten by generalist and specialist herbivores at great geographic range and
produces the alkaloid atropine and its derivate, less toxic, scopolamine. The secondary plant
compound is more effective against herbivores specialist, but the precursor is still effective
against generalist. Then, when there is a community of generalists, D. stramonium produces
atropine [82].

Another example is Zamia stevensonii, which produces azoxy glycosides (AZGs), highly toxics
with mutagenic and carcinogenic properties. AZGs are an excellent defense against generalist
herbivores, but are not sufficient to specialist [83].

Another important group of chemical compounds, relevant in defensive plant traits, is phe-
nols, including tannins, which at media concentration reduces herbivory, through reduction
of digestibility of plant tissues, and increases immune responses [84].

Terpenes also are present at plants in tropical forest; in that, these compounds protect against
abiotic factors such as light, heat, and drought and against herbivores. In Borneo rain forest,
foliar terpene presence in 73 of 75 plant species has been analyzed (97%), 15 monoterpenes and
65 sesquiterpenes. This suggests that terpenes can be a favorable selective trait in rainforest [46].

Currently 25,000 structures of terpenes approximately have been reported; some of them are
volatile and can be synthesized de novo or are stored in leaves, stems, and trunks and are
released in response to attack [85]. One plant can release a highly complex blend, which can
include up to 200 volatile terpenes, and its effect is due to direct toxicity, repulsion to herbi-
vores, or attraction of herbivore enemies [85, 86].

Among defensive traits in tropical forest, some are strongly correlated with herbivore dam-
age: leaf size, shearing resistance, cellulose, and ash content. Then, large leaves are more sus-
ceptible to herbivory. Other three factors—shear toughness, cellulose content, and ash, which
is a mixture of calcium oxalates and phytoliths —reduce herbivore damage acting as struc-
tural defenses. These strategies are very efficient and have a relatively low energetic cost [45].

Interestingly, lianas have increased cover and abundance. That plant forms are genetically
predisposed to reduce structure and defense traits for investment more in chemical implicates
in growth and light capture, wherewith lianas response to stress conditions, like warmer and
drier conditions [87].

At tropical forest are common indirect defenses to reduce herbivore attack. In that way, plants
provide house, nourish or attract organisms like ants or parasitoids [88], by production of ref-
uges or nesting sites, extrafloral nectar, food bodies or/ and volatile compounds (VOCs) [89].

For example, extrafloral nectar production increases in herbivory and diminishes in the her-
bivore absence, because that is the secret to attract predators like ants, who defend their food
sources and parasitoids. Extrafloral nectar consists in sugars, proteins, lipids, mineral nutri-
ments, and antioxidants and can attract organisms like mites, ladybird beetles, wasp, lace-
wing larvae, and spiders [90, 91].
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VOCs also attract other organisms to improve defense, can attract pollinators, repel herbi-
vores, and are used by plants for communication among them [92, 93] to alert of a possible
future attack [94].

4. Conclusions

Every ambient has their own biotic and abiotic selective pressures, and plants are able to
respond differentially. In general, there are a great variety of defensive traits in plants, and they
are different at distinct environments. In aquatic environment, the principal defensive traits
must be water soluble and diffusible, but their action time and range are short, because aquatic
plants need to produce this constantly. For aquatic plants, biomass production is more relevant
than defensive traits outlay, then they prefer investment in growth and photosynthesis.

In terrestrial environments, plants need to accumulate defensive compounds for an eventual
attack, but the quantity depends on biomass replacement rate. If ambient conditions allow rapid
biomass formation, plant accumulates less defensive compounds; in contrast, slow accumulation
in biomass induces the great defensive compound accumulation. Because at temperate forest,
plants accumulate greater quantity of defensive compounds, particularly resins and phenolics.

Herbivore diversity and pathogens also contribute in plant chemical production. In places,
with high herbivore diversity, plants produce a plethora of compounds for defense so much
for generalist such as specialist; then at tropical forest, there are a greater variety of chemical
defensive compounds, especially complex chemical mixtures.

Author details

Alina Morquecho-Contreras', Carmen Zepeda-Gémez? and Hermilo Sanchez-Sanchez?
*Address all correspondence to: alimorcon@gmail.com
1 Agricultural Faculty, Autonomous University of Mexico State, Toluca, Mexico

2 Science Faculty, Autonomous University of Mexico State, Toluca, Mexico

References

[1] Cimino G, Ghiselin MT. Marine natural products chemistry as evolutionary narrative,
In: M.T., McClintock JB, Baker BJ. Editors. Marine Chemical Ecology. Boca Raton, FL,
USA: CRC Press; 2001. pp. 115-154

[2] Jackrel SL, Wootton T. Cascading effects of induced terrestrial plant defenses on aquatic
and terrestrial ecosystem function. Proceedings of Royal Society B. 2015;282:20142522.
doi: 10.1098/rspb.2014.2522

101



102

Pure and Applied Biogeography

3]

[9]

[10]

[12]

[13]

[14]

[15]

[16]

Andereg WRL, Jeffrey AH, Fisher RA, et al. Tree mortality from drought, insects,
and their interactions in a changing climate. New Phytologist. 2015;208:674-683. DOI:
10.1111/nph.13477

Verhage A, SCM v W, CM] P. Plant immunity: It's the hormones talking, but what do
they say? Plant Physiology. 2010;154:536-540. DOI: 10.1104/pp.110.161570

War AR, Paulraj MG, Ahmad T, Buhroo AA, Hussain B, Ignacimuthu S, Sharma
HC. Mechanisms of plant defense against insect herbivores. Plant Signaling and
Behaviour. 2012;7:1306-1320. DOI: 10.4161/psb.21663

Coley PD. Interspecific variation in plant anti-herbivore properties: The role of habitat
quality and rate of disturbance. New Phytologist. 1987;106:251-256

Hay ME. Marine terrestrial contrasts in the ecology of plant chemical defenses against
herbivores. Tree. 1991;6:17

Johnson MT]. Evolutionary ecology of plant defences against herbivores. Functional
Ecology. 2011;25:305-311

Gong B, Zhang G. Interactions between plants and herbivores: A review of plant defense.
Acta Ecologica Sinica. 2014;34:325-336

Whittaker RH, Feeny PP. Allelochemics: Chemical interactions between species. Science.
1971;171:757-770

Wood KA, O'Hare MT, McDonald C, Shearle KR, Daunt F, Stillman RA. Herbivores reg-
ulation of plant abundance in aquatic ecosystems. Biologica Reviews. 2016;92:1128-1141.
DOI: 10.1111/brv.12272

Maschek JA, Baker B]. The chemistry of algal secondary metabolism. In: Amsler CH.
Editor. Algal Chemical Ecology. Berlin: Springer; 2008. pp. 1-20

Hay ME, Steinberg PD. The chemical ecology of plant-herbivore interactions in marine
versus terrestrial communities. In: Rosenthal J, Berenbaum M. editors. Herbivores: Their
Interaction with Secondary Plant Metabolites. Evolutionary and Ecological Processes.
vol. II. New York: Academic Press; 1999. pp. 371-413

Pereira RC, Yoneshigue-Valentin Y. The role of polyphenols from the tropical brown
alga Sargassum furcatum on the feeding by amphipod herbivores. Botanica Marina.
1999;42:441-448

Li YX, Wijesekara I, Li Y, Kim SK. Phlorotannins as bioactive agents from brown algae.
Process Biochemistry. 2011;46:2219-2224

Stiger-Pouvreau V, Jégou C, Cérantola S, Guérard F, Lann KL. Phlorotannins in
Sargassaceae Species from Brittany (France): Interesting molecules for ecophysiological
and valorisation purposes. In: Jacquot JP, Gadal P, serial editors. and Bourgougnon N,
serial volume editor. Advances in Botanical Research. Vol. 71. Sea plants. New York:
Academic Press, Elsevier Ltd. 2014. pp 379-412



[17]

[18]

[19]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Plant Antiherbivore Defense in Diverse Environments
http://dx.doi.org/10.5772/intechopen.70418

Blunt JW, Copp BR, Hu WP, Munro MHG, Northcote PT, Prinsep MR. Marine natural
products. Natural Products Reports. 2009;26:170-244

Hay ME, Fenical W. Marine plant herbivore interactions, the ecology of chemical
defense. Annual Review of Ecology and Systematics. 1988;19:111-145

Wolfe GV. The chemical defense ecology of marine unicellular plankton: Constrains,
mechanisms, and impacts. Biological Bulletin. 2000;918:225-244

Connan S, Goulard F, Stiger V, Deslandes E, Ar GE. Interspecific and temporal variation in
phlorotannin levels in an assemblage of brown algae. Botanica Marina. 2004;47:410-416

Subhashini P, Dilipan E, Thangaradjou T, Papenbrock J. Bioactive natural products from
marine angiosperms: Abundance and functions. Natural Products Bioprospectives.
2013;3:129-136

Lodge DM. Herbivory on freshwater macrophytes. Aquatic Botany. 1991;41:195-224

Newman RM. Herbivory and detritivory on fresh-water macrophytes by invertebrates:
A review. Journal of the North American Benthological Society. 1991;10:89-114

Hutchinson GE. A Treatise on Limnology Volume III. Limnological Botany. New York:
John Wiley and Sons; 1975

Wetzel RG. Limnology. Fort Worth, TX: Saunders College Publishing; 1983

Lodge DM, Cronin G, Van Donk E, Froelich AJ. Impact of herbivory on plant stand-
ing crop: Comparisons among biomes, between vascular and nonvascular plants, and
among freshwater herbivore taxa. In: Jeppesen E, Sendergaard M, Sendergaard M,
Christoffersen K, editors. In the Structuring Role of Submerged Macrophytes in Lakes.
New York: Springer-Verlag; 1998. pp. 149-174

Bakker ES, Pages JF, Arthur R, Alcoverro T. Assessing the role of large herbivores in
the structuring and functioning of freshwater and marine angiosperm ecosystems.
Ecography. 2016;39:162-179

Sondergaard M, Bruun L, Lauridsen T, Jeppensen E, Madsen TV. The impact of grazing
waterfowl on submerged macrophytes: In situ experiments in a shallow eutrophic lake.
Aquatic Botany. 1996,53:73-84

Newman RM, Kerfoot WC, Hanscom Z. Watercress allelochemical defends high-nitro-
gen foliage against consumption: Effects on freshwater invertebrate herbivores. Ecology.
1996;77:2312-2323

Cronin G, Lodge DM, Hay ME, Miller M, Hill AM, Horvath T, Bolser RC, Lindquist N,
Wahl M. Crayfish feeding preferences for fresh water macrophytes: The influence of
plant structure and chemistry. Journal of Crustacean Biology. 2002;22:708-718

Prusak AC, O'Neal ], Kubanek J. Prevalence of chemical defenses among freshwater
macrophytes. Journal of Chemical Ecology. 2005;31:1145-1160

103



104

Pure and Applied Biogeography

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Cronk JK, Fennessy MS. Wetland Plants: Biology and Ecology. Boca Raton, Florida:
Lewis Publishers; 2001

Su KL, Staba EJ, Hajj YA. Preliminary chemical studies of aquatic plants from Minnesota.
Lloydia. 1973;36:72-79

Ostrofsky ML, Zettler ER. Chemical defenses in aquatic plants. Journal of Ecology.
1986,74:279-287

Erhard D, Pohnert G, Gross EM. Chemical defense in Elodea nuttallii reduces feed-
ing and growth of aquatic herbivorous Lepidoptera. Journal of Chemical Ecology.
2007;33:1646-1661

Gross EM, Bakker ES. The role of plant secondary metabolites in freshwater macrophyte
herbivore interactions: Limited or unexplored chemical defences?. In: Iason GR, Dicke
M, Hartley SE. Editors. The Ecology of Plant Secondary Metabolites: From Genes to
Global Processes. New York: Cambridge University Press. 2012

Smolders AJP, Vergeer LHT, Van der Velde G, Roelofs JGM. Phenolic contents of sub-
merged, emergent and floating leaves of aquatic and semi-aquatic macrophyte species:
Why do they differ? Oikos. 2000;91:307-310

Cronin G, Wissing KD, Lodge DM. Comparative feeding selectivity of herbivorous
insects on water lilies: Aquatic vs. semiterrestrial insects and submersed vs. floating
leaves. Freshwater Biology. 1998;39:243-257

Bolser RC, Hay ME. A field test of inducible resistance to specialist and generalist herbi-
vores using the water lily Nuphar luteum. Oecologia. 1998;116:143-153

Fornoff F, Gross EM. Induced defense mechanisms in an aquatic angiosperm to insect
herbivory. Oecologia. 2014;175:173-185. DOI: 10.1007/s00442-013-2880-8

Hori K, Maruyama F, Otha H. Klebsormidium flaccidum genome reveals primary factors for
plant terrestrial adaptation. Nature Communication. 2014;5:3978. DOI: 10.1038/ncomms49

Shurin ]JB, Gruner DS, Hillebrand H. All wet or dried up? Real differences between
aquatic and terrestrial food weebs. Proceedings of Royal Society B. 2006;273:1-9. DOI:
10.1098/rspb.2005.3377

Abdala-Roberts L, Rasmann S, Benny-Mier y Teran JC, Covelo F, Glauser G, Moreira
X. Biotic and abiotic factors associated with altitudinal variation in plant traits and
herbivory in a dominant oak species. American Journal of Botany. 2016;103:1-9. DOI:
10.3732/ajb.1600310

Herms DA, Mattson WJ. The dilemma of plants: To grow or defend. Quarterly Review
of Biology. 1992;67:283-335

Cardenas RE, Valencia R, Kraft NJB, Argoti A, Dangles O. Plant traits predict inter- and
intraspecific variation in susceptibility to herbivory in a hyperdiverse Neotropical rain for-
est tree community. Journal of Ecology. 2014;102:939-952. DOI: 10.1111/1365-2745.12255



[46]

[47]

[48]

[49]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Plant Antiherbivore Defense in Diverse Environments
http://dx.doi.org/10.5772/intechopen.70418

Sardans J, Llusia J, Owen SM, Ninnemets U, Pefiuelas J. Screening study of leaf terpene
concentration of 75 borneo rainforest plant species: Relationships with leaf elemental
concentrations and morphology. Records of Natural Products. 2015;9:19-40

Nystedt B, Street NR, Wetterbom A, Zuccolo A, Yao-Cheng, Douglas L, Scofield G,
et al. The Norway spruce genome sequence and conifer genome evolution. Nature.
2013;497:579-584. DOI: 10.1038/nature1221

Turcotte MM, Davies TJ], Thomsen CJM, Johnson MTJ. Macroecological and macroevo-
lutionary patterns of leaf herbivory across vascular plants. Proceedings of Royal Society
B. 2014;281:20140555. DOI: 10.1098/rspb.2014.0555

Stiegel S, Entling MH, Mantilla-Contreras J. Reading the leaves' palm: Leaf traits and her-
bivory along the microclimatic gradient of forest layers. PLoS ONE. 2017;12:e0169741.
DOI: 10.1371/journal.pone.0169741

Franceschi VR, Krokene P, Christiansen E, Krekling T. Anatomical and chemical
defenses of conifer bark against bark beetles and other pests. New Phytologist. 2005;167:
353-376

Ferrenberg S, Kane JM, Mitton B. Resin duct characteristics associated with tree resis-
tance to bark beetles across lodgepole and limber pines. Oecologia. 2013;174:1283-1292.
DOI: 10.1007/s00442-013-2841-2

Eyles A, Bonello P, Ganley R, Mohammed C. Induced resistance to pest and pathogens
in trees. New Phytologist. 2010;185:893-908

Franceschi VR, Nakata PA. Calcium oxalate in plants: Formation and function. Annual
Review of Plant Biology. 2005;56:41-71

Hudgins JW, Christiansen E, Franceschi VR. Methyl jasmonate induces changes mim-
icking anatomical and chemical defenses in diverse members of the Pinaceae. Tree
Physiology. 2003;23:361-371

Hudgins JW, Christiansen E, Franceschi V. Induction of anatomically based defense
responses in stems of diverse conifers by methyl jasmonate: A phylogenetic perspective.
Tree Physiology. 2004;24:251-264

Ruel JJ, Ayres MP, Lorio PL Jr. Loblolly pine responds to mechanical wounding with
increased resin flow. Canadian Journal of Forest Research. 1998;28:596-602

Pan HF, Lundgren LN. Phenolic extractives from root bark of Picea abies. Phytochemistry.
1995;39:1423-1428

Pan HF, Lundgren LN. Phenolics from inner bark of Pinus sylvestris. Phytochemistry.
1996;42:1185-1189

Viiri H, Annila E, Kitunen V, Niemela P. Induced responses in stilbenes and terpenes in
fertilized Norway spruce after inoculation with blue-stain fungus, Ceratocystis polonica.
Trees — Structure and Function. 2001;15:112-122

105



106

Pure and Applied Biogeography

[60]

[61]

[62]

[63]

[64]

[65]

[67]
[68]

[69]

[70]

[71]

[72]

[73]

Klepzig KD, Kruger EL, Smalley EB, Raffa KF. Effects of biotic and abiotic stress on
induced accumulation of terpenes and phenolics in red pines inoculated with bark bee-
tle-vectored fungus. Journal of Chemical Ecology. 1995;21:601-626

Franceschi VR, Krekling T, Berryman AA, Christiansen E. Specialized phloem paren-
chyma cells in Norway spruce (Pinaceae) bark are an important site of defense reactions.
American Journal of Botany. 1998;85:601-615

Hietala AM, Kvaalen H, Schmidt A, Jehnk N, Solheim H, Fossdal CG. Temporal and
spatial profiles of chitinase expression by Norway spruce in response to bark coloniza-
tion by Heterobasidion annosum. Appl Environ Microbiol. 2004;70:3948-53. DOI: 10.1128/
AEM.70.7.3948-3953.2004

Xiao-Fei W, Jian-Feng L, Wen-Qiang G, et al. Defense pattern of Chinese cork oak across
latitudinal gradients: Influences of ontogeny, herbivory, climate and soil nutrients.
Scientific Reports. 2016;6:27269. DOI: 10.1038/srep27269

Murphy SJ, Xu K, Comita LS. Tree seedling richness, but not neighborhood composition,
influences insect herbivory in a temperate deciduous forest community. Ecology and
Evolution. 2016;6:6310-6319. DOI: 10.1002/ece3.2336

Pelliseier L, Litsios G, Fishbein M, Salamin N, Agrawal AA, Rasmann S. Different rates
of defense evolution and niche preferences inclonal and nonclonal milkweeds (Asclepias
spp.)- New Phytologist. 2016;209:1230-1239. DOI: 10.1111/nph.13649

Maley ]. The African rain forest—main characteristics of changes in vegetation and cli-
mate from the upper cretaceous to the quaternary. Proceedings of the Royal Society
of Edinburgh, Section B: Biological Sciences. 1996;104:31-73. DOI: 10.1017/5026972700
0006114

Agrawal AA, Fishbein M. Plant defense syndromes. Ecology. 2006;87:5132-5149

Kursar TA, Coley PD. Convergence in defense syndromes of young leaves in tropical
rainforests. Biochemical Systematics and Ecology. 2003;31:929-949

Salazar D, Marquis R]. Herbivore pressure increases toward the equator. Proceedings of
National Academy of Sciences. 2012;109:12616-12620

Coley PD, Kusar TA. On tropical forest and their pests. Science. 2014;343:35-36. DOI:
10.1126/science.1248110

Anser GP, Martin RE, Tupayachi R, Anderson CB, Sinca F, Carranza-Jiménez L, Martinez
P. Amazonian functional diversity from forest canopy chemical assembly. PNAS.
2014;111:5604-5609. DOI: 10.1073/pnas.1401181111

Janzen DH. Tropicalblackwaterrivers, animals, and mast fruiting by the Dipterocarpaceae.
Biotropica. 1974;6:69-103

Pellissier L, Moreira X, Danner H, Serrano M, Salamin N, van Dam NM, Rasmann S. The
simultaneous inducibility of phytochemicals related to plant direct and indirect defences
against herbivores is stronger at low elevation. Journal of Ecology. 2016;104:1116-1125.
DOI: 10.1111/1365-2745.12580



[74]

[73]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

Plant Antiherbivore Defense in Diverse Environments
http://dx.doi.org/10.5772/intechopen.70418

Agrawal A, Karban R. Why induced defenses may be favored over constitutive. Pp
45-65 in Tollrian R, Harvell CD. The Ecology and Evolution of Inducible Defenses. 1999.
Princeton: Princeton University Press. DOI: 10.1234/12345678

Becerra JX. On the factors that promote the diversity of herbivorous insects and plants in
tropical forests. PNAS. 2015;112:6098-6103. DOI: 10.1073/pnas.1418643112

Becerra JX. Macroevolutionary and geographical intensification of chemical defense in
plants driven by insect herbivore selection pressure. Current Opinion in Insect Science.
2015;8:1-7. DOI: 10.1016/j.c0is.2015.01.012

Bixenmann R]J, Coley PD, Weinhold A, Kursar TA. High herbivore pressure favor con-
stitutive over induced defense. Ecology and Evolution. 2016;6:6037-49. DOI: 10.1002/ece
3.2208

Lucas PW, Turner IM, Dominy NJ, Yamashita N. Mechanical defences to herbivory.
Annals of Botany 2000;86:913-920. DOI: 10.1006/anbo.2000.1261

Salazar D, Jaramillo AM, Marquis R]. Chemical similarity and local community assem-
bly in the species rich tropical genus Piper. Ecology. 2016;97:3176-3183. DOI: 10.1002/
ecy.1536

Whitehead SR, Obando Quesada MF, Bowers MD. Chemical tradeoffs in seed dispersal:
Defensive metabolites in fruits deter consumption by mutualist bats. Oikos. 2015;125:
927-937. DOI: 10.5061/dryad.br022

Glassmire AE, Jeffrey Cs, Forister ML, et al. Intraspecific phytochemical variation
shapes community and population structure for specialist caterpillars. New Phytologist.
2016;212:208-219. DOI: 10.1111/nph.14038

Castillo G, Cruz LL, Tapia-Lopez R, Olmedo-Vicente E, Carmona D, Anaya-Lang AL,
Fornoni ], Andraca-Gomez G, Valverde PL, Nunez-Farfan J. Selection mosaic exerted by
specialist and generalist herbivores on chemical and physical defense of Datura stramo-
nium. PLoS ONE. 2014;9:e102478. DOI: 10.1371/journal.pone.0102478

Prado A, Sierra A, Windsor D, Bede JC. Leaf traits and herbivory level in a tropical gym-
nosperm, Zamia stevensonii (Zamiaceae). American Journal of Botany. 2014;101:437-447.
DOI: 10.3732/ajb.1300337

Lopez-Carretero A, Boege K, Diaz-Castelazo C, Dominguez Z, Rico-Gray V. Influence of
plant resistance traits in selectiveness and species strength in a tropical plant-herbivore
network. American Journal of Botany. 2016;103:1-13. DOI: 10.3732/ajb.1600045

Courtois EA, Dexter KG, Paine CET, Stien D, Engel ], Baraloto C, Chave J. Evolutionary
patterns of volatile terpene emissions across 202 tropical tree species. Ecology and
Evolution. 2016;6:2854-2864. DOI: 10.1002/ece3.1810

Dicke M, JJA v L. Multitrophic effects ofherbivore-induced plant volatiles in an evolu-
tionary context. Entomologia Experimentalis et Applicata. 2000;97:237-249

Asner GP, Martin RE. Contrasting leaf chemical traits in tropical lianas and trees:
Implications for future forest composition. Ecological Letter. 2012;15:1001-1007

107



108

Pure and Applied Biogeography

[88]

[89]

[90]

[91]

[92]

[93]

[94]

Fiirstenberg-Hagg J, Zagrobelny M, Bak S. Plant defense against insect herbivores.
International Journal of Molecular Science. 2013;14:10242-10297

Dicke M, Sabelis MW. How plants obtain predatory mites as bodyguards. Netherlands
Journal of Zoology. 1988;38:149-165

Wackers FL, Zuber D, Wunderlin R, Keller F. The effect of herbivory on temporal and
spatial dynamics of foliar nectar production in cotton and castor. Annals of Botany.
2001,87:365-370

Heil M. Indirect defence via tritrophic interactions. New Phytologist Journal. 2007;
178:41-61

Kessler A, Baldwin IT. Defensive function of herbivore-induced plant volatile emissions
in nature. Science. 2001;291:2141-2144

Dudareva N, Negre F, Nagegowda DA, Orlova I. Plant volatiles: Recent advances and
future perspectives. Critical Reviews in Plant Science. 2006;25:417-440

Engelberth J, Alborn HT, Schmelz EA, Tumlinson JH. Airborne signals prime plants
against insect herbivore attack. Proceedings of National Academy of Sciences of the
United States of America. 2004;101:1781-1785



