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Preface

Most simply defined, herbivory is generally described as the consumption or predation of
plant matter by animals or organisms physiologically adapted to consuming plants, algae,
and photosynthesizing bacteria. This book contains chapters from a variety of topics that fall
into the following broad sections: (I) “Plant Defense Mechanisms and Herbivore Adapta‐
tions," (II) “Herbivory and Food Processing of Grazing Animals," and (III) “Herbivory Ef‐
fects on Plant Communities." This book presents comprehensive reviews focusing on
defense mechanisms of plants against herbivores or herbivore adaptations to overcome
plant defenses, diet selection by evaluating diet composition of ruminants, modeling rumi‐
nant herbivory, the effect of grain processing on digestion and overall health of cattle, and
marine herbivory. The chapters in this book are written by experts in their respective fields
and will be a valuable resource for general biologists as well as botanists, ecologists, and
zoologists, and students training in these areas.

In Chapter 1, authors review how plant defense chemicals, activated upon herbivory, reduce
the ability of herbivores to obtain plant nutrient tissues. The authors discuss how such de‐
fenses induce a complex network of both direct and indirect defenses. The former directly
influence the herbivore, while the latter, such as volatile emissions produced as a result of
herbivore attack, function as attractants for other potential insects to, in turn, predate on the
herbivore. All of these interactions, with respect to population dynamics and evolution in
both plants and invertebrates, are discussed.

In Chapter 2, authors discuss how many plants have developed chemical defenses to ward
off herbivores. An example of this is cyanide, an ubiquitous plant-produced compound,
stored as cyanogenic glucosides and used by the plant as potent antiherbivore defenses.
Once the plant tissue is disrupted, due to cyanogenic glucoside hydrolysis (“cyanide
bomb"), cyanide is mobilized. As this compound is an inhibitor of cellular respiration, it is
an acute toxin for all aerobic organisms. In order to use cyanide-containing plants as food
sources, herbivores have evolved mechanisms to overcome these defenses to overcome cya‐
nide defenses of their host plants. This chapter presents the current understanding of cya‐
nide detoxification pathways and the enzymes involved, as well as cyanide avoidance
mechanisms in herbivores, specifically arthropods. Cyanogenesis in herbivores is discussed,
in addition, from both ecological and evolutionary perspectives.

In Chapter 3, authors investigate conventional as well as newer methodologies for studying
diet selection of domestic and herbivores under diverse conditions. More specifically, they
focus on the utilization of epicuticular compounds, namely, alkanes (i.e., long-chain fatty
acids as well as alcohols), as fecal markers. Such studies will help with the development of
appropriate grazing strategies to create more efficient and sustainable management and pro‐



duction systems for vegetation communities and to increase our knowledge of grazing be‐
havior.

In Chapter 4, authors review how relatively simple models can be used to describe impor‐
tant nutritional processes related to ruminant herbivory. More specifically, the authors uti‐
lize models that describe the relationship between rumen escape protein and protein 
concentration, kinetics of fiber digestion, true digestion, and potential intake of herbage.

In Chapter 5, authors examine the improvement and optimization of grain digestion in ru‐
minants. More specifically, the effect of the grain processing method, the degree of process‐
ing on rate and extent of grain digestion, the effects on lactation performance, and cattle 
health are considered.

In Chapter 6, authors explore the importance of direct and indirect interactions involving 
marine herbivores and algae yielding positive and negative results. An understanding of 
these interactions is essential in predicting accurately the impact of potential perturbations 
for successful management of ecosystems.

In Chapter 7, authors address herbivore consumption by lizards, a topic often overlooked. 
They consider how consumption of strictly plant matter by lizards occurs in only a relatively 
small percentage, which is typically lower and less frequent than that of other animal 
groups (e.g., mammals and birds), as omnivorous species tend to eat more fruits, flowers, 
and nectar. The latter food products are easier to digest and provide more nutrients than 
leaves. Included in the chapter is a discussion of seed dispersion and flower pollination by 
lizards as well.

I wish to thank InTech Open Access Publisher for initiating this book project and inviting 
me to serve as editor. I would like to recognize the Publishing Process Manager, Dajana Pe‐
mac, assigned to the task of publishing this book, for guiding me through the process. I 
would like to acknowledge all the authors for their hard work in submitting and editing 
their contributions. Lastly, I wish to express a special thanks to my husband, Dr. Thomas 
Heinbockel, Professor and Director of Graduate Studies, Department of Anatomy, Howard 
University College of Medicine and to our son, Torben Heinbockel, for their patience and 
understanding in the last year when I was working on this book project.

Dr. Vonnie D.C. Shields
Associate Dean, Jess & Mildred Fisher College of Science and Mathematics

Professor, Biological Sciences Department
Towson University, Towson,

Maryland, USA
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Chemical Plant Defense Against Herbivores

Hermilo Sánchez-Sánchez and  
Alina Morquecho-Contreras
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Abstract

Herbivores can damage plant productivity and fitness because plants have improved 
defense mechanisms such as physical barriers, association with other organisms such 
as ants, and chemical defense. In that, separate plant species produce different chemi-
cal molecules. Chemical compounds involved in plant defense can act in several facts: 
decreased palatability, like a poison, such as a stunner, and increased gene defense 
expression, among others. In this chapter, we approach several examples of chemical 
molecules produced by plants to defend themselves, including biochemical metabolic 
pathways, as well as ecological and evolutive implications.

Keywords: plant chemical defense, alkaloids, resins, herbivores

1. Introduction

Interactions between plants and insect herbivores are important determinants of plant produc-
tivity in managed and natural vegetation. In response to attack, plants have evolved a range 
of defenses to reduce the threat of injury and loss of productivity [1]. Plants are exposed to 
threats of resource loss by herbivory in natural conditions experiencing damage; to mitigate 
losses many plant species develop defensive traits against herbivores, such as primary and 
secondary metabolites [2–4]. Among herbivores are many arthropods, mollusks, vertebrates, 
and nematodes, and these groups consume between 5 and 20% of plant biomass annually [5].

The cost on investing in defense can be quantified in reduced growth, lower photosynthetic 
production, and reduced plant fitness [6, 7]. Plant defenses reduce the ability of herbivores 
to obtain nutrients from plant tissue. Plants with diminished defense capability may suffer 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



greater herbivore damage and exhibit lower overall fitness under conditions of herbivore 
stress than well-defended plants [7].

Plants respond to herbivory through various morphological, biochemical, and molecular 
mechanisms [8] and exhibit multifactorial traits against herbivory that are constitutively 
expressed or induced upon attack [9]. The plant defense activated upon herbivory is a com-
plex network of different pathways composed of direct and indirect defenses. Direct defense 
compounds such as glucosinolates or protease inhibitors directly influence the insect perfor-
mance and feeding behavior, while indirect defenses like emission of volatile organic com-
pounds after herbivore attack function as attractant for parasitic wasp which in turn predate 
on the attacker. While plants develop new defense compounds or mechanisms to enhance the 
resistance against herbivores, their attackers find new ways to bypass or detoxify these [8, 10].

Insect herbivory induces several internal signals from wounded tissues, including calcium 
ion fluxes, phosphorylation cascades, and systemic and jasmonate signaling. These are per-
ceived in undamaged tissues, which thereafter reinforce their defense producing low molecu-
lar weight defense compounds [11]. Some compounds produced by plants constitutively or 
induced by herbivore damage are toxic or impair gut function in arthropod; examples include 
alkaloids, benzoxazinoids, glucosinolates, and terpenoids [1].

Added to this, there are some other defense mechanisms, such as mechanical defenses, indi-
rect defenses, interactions with other organisms, etc. In this review, we focus in different traits 
defensive in plants and its effect on population dynamics and evolution in both plants and 
invertebrates. Finally, we integrate all traits in a specific example in Pinus genera.

2. Induced defenses

Plants respond to herbivore attack through a dynamic defense system that includes structural 
barriers, toxic chemicals, and attraction of natural enemies of target pests. Both defense mech-
anisms may be present constitutively or induced after damage by the herbivores. Most of 
chemicals are produced in response to herbivore attack. Induced defenses make the plants 
phenotypically plastic, and high variability in defensive chemical exhibits a better defense [8].

The induced defenses occur when past or current herbivory is a reliable cue of future attack 
and defenses are costly; while in environments where herbivory is constantly high, constitu-
tive defenses should be favored [4].

Herbivorous insects produce oral secretions which contain compounds that elicit plant 
responses [12] and plant elicitor peptides prevalence across wide-ranging plant families [13]. 
In response, plant produces diverse chemical active compounds such as benzyl cyanide, fatty 
acid-amino acid conjugates, and proteins such as β-glucosidase [14]. Plants can recognize 
herbivore elicitor and initiate a cascade of responses, including changes in plasma membrane 
potential and activation of networks of kinases and phytohormones [15]. Three major plant 
hormones, jasmonic acid (JA), salicylic acid (SA), and ethylene (ET), function in a complex 
regulatory network essential in herbivore-induced defense responses [16].

Herbivores4
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3. Chemical compounds in plant defense

Plants produce defensive metabolites, which do not affect the normal vegetative growth and 
development, but reduce the palatability of tissues in which are produced. Can be constitutive 
stored as inactive forms or induced in response to insect or microbe attack [8]. The defensive 
metabolites are bioactive specialized compounds used to protect plant against herbivores, 
and these compounds can use as target systems unique to herbivores, such as the nervous, 
digestive, and endocrine organs, may act as repellents for generalist herbivores, while special-
ists are forced to invest resources in detoxification mechanisms [11, 17].

Plant defense include changes in transmembrane potential immediately upon herbivory dam-
age and are tightly followed by changes in the intracellular Ca2+ concentration and generation 
of H2O2. Kinases phytohormone jasmonic acid (JA), ethylene (ET), salicylic acid (SA), and 
nitric oxide (NO) are detectable within minutes. After roughly 1 h, gene activation is followed 
by metabolic changes [11, 13].

Antinutritive proteinase inhibitors (PINs) are locally and systemically induced upon insect 
attack, but many other proteins contribute to antiherbivory responses. Enzymes such as poly-
phenol oxidase a threonine deaminase limit protein availability in the midgut, whereas others 
destabilize insect peritrophic membranes [13, 18]. Plants also draw upon a complex arsenal of 
small-molecule chemical defenses including terpenoids, alkaloids, phenylpropanoids, gluco-
sinolates, lipids, and nonprotein amino acids [19].

Volatiles which can alert neighbor plants or tissues to potential attacks are promoted by her-
bivory and are a complex blend. Volatiles induces indirect defenses inhibits oviposition and 
attracts natural enemies such as parasitoids and predators [13].

3.1. Alkaloids

Efficient feeding deterrents against herbivore group of compounds are the alkaloids, par-
ticularly such derived from quinolizidine, like cytisine and sparteine. These molecules 
are alkaline and contain nitrogen in a heterocyclic ring [20]. Alkaloids are biosynthesized 
in roots from amino acids [21] and probably are involved in defense against insect herbiv-
ory. Twenty percent of vascular plants synthesized alkaloids, particularly in plant families 
Leguminosae, Liliaceae, Solanaceae, and Amaryllidaceae [11, 19].

3.2. Phenolics

Phenolics are produced by plants as compounds able to repel herbivores, inhibit enzymes, 
attract pollinators and fruit dispersers, absorb UV radiation, and decrease competition 
between plant neighbors [11, 22]. There are approximately 10,000 plant phenolics derived 
from shikimic y/o malonic acids [23]. Phenolics can bind covalently to herbivore’s diges-
tive enzymes and inactivate them [24] or halt the growth and development of larvae [25]. 
Phenolics can be regulated for external conditions like light and nutrients; when a plant is 
stressed, it produces less phenolics than nonstressed plants [22].

Chemical Plant Defense against Herbivores
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3.3. Terpenoids

The most diverse class of bioactive natural products in plants is terpenoids, with approximately 
40,000 structures. Terpenoids are synthesized from acetyl-CoA and play a role in plant defense, 
can act like active compounds in resin or as volatiles, repellents, and toxins, or can modify devel-
opment in herbivores [26]. Another characteristic in monoterpenes and sesquiterpenes is its abil-
ity to form essential oils, like limonene in citrus plants; these essential oils have repellent and 
toxic effects on insects [27]. Many terpenoids can have synergistic effects upon release [28].

3.4. Nonprotein amino acids

Amino acid g-aminobutyric acid (GABA), a four carbon nonproteinogenic widespread in ani-
mals, plants, and microorganisms, can be implicated in defense responses. Wounding plant 
tissue and cell disruption caused by feeding insects is sufficient to induce rapid jasmonate-
independent GABA synthesis and accumulation. When ingested the elevated GABA levels 
become toxic for the insects. GABA is synthesized by decarboxylation of L-glutamate bay 
glutamate decarboxylases (GAD) in shoots and roots and is a component in a plant’s first line 
of general, rapid defense against invertebrate pests [29].

One metabolite induced in plants is tyrosine, which 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 is full in size and protected by toughness [30]. In con-
trast to tyrosine, physiological constraints on catabolism may be selected against induction of 
phenolics and saponins [4]. When plants exceed the capacity to store constitutive secondary 
metabolites could avoid autotoxicity [31].

3.5. Sulfur

Sulfur is a crucial element for plants, determining plant development, maintenance, and resis-
tance to environmental stress. Sulfur is taken up by plants as inorganic sulfate and incorporated 
in different sulfated metabolites including glucosinolates, selected flavonoids, phytosulfo-
kines, and hormones by distinct pathways. Some sulfated metabolites function in plant defense 
against pathogens and herbivores such as defensin and thionin peptide, antimicrobial defenses 
with widespread distribution, whereas antifeedant glucosinolates are limited to the Brassicales 
order. Bacillus subtilis activates plant growth by producing IAA y/o gibberellins and emits vola-
tile metabolites (VOCs), which can activate transcripts related to cell wall modifications, pri-
mary and secondary metabolism, stress responses, hormone regulation, iron homeostasis, and 
sulfur-rich aliphatic and indolic glucosinolates. Plants exposed to Bacillus subtilis with elevated 
glucosinolates exhibit greater protection against generalist herbivores. Then, plant-growth-pro-
moting rhizobacteria can enhance plant sulfur assimilation and integrate in plant defense [32].

3.6. Lipids

Fatty acids (FAs) are essential macromolecules present in all living organisms, are the major 
source of reserve energy, are essential components of cellular membranes, and are implicates 
as signaling molecules, modulating normal and disease-related physiologies in microbes, 
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Herbivores6

insects, animals, and plants. In plants, fatty acids regulate salt, drought, heavy metal toler-
ance, and herbivore feeding, especially by JA is a FA derivate molecule [33]. In Nicotiana 
attenuata fatty acid-amino acid conjugates (FACs) in the herbivore Manduca sexta oral secre-
tions are the major elicitors that induce herbivory-specific signaling [34]. FAs increased plant 
defense against pathogens and insects by stimulation of key short- and long-term regulatory 
process [35, 136].

Simulated herbivory dramatically increased salicylic acid-induced protein kinase (SIPK) 
activity and jasmonic acid (JA) levels in damaged leaves and undamaged systemic leaves, 
whereas wounding alone had no detectable systemic effects. The activation of SIPK and 
elevation of JA in specific systemic leaves increase in the activity of an important antiherbi-
vore defense, trypsin proteinase inhibitor (TPI). Then, N. attenuata can identify FACs pro-
duced by herbivory in damaged leaves and activate MAPK and JA signaling for activated 
defenses [34].

Another lipids produced by plants are alkamides. Natural alkamides are often insecticidal 
[35, 36]. Chrysanthemum cultivars show a wide variation in degree of host-plant resistance 
to the western flower thrips Frankliniella occidentalis. Extracts of chrysanthemum leaves 
revealed the presence of an unsaturated isobutylamide, N-isobutyl-(E,E,E,Z)-2,4,10,12-
tetradecatetraen-8-ynamide. Alkamides account for natural host resistance to thrips. The 
participation of alkamides in host resistance to insects can be due to their role as elicitors of 
plant defense responses. For instance, it has been reported that linolenoyl-L-glutamine, an 
amide produced in oral secretions of caterpillars, is able to induce the production of volatile 
chemicals from plants that attract predators and parasites of the caterpillar while it feeds 
[36, 37].

3.7. Jasmonic acid and ethylene

Jasmonic acid (JA) is an important regulator of defense responses against chewing insects, 
necrotrophic pathogens, and cell-content feeders such as spider mites and thrips [16]. 
Herbivores stimulate JA production by octadecanoid pathway. In Arabidopsis, JA is conjugated 
with isoleucine [135] through the enzyme jasmonoyl isoleucine conjugate synthase1 (JAR1) 
that conjugates binding to the F-box protein coronatine insensitive1 (COI1) and degrades jas-
monate ZIM domain (JAZ) repressor proteins [38, 39]. Then, JA-responsive genes, includ-
ing JAZ, which involves a negative feedback loop are activated [16]. There are two possible 
pathways: MYC2 regulates positively vegetative storage protein 2 (VSP2) and lipoxygenase 
2 (LOX2), which are JA-responsive inducible by wound. The another pathway implicates the 
ethylene response factor (ERF) (JA and ET are synergic) and induces ERF1 and ORA59; both 
are JA/ET-responsive transcription factors which regulate responsive genes like plant defen-
sin 1.2 (PDR1.2) [40]. MYC2 regulates defense against herbivores, and ERF is involved in 
induced defense especially against necrotrophic pathogens [16].

3.8. Salicylic acid

Salicylic acid (SA) is an essential signaling molecule that mediates pathogen-triggered sig-
nals perceived by different immune receptors to induce downstream defense responses. SA is 
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a small phenolic phytohormone, which plays a major role in mediating defense; its accumula-
tion is essential for induction of defense responses [40, 137].

Induced plant responses are regulated by SA when herbivores bite phloem [16]. Plant 
responses synthesizing SA from chorismate by isochorismate and phenylalanine ammo-
nium lyase pathways [41]. Increases in SA concentrations lead to nuclear translocation of 
pathogenesis-related genes 1 (NPR1), which results in the expression of defense proteins, the 
pathogenesis-related (PR) proteins [42].

When a plant faces multiple herbivore attack, induced defense is regulated through intercon-
nection of the JA, SA, and ET signal transduction pathways. Cross talk between JA and SA 
signaling is mutually antagonistic, resulting in the prioritization of SA-dependent defense 
responses over JA-dependent responses or vice versa [42].

4. Mechanical defenses

The first layer of defense in plant is mechanical, and the major components contributing to 
mechanical defenses are trichomes. These structures negatively influence on herbivore feed-
ing behavior and insect mobility [43]. Another trait in plant defense is the palatability, and 
one form to modify this character is to produce dense trichomes; for example, in Phaedon spe-
cies, the host preference of adult beetles was less for Brassica cultivars that produced dense 
trichomes, while adult beetles were inclined to attack glabrous leaves [3]. That is particularly 
important on young leaves of hairy plants, which produce denser trichomes than those of 
mature leaves. Therefore, trichomes might play an important role in the defense of younger 
leaves and contribute to future development of leaves [3, 44]. Trichomes tend to be more 
effective against insects that are small relative to trichome size; additionally, trichomes tend 
to deter sap-feeding or leaf-chewing insects to a greater extent than those feeding within 
plant tissues [45]. Spinescence, including spines, thorns, and prickles, also defends the plants 
against many insects [8].

Epicuticular waxes form a slippery film or crystals that prevent from attaching to the plant 
surface, oviposition, or feeding [1]. The biosynthesis and composition of waxes vary during 
plant development, and the physical-chemical properties of the cuticle respond on changes in 
season and temperature [46].

Another mechanical defense is to deposit granular minerals in tissues that deter insect attack 
and feeding. For example, Si accumulation, especially in Poaceae family, which is abrasive, 
damages herbivore feeding structures and reduces digestibility. Si accumulation can be 
induced by herbivory. Si in leaf surface can be abrasive in grasses with silicified spines, while 
others deposited Si in short cells. Si allocation to spines impacts palatability, while allocation 
to short cells may impact digestibility [1, 45].

The cell walls of leaves are also reinforced during the feeding through the use of different 
macromolecules, such as lignin, cellulose, suberin, and callose, together with small organic 
molecules, such as phenolics and Si [47].

Herbivores8



a small phenolic phytohormone, which plays a major role in mediating defense; its accumula-
tion is essential for induction of defense responses [40, 137].

Induced plant responses are regulated by SA when herbivores bite phloem [16]. Plant 
responses synthesizing SA from chorismate by isochorismate and phenylalanine ammo-
nium lyase pathways [41]. Increases in SA concentrations lead to nuclear translocation of 
pathogenesis-related genes 1 (NPR1), which results in the expression of defense proteins, the 
pathogenesis-related (PR) proteins [42].

When a plant faces multiple herbivore attack, induced defense is regulated through intercon-
nection of the JA, SA, and ET signal transduction pathways. Cross talk between JA and SA 
signaling is mutually antagonistic, resulting in the prioritization of SA-dependent defense 
responses over JA-dependent responses or vice versa [42].

4. Mechanical defenses

The first layer of defense in plant is mechanical, and the major components contributing to 
mechanical defenses are trichomes. These structures negatively influence on herbivore feed-
ing behavior and insect mobility [43]. Another trait in plant defense is the palatability, and 
one form to modify this character is to produce dense trichomes; for example, in Phaedon spe-
cies, the host preference of adult beetles was less for Brassica cultivars that produced dense 
trichomes, while adult beetles were inclined to attack glabrous leaves [3]. That is particularly 
important on young leaves of hairy plants, which produce denser trichomes than those of 
mature leaves. Therefore, trichomes might play an important role in the defense of younger 
leaves and contribute to future development of leaves [3, 44]. Trichomes tend to be more 
effective against insects that are small relative to trichome size; additionally, trichomes tend 
to deter sap-feeding or leaf-chewing insects to a greater extent than those feeding within 
plant tissues [45]. Spinescence, including spines, thorns, and prickles, also defends the plants 
against many insects [8].

Epicuticular waxes form a slippery film or crystals that prevent from attaching to the plant 
surface, oviposition, or feeding [1]. The biosynthesis and composition of waxes vary during 
plant development, and the physical-chemical properties of the cuticle respond on changes in 
season and temperature [46].

Another mechanical defense is to deposit granular minerals in tissues that deter insect attack 
and feeding. For example, Si accumulation, especially in Poaceae family, which is abrasive, 
damages herbivore feeding structures and reduces digestibility. Si accumulation can be 
induced by herbivory. Si in leaf surface can be abrasive in grasses with silicified spines, while 
others deposited Si in short cells. Si allocation to spines impacts palatability, while allocation 
to short cells may impact digestibility [1, 45].

The cell walls of leaves are also reinforced during the feeding through the use of different 
macromolecules, such as lignin, cellulose, suberin, and callose, together with small organic 
molecules, such as phenolics and Si [47].

Herbivores8

Good few plants contain laticifers and resin ducts that canals produce and store latex and res-
ins under internal pressure; when the channels are broken, they are secreted and might entrap 
or intoxicate the herbivore [11, 48]. However, several specialist herbivores can block the flow 
of latex cutting the leaf veins, for example, the milkweed beetles Labidomera clivicolis, Tetraopes 
melanurus, and T. tetrophthalmus for feeding Asclepias cut veins and wait stop flow [49].

Oleoresins produced by conifers are a blend of terpenoids and phenolics accumulated in 
intercellular channels. When bark beetles bite that channels resin flow and get out the insect 
until outside, when oleoresins solidifying [11, 50].

5. Indirect defenses

Indirect defense can be used when plants attract, nourish, or house other organisms to reduce 
enemy pressure [51]. For example, ant association in Mallotus japonicus (Euphorbiaceae) the 
damage leaf areas of ant excluded plants were much larger than those of control plants in 
middle-age leaves [44]. This is done by producing volatiles, extrafloral nectar, food bodies, 
and nesting or refuge sites [11].

Extrafloral nectar is secreted on leaves and shoots to attract predators and parasitoids and 
consists mainly of sugars, amino acids, lipids, proteins, antioxidants, and mineral nutri-
ents; its production increases by herbivory and decreases in the absence of herbivory [52]. 
Extrafloral nectar has been associated to protective ants, which have the ability to defend their 
food sources. Increases in extrafloral nectar production augment the numbers of protective 
ants. In Catalpa bignonioides and Fabaceae family, extrafloral nectar attracts mites, ladybird 
beetles, wasp, lacewing larvae, and spiders [53].

6. Another influent factors in plant defense

The composition and dynamics of the insect community that interacts with plants are influ-
enced by plant traits such as chemistry, physiology, and morphology, which have a genetic 
basis. Plant traits may affect the sizes of herbivores and therefore the sizes of parasitoids that 
develop in the herbivores and even the sizes of hyperparasitoids.

Induction of defense timing was examined by Bixenmann and collaborators [4] in Inga genus 
using lepidopteran larvae on young leaves. While young leaves are expanding, they are ten-
der and high in protein, the two traits that make them a target for herbivores, receiving 70% 
of the leaf’s lifetime herbivore damage despite being vulnerable for only few weeks. Once 
leaves reach their full size, they rapidly toughen, and rates of herbivore drop to almost zero. 
The amount of damage, the timing, and the identity of damage agent impact directly induced 
responses. When increasing leaf area removed in Phaseolus lunatus, extrafloral nectar pro-
duction, and ant recruitment decreases significantly, then extrafloral nectar production is 
inversely correlated with leaf area and therefore with the amount of intact photosynthetic 
surface [54].
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Herbivory risk depends not only on the traits of an individual plant but also on those of 
neighboring plants [3]. In that sense, the “associational effects” may mediate the local fre-
quency of the density dependence of herbivory [55].

Volatile organic compounds (VOCs), such as aldehydes, alcohols, esters, and terpenoids, 
are released from plant flowers, vegetative parts or roots to attract pollinators and preda-
tors, repel herbivores, and communicate between or within plants [56, 57]. When a plant 
is attacked, it is able to communicate with other plants and alert them of a possible future 
attack [58]; thereby, the alerted plants will respond stronger once attacked [59]. For example, 
when molasses grass, Melinis minutiflora, was planted in a maize field, the herbivore damage 
decreased. The grass emits a compound in response to caterpillar damage to attract parasit-
oids, and the amount of caterpillar in a maize decreased by parasitoids, after induction of 
JA to release more VOCs [60, 61].

The perception of herbivory by plants involved not only mechanical injury to plant and 
the presence of herbivore-derived elicitors released during feeding but also the presence of 
microbes associated with the herbivore [62]. Microbial symbionts can influence their hosts 
including providing nutrition, digestion, and detoxifying toxins; insect symbionts have a role 
in mediating plant defenses [60]. Different microbes in insects may have species-specific 
effects on different host plants, specifically herbivores’ microbiota are perceived by plants 
during herbivory and thus may alter the outcome plant responses [62].

7. Plant defenses against herbivores and fitness

Insects find and select their host plants and deal with plant defenses, as well as herbivores 
modify plant phenotypes. However, plants interact with multiple attackers and interact at 
different levels of biological organization [39].

Herbivory affects the expression of floral traits, plant-pollinator interactions, and costs-ben-
efits to controlling reproductive systems and defense strategies. Plant-herbivore interaction 
promotes myriad defenses that protect plants from damage. In recent years, it has been con-
sidered whether reproductive traits and antiherbivore defenses are interdependent as a result 
of pollinator- and herbivore-mediated selection [63]. Floral traits are most likely to affect sus-
ceptibility to herbivores. There are pollinating herbivores, which when adult insects pollinate 
the plants their larvae use as host, for example, figs and fig wasps [64], the larvae feed directly 
on ovules and developing seeds. A diversity of floral traits influences the susceptibility of 
plants to herbivores; for example, taller inflorescences often result in greater herbivory, phe-
nology also affects herbivory risk, and plants that flower early or late typically receive less 
damage than plants that flower during peak flowering [63].

On the other hand, inbreeding can produce individuals with reduced fitness, but inbred 
plants are more susceptible to herbivores than outbreds [7]. In horsenettle (Solanum caroli-
nense L.), the tobacco hornworm caterpillars (Manduca sexta L.) preferred to feed on inbred 
plants, and the females oviposited more frequently on inbred plants compared to outbreds 
[65, 66].
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Inbreeding in horsenettle causes significant reduction in the plant’s induced defense responses 
and resistance to herbivory [67–69]. The predilection for inbred plants exhibited by insects 
suggests that they are gaining fitness benefits by choosing inbred host plants, regulated by 
insect herbivore growth, oviposition, and flight capacity. Inbred plants, serve as better host 
for developing insects could be that inbred plants suffer from a limited ability to unregulate 
genes in defense biochemical pathways. In the system plant-insect horsenettle-tobacco horn-
worm suggests that biochemical changes in plant inbreeding can influence in the health of 
animals at a higher trophic level, particularly in insect herbivores which increases survival, 
growth, and flight metabolism when nurtured on inbred plants [7].

8. Tolerance traits

There is another plant defense strategy: tolerance. In resistance plant synthesizes structural 
or chemical traits to minimize herbivore damage, while in tolerance traits reduce the negative 
effects or herbivore damage [1].

The traits that maintain or promote plant fitness following damage before or after infestation 
can confer herbivore tolerance, and they are grouped in those that alter physiological process 
like photosynthesis and growth, phenology, and nutrient storage [1]. In many plant species, 
partial defoliation leads to increased photosynthetic rate in the remaining plant tissues, but is 
not universal [70]. Delayed growth, flower, and fruit production following herbivore damage 
could promote herbivore tolerance by postponing plant development until the threat of attack 
has passed [71].

Roots eaten by insect herbivores exhibit extensive regrowth, in density and quantity [72]. The 
former might be caused by additional lignification that could increase the toughness of the 
roots [73].

Mechanisms involved in increased tolerance are [i] increased net photosynthetic rate after 
damage, [ii] high relative growth rates, [iii] increased branching or tillering after release of api-
cal dominance, [iv] preexisting high levels of carbon storage in roots for allocation to aboveg-
round reproduction, and [v] ability to shunt carbon stores from roots to shoots after damage. 
The evolution of tolerance can promote an apparently mutualistic relationship between plant 
and herbivore populations [70].

9. Example conifer plant defense against bark beetle

Now, we examined how different responses can be used by Pinus genera to limit damage 
causes by attack of bark beetle, one of the principal plagues that affect Pinus populations.

Most herbivores are insects that feed on plants in various forms, for example, they adopt dif-
ferent feeding strategies throughout their life cycle and can feed both external [leaf buds or 
flowers] and internal structures of the plant [miners, stem borers, gillnet] [74].
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Unlike other herbivores such as mammals, insects commonly feed on the leaves and other parts of 
the mature plant typically do not cause the death of the plant; as for insects to kill the plant, they 
will require much time [75]. Thus, the relationship between herbivorous insects and plants is more 
like the host-parasite than predator-prey relationship. Plants for their part have not become pas-
sive victims of herbivorous insects as they have been able to produce special metabolites and toxic 
proteins, which serve as repellents or have antinutritional effects for their attackers [76]. However, 
herbivorous insects successfully consume plant material, overcoming the complex set of defenses 
of plant [74, 77, 78]. Moreover, unlike other herbivores, insects are much more specialized, because 
they can feed exclusively from a plant species or a limited number of them [75, 79, 80]. Therefore, 
it is necessary to understand the relationship between herbivorous insects and their host plants 
from biochemical, ecological, behavioral, physiological, and genetic aspects, including the ways in 
which insects can affect the abundance and distribution of plant species [75].

9.1. Herbivory and regulation of plant populations

Herbivorous insects usually cause reduced growth, fertility, and even the survival of plants; 
some plants can counter or overcompensate significant amounts of damage in general [75, 81]; 
however, the insect damage as a group causes a multiple effect and simultaneously in succes-
sion with additive effects and multiplicative on the plant fitness, which results in a significant 
impact on the abundance of plants, distribution, or population dynamics [82].

The role of herbivorous insects in the regulation of plant populations and dynamics of com-
munities has been poorly documented; most studies have focused mainly on explaining the 
role of herbivorous insects’ native as agents that limit the distribution of its plant host [75]. 
However, it has been possible to distinguish that the effects of herbivorous insects on plants 
may differ depending of the different scenarios under which the interaction takes place as in 
the case of herbivorous insects (bark beetles) and pines.

On the one hand, if the evolutionary success involves adaptive radiation and overtime, the 
species survive and expand their geographical distribution, and then pines (Pinus sp.) can be 
considered successful, because they form the largest genus of conifers in the Pinaceae family. 
The pine group consists of more than 100 species, many subspecies, and varieties. Although 
mainly distributed in temperate regions of the northern hemisphere, pines also occupy other 
habitats and climates [83, 84].

Moreover, the great success of the pines can be attributed to their defense strategies against 
herbivorous insects or parasites [85]. For its wide distribution and its prolonged generational 
cycles, ranging from decades to more than 4000 years such as Pinus longaeva [85], pines are 
subject to deal with a wide range of attackers at which they have developed along its evolu-
tion complex defense mechanisms [84].

The basic defense strategy of conifers including pines is both morphological structures [phys-
ical barriers] and chemical mechanisms [85]. Physical barriers are formed by static structures 
such as lignified cells, calcium oxalate crystals, or hard foliage; they act primarily against 
herbivores, ovipositors, and defoliating insects [84, 85]. The bark of the trunk on his part is of 
particular interest because it forms the first barrier against herbivorous insects such as bark 
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beetles, whose evolution has specialized to kill the tree [85]. Then, conifers produce a pleth-
ora of chemical defenses where the most important are phenolic compounds and oleoresins 
which contain numerous terpenoids. Chemical defense mechanisms may be directed against 
herbivorous insects to prevent oviposition and food or affect their physiology to reduce sur-
vival or fecundity [86].

9.2. Defense and resistance strategies of conifers against bark beetles and fungal 
pathogens

Conifers throughout their life cycle face the challenges of a variety of organisms cycle, coni-
fers face the challenges of a variety of organisms, the more severe are the bark beetle and 
fungal pathogens associated [85]. Conifer defenses against insects and pathogens that infect 
the trunk are classified as constitutive and induced [84, 85].

9.2.1. Constitutive defense systems

Mechanisms that produce a stable set of structural defenses (cells and resin canals), toxic 
chemicals such as phenolics and terpenes, and mechanical properties of the cortex (suberized 
layers of cells and lignified oxalate crystal calcium) are permanent. The constitutive systems 
are defenses with great resilience against a number of organisms trying to penetrate the cor-
tex during the history of the tree and against common secondary invasions of opportunistic 
organisms. The constitutive defenses are of two basic types:

A. Mechanical defenses: Structural elements that provide hardness or thickness to tissues and 
inhibit mastication or piercing in the bark. Impregnating plant tissues with polymers such 
as suberin and lignins can add resistance to the mechanical properties against penetration, 
degradation, and ingestion/mastication by insects.

B. Chemical defenses: Formed by chemical compounds stored, like phenolics, terpenoids, 
and alkaloids, and released under attack. Antinutritive defenses include chemical, tox-
ins, defensive proteins, enzymes, and resin deposits that can flow to repel or physically 
trap small organisms. These defenses are scattered in the tissues of the bark [peri-
derm, cortex, and secondary phloem]. The constitutive strategies vary depending on 
the physical or chemical nature of defense and its distribution within the bark and 
trunk [85].

9.2.1.1. Periderm defenses

Periderm forms a permeable barrier for controlling the gas exchange in the trunk and is the 
first line of defense against biotic and abiotic factors. It is characterized by the presence of 
multiple layers of cells, most of which are dead, are also structurally and chemically differ-
ent, and have lignified or suberized its walls. Cells may contain high amounts of phenolic 
compounds, and one or more layers have encrusted calcium oxalate crystals. These mechani-
cal defenses (hard walls lignified, crystallization, and suberization) provide a hydropho-
bic barrier, combined with the chemical properties of the phenolic compounds and form 
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a multifunctional barrier against the external environment. However, the periderm is not 
a continuous barrier, due to the presence of lenticels to allow gas exchange at the surface, 
although it is not an open system that may allow entry of invading organisms as in the case 
of small bark beetles (Pityogenes chalcographus) in Picea abies [87, 88].

9.2.1.2. Cortex defenses

The cortex is formed during the early development of the stem, so it is an important general 
barrier, especially during the early development of the stem. It remains alive for several years 
during the secondary growth and contains high amounts of phenolic compounds within vacu-
oles of cortical parenchyma; in many Pinaceae, the cortex has axial duct resins, which partici-
pate in defense, although its function is replaced by the secondary phloem [87].

9.2.1.3. Secondary phloem defenses

The secondary phloem is the most important site of constitutive defense mechanisms of coni-
fers and is made up of phenolic bodies, sclerenchyma, and calcium oxalate crystals; the relative 
amount of these components varies considerably between species [89]. A fourth constitutive strat-
egy of defense in certain taxa as Pinaceae is the production of resin structures comprising radial 
ducts extended from xylem, axial ducts, blisters, and resin cells. The amount and combination of 
each of these components define defense strategies. In the secondary phloem, there are special-
ized structures, such as phenolic bodies, sclerenchyma, calcium oxalate crystals, and resins.

The phenolic bodies are parenchymal cells of the axial phloem, also called polyphenolic 
parenchymal cells [PP cells], specializing in the synthesis and storage of phenolic compounds 
[89, 90], making nonedible tissues or antifungal capacity [85, 91]. Different species produce 
different phenolic compounds depending on the type of organisms that commonly attack, 
so that the relative resistance to pathogens may be due in part to the type of phenolic com-
pounds they produce [92, 93].

Moreover, the PP cells are responsible for responses of induced defense and, even when they 
have thickened walls, allow the exchange of axial and tangential information and signaling for 
defense because they contain lots of plasmodesmata. The PP cells represent a very dynamic 
component in defense strategies in conifers and are most abundant in the secondary phloem 
[94]. Another important feature of the PP cells located along the radial ducts parenchyma is 
that they are an important site that stores starch and/or lipids [94], which are considered the 
target for bark beetles and fungi; however, the presence of phenolic compound constituent 
allows cells to protect themselves and prevent the penetration of fungi into the area of the 
cambium. In any case, the layers of PP cells form a sieve maintaining the physical and chemi-
cal resistance to prevent penetration into the cortex [95].

Another important tissue with mechanical function is the sclerenchyma, which is com-
mon in the bark of conifers; quantity and type vary among taxa. It consists in cells with 
thickened lignified secondary wall, which are known as “stone cells” because they are high 
hardness cells or sclereids, so they can serve as structural element and mechanical defense. 
This organization is massive and irregular in many Pinaceae or organized form rows as in 
the case of Taxaceae [96]. Their physical strength can detain predation or perforation of the 
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bark by insects forming a screen of dead cells that progressively collapse under pressure of 
new layers of inner cells [90, 97–99].

The crystals of calcium oxalate formed are stored intracellularly in the secondary phloem of 
conifers, particularly in Pinaceae, and represents a defense mechanism because the physical 
nature of the crystals and their relative abundance could imply a role in deterring penetration 
bark or chewing by herbivores. However, being chemically inert, it is unlikely to have any 
effect on fungal attack [85].

One of the common deposits in plants is crystals of calcium oxalate [85, 100–103], and its role 
in most of them is the regulation of calcium [104–106]; however, also they have secondary 
functions of defense [85, 107]. In Pinaceae the calcium oxalate crystals embedded within the 
phenolic bodies in PP cells vacuoles present typically form scattered axial lines crystallized 
cells. The combination of several layers of fibers and dense encrustation with crystals can 
provide a powerful defense against bark beetles [85].

One of the main constitutive defenses is resins, particularly for Pinaceae. The resin production 
and storage structures for this include radial resin ducts, axial ducts or channels, blisters, and 
resin cells. Ducts and blisters have a coating epithelial cell enriched by plastids that synthe-
size terpenoid resins and secreted into the extracellular lumen, which is accumulated under 
pressure. After injuries are caused by damage from invading organism, the pressed resin is 
released and may expel the invading organism from the bark and catch it thanks to its sticky 
consistency or kill it because of its toxic nature. Volatile resin components evaporate and non-
volatile crystallize to sterilize and seal the damaged region effectively. It has been shown that 
the resin is an effective defense against insect bark borers [108].

9.2.1.4. Secondary xylem defenses

Secondary xylem is a general system of defense in trunk, which is involved in the synthesis 
and storage of resin and phenolic compounds and other secondary products such as lignins 
[109], and provides a defense against wood-rotting fungi and other organisms. The constitu-
ent axial ducts of resin found in the xylem of some conifers can contribute to resin flow when 
connected to the radial ducts that traverse the xylem and phloem [110].

9.2.2. Induced defense systems: second level of defense

Induced defense system or responses due to herbivore attack involves the synthesis “de 
novo” or activation of a wide range of chemical defenses, including terpenoids, phenolic 
compounds, PR proteins, reactive oxygen species, and enzymes. The induced defense system 
can act against a current infection presenting a hypersensitive response and local resistance 
or against future infections or attacks by bark beetles generating responses with acquired 
resistance [85, 111].

A. Induced structural defenses: Structural defenses in bark are important, because they improve 
the overall defense capability of the plant; these are diverse and include structural changes 
and synthesis of chemical and biochemical agents. They are a combination of responses ap-
parently targeting specific organisms, including the general increase in hypersensitivity re-
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sponses, aimed at limiting the spread of detected damage and isolating the invading organ-
ism, repairing damaged tissues, and limiting the attack or later invasion of opportunistic 
organisms. In addition, long term results in acquired resistance [85, 111, 112]. Among these 
structural defenses are hypersensitive response, callus tissue formation, and scarring in the 
periderm.

9.2.2.1. Hypersensitive response

Damage produces a hypersensitive response in the plant, which quickly stops invading 
organisms sacrificing a small piece of tissue [112]. The hypersensitive response occurs locally 
at the site of infection or attack, producing reactive oxygen species causing rapid cell death, 
which tries to stop organisms such as pathogenic fungi, bacteria, and virus killing only the 
damaged plant tissue that has been attacked [87, 111].

9.2.2.2. Callus tissue formation

A more generalized response in the case of wounds in plants is the formation of callus tissue 
that can subsequently lignify, suberize, or impregnate phenolic compounds to provide a bar-
rier, part of the wound periderm. This reaction provides protection against new intrusions 
and blocking an organism such as a fungal pathogen. The callus can also repair damaged 
tissues so that its functions can be restored [87].

9.2.2.3. Scarring in the periderm

Periderm scars are produced around damaged regions of the cortex, which cause activation of 
the PP cells of the secondary phloem, which begin to divide to form new tissue. Periderm scar 
acts as a wall that essentially isolates the damaged area preventing the supply of nutrients to 
the wound area, which eventually dies if not already dead by the attack of an invading organ-
ism. These scars also have permanent effects of tissue repair and generally are formed within 
the limits of induced injuries by bark beetles or fungal attacks in the trunks of conifers or well 
around any damaged tissue [112].

B. Induced chemical defenses: While the constituent chemical defenses are generally nonselec-
tive for pest species, induced chemical defenses can be broad-spectrum and specific com-
ponents. Chemical defenses are extremely diverse and therefore cover a wide range of 
pests. Nonprotein chemicals, such as products of the phenylpropanoid routes (phenolic) 
and isoprenoids (terpenoids resin) products, as well as alkaloids can have potent effects 
on invading organisms.

These compounds are produced more rapidly than protein-based defense because the path 
usually exists in tissues and only requires activation. However, some of the biochemical path-
ways are created “de novo” in the tissues [90, 96].

Another advantage of these chemical defenses is often effective against a wide range 
of organisms and thus may delay an attack, while recognition mechanisms come into 
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play to identify the organism and then activate specific defenses against herbivore [77]. 
Among chemical compound induced by herbivores in conifers are phenols, resin terpe-
noids, and proteins.

9.2.2.4. Phenolic compounds

Phenolic compounds are abundant in the bark of conifers [113–115], mainly in the PP cells. 
Both phenolic compounds and tannins act as antifungal agents and block hydrolytic enzymes 
secreted by invading organisms, thereby inhibiting its progress in tissues [116–118]. By join-
ing amino acids and proteins disturbed by plant tissues, phenolics and tannins reduce the 
nutritional value for attackers while coupling to digestive enzymes in the intestine decreases 
the ability to digest plant tissues. The wounds of the plant or invading organisms in the cortex 
activate PP cells, including cell expansion and accumulation of a higher amount of pheno-
lic compounds [95, 119, 120]. Generally, the induced phenolic compounds are more toxic or 
more specific to an invading organism than the constituent phenols, whereby the conversion 
of polyphenolic compounds to soluble phenolic compounds during an attack adds to the 
defense capacity; evidence of this is the reduction of polyphenols in vacuoles of intact cells 
PP near the region of attack [121].

9.2.2.5. Resin terpenoids

Resin terpenoid production is induced by the attack of organisms. During and after attack, the 
resin flow in the wound can be quite extensive, especially in the Pinaceae. Part of this resin is 
stored in the structures that produce, while the constituent ducts can be activated to produce 
resin [89, 122, 123].

Within the first 2–3 weeks of the attack, the new resin ducts are induced to produce, being 
considered as traumatic resin ducts [124–127], and the resin forming these ducts can be 
different from the constitutive resin [103, 128, 129]. In Pinaceae and some other groups of 
conifers, traumatic ducts are formed in the xylem [130] and interconnected with the radial 
ducts phloem [131]. However, some species of conifers are induced to form more trau-
matic ducts in the phloem and the xylem [89]. Regardless of their origin, the end result 
of the development of traumatic resin ducts is to increase the formation and accumula-
tion of resin and increase its flow [128, 129]. The increased flow helps to kill or expel the 
invaders and to seal the wound and resin-soaked regions of the bark and wood making 
them more resistant to microbial activity. Furthermore, it has been found that traumatic 
ducts can confer acquired resistance to subsequent attacks [131, 132] and the resin in 
traumatic ducts may be more toxic through changes of terpenoids or addition of phenolic 
compounds [133].

9.2.2.6. Proteins

Chemical defenses of the trees based on proteins include enzymes such as chitinases and 
glucanases that may degrade components of invading organisms and toxic proteins such as 
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porins, lectins, and enzyme inhibitors such as proteinases and amylase. Inhibiting enzymes 
interfere with the ability of the invading organism to use resources from invaded tissue. 
Other induced enzymes such as peroxidases and laccases can do more resistant cell walls 
through crisscrossed reactions or promotion of lignification or well included affecting 
invader organism. The protein-based defenses can be highly specific for certain organisms. 
For example, in Norway spruce, there are chitinases as a large family of proteins, but only 
a small subset of them can be regulated during the attack by a specific pathogenic fungus 
[133, 134], and it is presumed that these are effective against the wall cell of this organism. 
In general, chemical defenses induced mechanical follow a pattern similar to the induced 
structural defense, such as overlapping of multiple strategies. The production of a toxic 
cocktail with various chemical components maximizes the potential to stop or destroy an 
aggressive or virulent invading organism, in contrast to a more conservative production of 
one or few directed defenses.

9.2.3. Remark defense system importance in conifers

Multiple overlaying of structures and defense systems provides an efficient barrier against a 
wide range of possible attacks of organisms. However, conifers remain susceptible to certain 
organisms that have evolved strategies to overcome the defenses or avoid them. Nevertheless, 
the remarkable longevity of various species of conifers is a testament to the success of their 
defense strategies [87].

The first line of defense of the plant is given by a mechanical resistance to attack, due to the 
hardened cells either by thickening the walls or storing different compounds like calcium 
oxalate crystals that are joined to form a screen of high hardness. This first defense system is 
effective against most of the organisms that can attack the tree; however, bark beetles usually 
manage to overcome this barrier, bringing with them pathogenic fungi.

After that penetrate the bark beetles, thanks to its powerful masticatory apparatus, tree 
active chemical defense mechanisms, in which the phenolic bodies, resin and some pro-
teins may be directed mainly beetles as organisms that are directly attacking the tree; 
however, these compounds also have an effect on fungi. Another unspecific compounds 
may function to attack bark beetles as in the case of some proteins and calcium oxalate 
crystals during the attack the hypersensitive response is activated, the formation of cal-
lous bodies and interaction with proteins and enzymes which are directed primarily by 
fungal attack. Also, answers that could be used for both bark beetles and fungi, as in 
the case of periderm scars, phenolic compounds, and terpenoids, can be triggered. But 
nevertheless, together, the beetle and the fungus can gradually block the tree’s defenses, 
weakening to lead to death.

10. Conclusion

Plants have been developing a plethora of defense traits: chemical direct and indirect, 
mechanic, and uses interactions. All defense mechanisms aim survival with high photosyn-
thetically rates, population maintenance, and fitness for plant.
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Abstract

As plants are fixed to their habitat they produce specialized metabolites as chemical 
defenses to fight off herbivores. As an example, many plants produce cyanogenic gluco-
sides and release toxic cyanide upon tissue damage (“cyanide bomb”). As a prerequisite 
for exploring cyanogenic plants as hosts, herbivores have evolved mechanisms to over-
come cyanogenic defenses. Mammals metabolize cyanide to thiocyanate by rhodaneses. 
In arthropods, both rhodaneses and β-cyanoalanine synthases which transfer cyanide to 
cysteine contribute to cyanide detoxification. However, based on enzyme activity tests 
some arthropod species possess only one of these activities, and some possess both. 
Recently, cloning and characterization of first arthropod β-cyanoalanine synthases pro-
vided evidence for their involvement in cyanide detoxification. Phylogenetic analyses 
suggest that they have been recruited from microbial symbionts. Investigations with 
Zygaena filipendulae revealed that the avoidance of cyanide release is the primary mode of 
overcoming cyanide in this specialist. Some herbivores are able to sequester, de novo syn-
thesize, and store cyanogenic glucosides for their defense and as nitrogen source. Thus, 
herbivores have evolved various mechanisms to counteract host plant cyanide defenses. 
These mechanisms are likely to have played a key role in the evolution of plant-herbivore 
interactions as well as in speciation and diversification of arthropods.

Keywords: cyanide detoxification, plant secondary/specialized metabolism, cyanogenic 
glucosides, β-cyanoalanine synthase, rhodanese

1. Introduction

Herbivores are a main threat for plants as their feeding destroys vegetative and generative 
parts of the plant, that is, organs needed for assimilation, nutrient storage and reproduc-
tion. In order to cut their losses, plants have developed physical and chemical defenses to 
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Figure 1. Sources of cyanogenesis upon herbivory. Exemplary precursors, intermediates and reactions leading to the 
liberation of (hydrogen)cyanide from the four main pathways are shown. (A) Cyanogenic glucoside hydrolysis, (B) 
metabolism of aromatic glucosinolates in the herbivore P. rapae, (C) final step of the ethylene biosynthesis pathway, 
(D) cyanolipid hydrolysis. Plant families and groups forming the precursor compounds are shown in gray. Reactions 
involving plants are illustrated by blue arrows, reactions involving herbivore proteins by red arrows and spontaneous 
reactions by black arrows. For references and details, see the main text.

fight off herbivores and to survive in their ecosystem. Very effective means to defend against 
predators are provided by the so-called specialized (or “secondary”) metabolism, which is 
not required for growth and development, but for the plant’s interaction with its environment 
[1, 2]. Specialized metabolism is the source of diverse low molecular weight compounds such 
as alkaloids, terpenes, glucosinolates or cyanogenic glucosides, which are often specific to cer-
tain families or species. These compounds may repel the potential predator before contact or 
harm the herbivore upon ingestion. Defensive metabolites may have herbivore-specific effects 
or be universally toxic. In the latter case, they need to be stored in an inactive or nontoxic form 
in the plant to avoid self-intoxication.
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Chemical defense through cyanide is widespread in the plant kingdom. As a universal respi-
ration toxin, cyanide is not accumulated in free form in plants but released from cyanogenic 
precursors upon tissue damage (“cyanide bomb”), in the course of metabolic reactions in 
intact plant tissue or upon ingestion by herbivores (Figure 1). The acute and universal toxic-
ity of cyanide in combination with its frequent occurrence in the plant kingdom calls for effi-
cient cyanide detoxification mechanisms in herbivores. As soon as cyanide is liberated upon 
ingestion of cyanogenic plant material, an enzymatic detoxification is vital for the protection 
of the herbivore’s cellular metabolism. Although diverse enzymatically catalyzed reactions 
for the detoxification of cyanide have been described in microorganisms [3], only two main 
pathways of cyanide detoxification are present in higher animals. These are on the one hand 
the rhodanese or 3-mercaptopyruvate sulfurtransferase-catalyzed transfer of sulfur from a 
donor substrate to cyanide, leading to the formation of thiocyanate, and, on the other hand, 
the β-cyanoalanine synthase-catalyzed substitution of cysteine’s sulfhydryl group by cyanide, 
leading to the formation of β-cyanoalanine.

An efficient way to minimize the risk of cyanide poisoning is to prevent its formation. Therefore, 
herbivorous arthropods that colonize plants with high cyanide potential often possess special-
ized adaptations, which allow them to avoid cyanide release upon ingestion of plant material. 
This chapter introduces cyanide as a ubiquitous plant-produced compound and summarizes 
the present understanding of cyanide detoxification pathways and the involved enzymes as 
well as the current knowledge on cyanide avoidance mechanisms in herbivores with a special 
focus on arthropods. As certain arthropod species are able to synthesize cyanogenic com-
pounds themselves and/or to sequester cyanogenic compounds from their food plants, we 
also discuss cyanogenesis in herbivores from an ecological and evolutionary perspective.

2. Sources of cyanide exposure

The most common storage form of cyanide in plants is cyanogenic glucosides, which are potent 
antiherbivore defenses with an additional function as nitrogen storage compounds [4–8].  
The intact glucosides are water-soluble and nontoxic compounds, but hydrolysis catalyzed 
by β-glucosidases liberates the cyanohydrins (α-hydroxynitriles), which, spontaneously or 
under catalysis by α-hydroxynitrilases, release the hydrogen cyanide next to aldehydes or 
ketones (Figure 1A) [9]. Their broad distribution among more than 2650 plant species from the 
pteridophytes, gymnosperms and angiosperms [9, 10] may be explained by their biosynthetic 
origin. Cyanogenic glucosides are biosynthesized through oxidation of common aliphatic and 
aromatic amino acids by members of the wide-ranging cytochrome P450 family with oximes 
and cyanohydrins as intermediates and subsequent O-glycosylation [11]. Although cyano-
genic glucosides are widespread within the plant kingdom and their biosynthetic enzymes 
are ancient [12], <30 different structures of plant-derived cyanogenic glucosides have been 
described. Among those, linamarin, lotaustralin and dhurrin (Figure 1A), derived from the 
amino acids valine, isoleucine and tyrosine, respectively, are the most common glucosides. 
Activation of the glucosides under cyanide liberation happens upon herbivore attack when 
the glucosidic bond is hydrolyzed by endogenous plant β-glucosidases or digestive enzymes 
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of the herbivore (Figure 1A). Plants possess β-glucosidases with high specificity toward their 
own defensive cyanogenic glucosides [13].

Some cyanogenic glucosides have not only been found in plants, but are sequestered and even 
biosynthesized de novo in herbivores and detritivores from the Arthropoda [14, 15]. As a promi-
nent example, larvae of Zygaena filipendulae (Lepidoptera: Zygaenidae) which are specialist her-
bivores on the cyanogenic bird’s-foot trefoil Lotus corniculatus are able to sequester cyanogenic 
glucosides from the host plant and to synthesize them de novo by a pathway that has evolved 
independently from that in plants (see below) [16, 17]. Both the plant and the insect benefit 
from inherent cyanogenic glucosides as a chemical defense and as nutrient storage compounds 
[4, 6]. Thus, the Zygaena-Lotus association does not only illustrate the coevolutionary arms 
race between plants and their herbivores but also provides an example of convergent pathway 
evolution [16, 18, 19]. Cyanide intoxication from the diet is also relevant to humans as some 
major foodstuffs, especially in tropical regions, contain cyanogenic glucosides. In particular, 
cassava tubers, green sorghum leaves, white clover foliage and lima beans have been reported 
as potential sources of cyanide to man. Nevertheless, traditional food preparation and selective 
breeding to decrease cyanide levels lower the risk of accidental cyanide poisoning.

A further class of plant secondary compounds carrying a cyanide group is the cyanolip-
ids, a group of lipids possessing a branched five carbon skeleton with a nitrile group [20]. 
Cyanolipids occur in the seed oil of diverse species of the Sapindaceae [21]. They are cyano-
hydrin esters, that is, they possess an esterified hydroxyl group in α-position to the nitrile 
moiety and will form unstable α-hydroxynitriles upon spontaneous or lipase-catalyzed ester 
hydrolysis (Figure 1D) [22]. As described above, α-hydroxynitriles are a source of cyanide as 
they readily decompose either spontaneously or enzymatically catalyzed.

Cyanide may also be liberated upon metabolism of another group of specialized metabolites, 
the glucosinolates, inside the herbivore by the consecutive action of plant- and herbivore-
expressed enzymes. Glucosinolates are amino acid-derived thioglucosides with a sulfated 
aldoxime core and a variable side chain [23] (Figure 1B). They are part of the glucosino-
late-myrosinase system or “mustard oil bomb,” a constitutive defense mechanism common 
to all families of the Brassicales. The products arising from glucosinolate hydrolysis have 
manifold effects on herbivores feeding on Brassicales plants, including general deterrence 
and toxicity, but may also be perceived by specialist herbivores and their parasitoids as host 
identification cues [24]. The primary defense compounds derived from this system are the 
isothiocyanates which result from rearrangement of the aglucone formed upon hydrolysis 
by co-occurring thioglucosidases (myrosinases) when tissue is disrupted [23, 25]. Besides 
isothiocyanates, other products such as nitriles, epithionitriles and organic thiocyanate can 
also be formed depending on the structure of the glucosinolate side chain and the presence of 
additional plant-expressed proteins, the so-called specifier proteins [26–29]. Cyanide release 
from a glucosinolate-derived nitrile has been demonstrated to occur in larvae of Pieris rapae 
(Lepidoptera: Pieridae) which are specialized feeders on glucosinolate-containing plants [30] 
(Figure 1B). Larvae of P. rapae and other glucosinolate-feeding Pieridae produce a gut 
nitrile-specifier  protein to overcome the glucosinolate defense of their host plants [31, 32]. 
Upon ingestion of glucosinolate-containing plant material, this protein redirects glucosino-
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late hydrolysis catalyzed by plant myrosinases entirely toward nitriles (instead of isothio-
cyanates) which are excreted or further metabolized [33, 34] (Figure 1B). Phenylacetonitrile 
(derived from benzylglucosinolate) undergoes α-hydroxylation by microsomal P. rapae 
enzymes yielding a cyanohydrin which is subsequently decomposed to cyanide and an alde-
hyde [30] (Figure 1B). Despite liberation of one cyanide molecule per molecule of ingested 
benzylglucosinolate, the larvae feed on benzylglucosinolate-containing plants without ill 
effects indicating adaptation to this toxin [30]. Expression of a gut nitrile-specifier protein 
appears to be confined to Pieridae species, while glucosinolate-feeding species of other fami-
lies overcome the glucosinolate-myrosinase system by other means [32, 35]. If herbivores 
devoid of a gut nitrile-specifier protein may also encounter cyanide liberated from glucosino-
late breakdown products is presently uncertain. However, cyanide release from glucosinolate 
metabolites in homogenates of Alliaria petiolata (Brassicaceae) [36], nitrile formation upon 
glucosinolate breakdown in plant homogenates [27, 28, 37] and the likely ability of herbivore 
phase-I-detoxification enzymes to hydroxylate these nitriles to cyanohydrins [38] indicates 
that herbivores outside the Pieridae are likely exposed occasionally to cyanide when feeding 
on glucosinolate-producing plants.

Apart from the accumulation of cyanogenic precursors as part of specialized metabolism for 
defense against herbivores, plants from all families generate cyanide as a by-product during 
the formation of ethylene, a ubiquitous plant hormone. In the last step of ethylene biosynthe-
sis, the oxidation of 1-aminocyclopropane-1-carboxylic acid to ethylene, one mole of cyanide 
is liberated per mole of ethylene formed (Figure 1C) [39]. Although the steady-state concen-
tration of cyanide from this pathway is normally kept at a low level of 0.2 μM by action of 
cyanide detoxifying enzymes [40], this demonstrates the ubiquitous occurrence of cyanide in 
the feed of herbivores.

Taken together, cyanide is universally present in plants and herbivores are frequently con-
fronted with this toxin through their diet. Thus, safe handling of cyanide is a necessary pre-
requisite for herbivory by both specialists feeding exclusively on cyanide-defended plants 
and generalists with occasional cyanide ingestion. Nevertheless, a varying cyanide content in 
the host plant seems to influence generalist herbivory more severely than specialist feeding 
indicating the existence of efficient adaptations to deal with this toxin [41].

3. Cyanide toxicity

Uptake of the small and simple ion cyanide has tremendous effects on the metabolism of all 
aerobic cells, resulting from its high reactivity and efficient binding to various proteins of 
cellular respiration and regulation. The main reason for its acute and universal toxicity is the 
formation of stable complexes between cyanide and the Fe3+-ion of heme a3 of cytochrome c 
oxidase, one of the electron carriers in the respiratory chain. Cyanide binds to cytochrome c 
oxidase and acts as a noncompetitive inhibitor of cytochrome c. This stops electron transfer, 
leading to termination of the respiratory chain and the citric acid cycle due to a shortage of 
the electron acceptor NAD+ [42]. The resulting lack of ATP is detrimental to the cell. As a con-

Herbivore Adaptations to Plant Cyanide Defenses
http://dx.doi.org/10.5772/66277

33



sequence, glycolysis, the alternative, but inefficient pathway of ATP generation, is accelerated 
in combination with lactic acid fermentation for regeneration of NAD+. In humans, metabolic 
acidosis resulting from high lactic acid levels is responsible for most of the symptoms of cya-
nide intoxication [43]. Besides the Fe3+ of cytochrome c oxidase cyanide binds metal ions of 
various metalloenzymes, in particular molybdoenzymes, and forms Schiff base intermediates 
with pyridoxal phosphate-dependent enzymes causing an efficient inhibition of a wide range 
of metabolic reactions and regulatory processes in the cell [44].

In vertebrates, cyanide does not only influence cellular metabolism but also diverse physi-
ological processes. By binding to chemoreceptors, cyanide causes vasoconstriction of main 
arteries which may lead to cardiac shock or pulmonary edema [43, 45]. In addition, cyanide 
may increase neurotransmitter release by influencing calcium channels in neural cell mem-
branes [46]. Even sublethal doses of cyanide may harm the brain of mammals by altering the 
membrane lipid peroxidation and the response of antioxidant enzymes [47].

Several studies performed by Edwin J. Bond in the 1960s on the beetle Sitophilus granarius 
have investigated the effect of cyanide on insects as discussed by Page and Lubatti [48]. The 
studies showed that consumption of cyanide even at low doses results in immediate paralysis 
of the animals by reduced respiration [48, 49]. Lethal effects are not only due to cytochrome c 
oxidase inhibition but also result from increased proteolysis and binding of cyanide to inter-
mediates of glycolysis. In contrast to mammals, where supplementation of oxygen is an effi-
cient treatment of cyanide poisoning, the administration of oxygen to cyanide-exposed insects 
amplifies the ill effects of cyanide, probably due to the accumulation of promptly formed 
peroxides and acidosis-causing citrate and pyruvate. In contrast, oxygen exclusion allows the 
animals to recover from the poisoning [50, 51].

Thus, the mode of action of the poison cyanide is complex, and the lethal effects differ between 
species. Nevertheless, cyanide is one of the most potent toxins and an efficient and universal 
weapon of plants against herbivore foraging.

4. Cyanide detoxification enzymes

4.1. Sulfur transferases

Sulfur transferases such as the rhodanese (thiosulfate:cyanidesulfurtransferase, EC 2.8.1.1; 
see Figure 2A), and its close relative, the 3-mercaptopyruvate sulfurtransferase (EC 2.8.1.2), 
are enzymes described in plants, fungi, bacteria and a wide range of animals including snails, 
insects, fish and mammals (see Figure 3) [52–58]. Enzymatic formation of thiocyanate, the so-
called rhodanide, was first described in 1933 using vertebrate tissues as discussed by Lewis 
[59]. Rhodaneses from mammals have been investigated most thoroughly and most insight 
has been gained from the examination of human and bovine liver rhodaneses [60, 61]. These 
two enzymes served to uncover the first protein structure of a rhodanese which revealed two 
similarly folded “rhodanese domains” [62]. In contrast to the highly similar tertiary  structure, 
the two domains differ strongly in their amino acid sequences in agreement with their diver-
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gent functions as C-terminal catalytical and N-terminal regulatory domains [62]. At the level of 
primary structure, rhodaneses from different organisms show little similarity apart from two 
conserved, 11–13 amino acids long “signature” regions at the N- and C-termini which are also 
present in distantly related proteins of the rhodanese superfamily such as cdc25 phosphatase 
and heat shock proteins [63]. This low identity at the amino acid level and the involvement of 
single rhodanese domains in aberrant proteins make homology-based identification of rho-
daneses from further species difficult. To specify the sulfur transferases involved in cyanide 
detoxification among the members of the diverse superfamily, the tertiary structure has to 
be taken into account, classifying the true rhodaneses as tandem domain thiosulfate:cyanide 
sulfurtransferases [63]. This group also comprises the 3-mercaptopyruvate sulfurtransferases. 
Both types of enzymes have distinct substrate and product spectra, but are yet interconvert-
ible by few amino acid substitutions [64].

Rhodaneses do not only accept thiosulfate as sulfur donor, but all sulfane anions such as 
organic sulfanes and persulfides [55, 65]. Next to cyanide, the sulfur atom may be accepted by 
other thiophilic substrates such as the amino acids cysteine and glutathione [65]. The kinetic 
mechanism of rhodanese was uncovered with its classical substrates cyanide and thiosul-
fate by Westley and coworkers [60, 66]. In a ping-pong reaction, the sulfane sulfur atom is 
abstracted from the donor substrate thiosulfate and bound to a cysteine residue in the active 
site of rhodanese [62]. This is followed by entrance of the acceptor substrate cyanide into 

Figure 2. Main cyanide detoxification enzymes. Shown are reactions in which cyanide conversion is catalyzed by 
rhodanese (A—background: bovine liver rhodanese PDB 1RHD) or β-cyanoalanine synthase (B—background: soy bean 
β-cyanoalanine synthase PDB 3VBE). Additional rhodanese substrates are also shown (A). The O-acetylserine thiol lyase 
reaction is shown in the lower panel of B. Block arrows indicate possible alternative and additional roles of the enzymes.
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the active site and transfer of the sulfur atom [60, 66]. In contrast, the reaction of 3-mercap-
topyruvate sulfurtransferase (which can also convert cyanide to thiocyanate [67]) follows a 
sequential mechanism with formation of a ternary complex composed of the enzyme and 
both substrates (3-mercaptopyruvate and cyanide) [68, 69].

A main function of the rhodaneses in cyanide detoxification is in agreement with their sub-
cellular localization. Rhodanese activity is predominantly detected in the mitochondria, 
the site of cellular respiration with the cyanide-susceptible cytochrome c oxidase [70, 71]. 
Nevertheless, for 3-mercaptopyruvate sulfurtransferase and rhodanese of some species, an 
additional localization in the cytosolic fraction has been described [55, 71, 72]. The cytosolic 
enzymes may serve to reduce cyanide levels in this compartment whose components (gly-
colysis intermediates, proteins) may also be affected by cyanide poisoning (see above) [48]. 
The reaction product of rhodanese-catalyzed cyanide detoxification, thiocyanate, possesses 
a toxic potential toward mitochondria which could be an additional reason why rhodanese 
isoforms are also localized in the cytosol in several species.

Figure 3. Occurrence of cyanide detoxification enzymes in living organisms. Selected domains, subkingdoms, phyla and 
classes are shown in a schematic representation of their phylogenetic relationship. Groups in which enzyme activity 
has been detected are labeled with a gray area (square for rhodanese, circle for β-cyanoalanine synthase). The area is 
surrounded by black line if sequences of the corresponding enzymes or their genes have been elucidated. Metabolite 
data also proved β-cyanoalanine synthase activity in Diplopoda, where activity assays have not been performed to our 
knowledge. Rhodanese seems to be an ubiquitous enzyme, although no sequence data are available from Arthropoda or 
Mollusca. In contrast, β-cyanoalanine synthase was detected primarily in plants, bacteria and Arthropoda.
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Although a major role of rhodaneses in cyanide detoxification seems likely based on the pres-
ent knowledge, cyanide detoxification might not be their exclusive physiological function. 
The ubiquitous occurrence of rhodaneses in organisms and tissues with no obvious cyanide 
exposure as well as the low physiological concentration of their substrate thiosulfate in the 
mitochondria has fueled doubts about their main role in cyanide detoxification [73]. In sup-
port of a major role in cyanide detoxification in mammals, rhodanese activity is inducible 
in rats by exposition to cyanide or supplementation with thiosulfate [74, 75]. In vivo, sul-
fane substrates may be provided by the action of an enzyme involved in cysteine metabolism 
in animals, cystathionine-γ-lyase [76]. Further and alternative functions of rhodaneses have 
been discussed. As plant homologs have been shown in vitro to supply sulfide for iron sulfur 
clusters of the electron transport chain, this has been suggested as a general function of rho-
daneses from other taxa [73, 77]. Alternatively, a general role of rhodaneses in the regulation 
of sulfur homeostasis has been proposed based on their low substrate specificity. The in vivo 
function of 3-mercaptopyruvate sulfurtransferases in cyanide detoxification has been ques-
tioned not least because addition of 3-mercaptopyruvate led to an antidote effect only in some 
mammal species [78]. Additionally, it has been difficult to separate their possible direct and 
indirect contributions to cyanide detoxification in vivo, as 3-mercaptopyruvate sulfurtransfer-
ase can also donate sulfur for the formation of the rhodanese substrate thiosulfate [79].

4.2. β-Cyanoalanine synthase

The main enzyme of cyanide detoxification in plants and many bacteria, β-cyanoalanine syn-
thase (EC 4.4.1.9, Figures 2B and 3), belongs to the family of β-substituted alanine synthases 
sharing the cofactor pyridoxal-5′-phosphate and a uniform fold [80, 81]. This family also 
comprises O-acetylserine thiol lyase and cystathionine-β-synthase which occur in bacteria, 
plants, fungi and animals and are involved in cysteine biosynthesis from O-acetylserine or 
serine and homocysteine, respectively [80, 82]. The amino acid sequence of these enzymes 
and their tertiary structure, the so-called fold II of the pyridoxal-5′-phosphate-dependent 
enzymes, are highly conserved. However, the members of the protein family vary in the 
quaternary structure, as mono-, di-, tetra- and oligomers have been reported, although 
dimers are most predominant [80, 83, 84]. Some members of the family can catalyze sev-
eral of the above-mentioned reactions making a classification as β-cyanoalanine synthase or 
O-acetylserine thiol lyase difficult. Thus, plant enzymes are mainly assigned to an enzyme 
clade based on a comparison of kinetic characteristics for the diverse reactions catalyzed 
and their subcellular localization [80]. The only phyla of multicellular animals in which 
β-cyanoalanine synthase activity has been demonstrated up to now are Nematoda and 
Arthropoda (see Figure 3) [14, 85–87]. Only few animal β-substituted alanine synthases with 
β-cyanoalanine synthase activity have been identified to date (see below). As the protein fam-
ily’s name indicates, β-substituted alanine synthases catalyze a substitution or elimination 
reaction at the β-carbon of proteinogenic and nonproteinogenic amino acids. Their reaction 
mechanism has been examined mainly on the basis of prokaryotic and plant O-acetylserine 
thiol lyases [88–90]. All examined β-substituted alanine synthases share a common fold and 
perform a similar conformational change upon substrate binding to close the active site 
for catalysis [90]. In the active site, a Schiff basebinding between the cofactor pyridoxal-5′-
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phosphate and a catalytic lysine residue awaits the substrate amino acid [90]. Upon entrance 
of the substrate, pyridoxal-5′-phosphate is transferred from the lysine residue to the α-amino 
group of the substrate as an external Schiff base. Lysine’s free amino group now acts as a 
base catalyst for the deprotonation of the α-carbon, inducing the α,β-elimination of sulfide, 
acetate or water from the substrate amino acid [88, 90]. The formed α-aminoacrylate interme-
diate is shared by all members of the β-substituted alanine synthase family regardless of the 
catalyzed reaction [88]. After formation of this intermediate, the second substrate enters the 
active site. It attacks the amino acid’s side chain nucleophilically. Facilitated by acid cataly-
sis by the protonated lysine residue, a bond between the β-carbon and the second substrate 
is formed. The newly formed amino acid product can then be released from the active site 
under reformation of the internal Schiff base between pyridoxal-5′-phosphate and lysine [90]. 
Because of high conservation in the reaction mechanism of different β-substituted alanine 
synthases, an O-acetylserine thiol lyase and a β-cyanoalanine synthase from soybean were 
analyzed for their substrate and product spectra by mutagenesis studies [90]. This showed 
that the exchange of only three amino acids can switch an O-acetylserine thiol lyase to a 
β-cyanoalanine synthase, illustrating their close relationship and giving insight into the evo-
lution of β-substituted alanine synthases [90].

Next to amino acid biosynthesis, β-substituted alanine synthases are involved in cellu-
lar sulfur and redox homeostasis [84, 91–93]. Cyanide detoxification by these enzymes is 
mainly catalyzed by β-cyanoalanine synthases, but O-acetylserine thiol lyases can also bind 
the toxic ion to either cysteine or O-acetylserine [81]. According to enzyme activity assays, 
β-cyanoalanine synthases from plants and animals are mainly localized in the mitochondria 
[86, 94]. However, the recently identified arthropod β-cyanoalanine synthases do not seem 
to possess a mitochondrial signal sequence [87, 95]. Cytosolic expression might be benefi-
cial as cyanide detoxification by β-cyanoalanine synthases leads to the formation of equi-
molar amounts of sulfide which itself is an inhibitor of cytochrome c oxidase. If released in 
the cytosol (instead of the mitochondria), sulfide can immediately be captured by the cyto-
solic O-acetylserine thiol lyases. In plants, experiments with T-DNA insertion mutants have 
shown that cytosolic O-acetylserine thiol lyases are essential for safe and efficient disposal of 
cyanide [92].

β-Cyanoalanine itself may also exert harmful effects. It has been identified as a neuro-
toxin and can also be lethal to plants [96, 97]. In order to protect themselves from poison-
ing with β-cyanoalanine and to minimize costs, plants and microorganisms are able to turn 
over β-cyanoalanine by nitrile hydratases and nitrilases [98]. Nitrile hydratases catalyze 
the addition of a water molecule to β-cyanoalanine leading to the formation of the pro-
teinogenic amino acid asparagine. Nitrilases convert β-cyanoalanine to the proteinogenic 
amino acid aspartate by addition of two water molecules [99]. In addition, the conversion of 
β-cyanoalanine to asparagine with γ-glutamyl-β-cyanoalanine as an intermediate has been 
described for some plants [96]. Recycling of β-cyanoalanine has also been shown in some 
arthropod species (see below). Due to its neurotoxic effect, β-cyanoalanine stored in the 
defensive droplets of the cyanogenic lepidopteran species Z. filipendulae has also been dis-
cussed to directly act as a defensive compound for the protection of this herbivore against 
predators [100].
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5. Cyanide detoxification strategies in herbivores

5.1. Cyanide detoxification in mammalian herbi- and omnivores

In mammals, rhodanese is generally believed to be the major enzyme for cyanide detoxifica-
tion, while β-cyanoalanine synthase activity has not been detected in a mammal so far. A 
comparison of rhodanese activity between mammalian herbi-, omni- and carnivores shows 
highest activities in herbivores, especially in ruminants which feed on a broad range of plant 
material including plants with high cyanide potential [58]. In several mammalian species 
such as plant-feeding rabbits, rhodanese activity is ubiquitously distributed in the body with 
the highest activity in hepatocytes, the main detoxification site of e.g. xenobiotics [101, 102]. 
Rhodanese activity is also localized in the mammalian brain, where cyanide acts as a neuro-
modulator [63].

5.2. Cyanide detoxification in invertebrates

Intensive research on mammalian rhodaneses also raised the question whether these enzymes 
are involved in cyanide detoxification in other animals. Rhodanese activity is widely distrib-
uted in insects and occurs in snails (see Figure 3) [55, 103]. The level of activity is comparable 
to that of mammalian gut tissue [53]. However, activity levels are largely in the same range 
among herbivores which frequently or rarely encounter high cyanide levels. The basal rho-
danese activity might be sufficient to capture dietary cyanide in herbivores regardless of the 
cyanide level in the diet. Alternatively, the uniform distribution of rhodanese activity among 
herbivores could indicate that arthropod rhodaneses possess an additional function unrelated 
to cyanide detoxification. This would likely require other mechanisms of cyanide detoxifica-
tion such as β-cyanoalanine synthase activity [103]. In agreement with this, β-cyanoalanine 
activity has been found to be broadly distributed in arthropod herbivores (see Figure 3) [86, 
95, 104]. In support of the activity data, labeled β-cyanoalanine can be detected in arthropods 
after feeding of or exposition to isotopically labeled cyanide [30, 105]. Further support for the 
relevance of β-cyanoalanine synthases comes from experiments with several cyanide-forming 
lepidopteran species in whose defensive glands β-cyanoalanine and its hydration product 
asparagine were detected [106]. In millipedes, β-cyanoalanine synthase-catalyzed detoxifica-
tion of cyanide and further metabolism of β-cyanoalanine to asparagine was demonstrated by 
studies with radiolabeled precursors [14, 107]. For insects, a similar utilization of cyanide for 
the formation of proteinogenic amino acids using β-cyanoalanine as an intermediate has been 
discussed [18], but has only be proven for one beetle by radioactive feeding experiments so far 
[108]. In the beetle, the radioactive label was recovered from a polypeptide rich in aspartate, 
the product of nitrilase-catalyzed conversion of β-cyanoalanine [108].

In order to estimate the relevance of rhodanese vs. β-cyanoalanine synthase for the in vivo detox-
ification, several studies compared the enzyme activities within one species upon cyanide induc-
tion or in related species with or without cyanide specialization [53, 86]. Most of these studies 
are more than 20 years old, and they cover only a very limited number of species. Nevertheless, 
for rhodanese no induction of activity upon cyanide feeding was observed although the occur-
rence in Diptera species parasitizing the cyanogenic moth Z. filipendulae indicates a connection 
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with cyanide detoxification [109]. β-Cyanoalanine synthase activity was higher in cyanide-tol-
erant than in cyanide-sensitive species [86]. Three studies analyzed a broad spectrum of insect 
species either by measuring rhodanese enzyme activities or by determining β-cyanoalanine as 
an indicator of β-cyanoalanine synthase activity [103, 106, 110]. However, in addition to the 
difficulty to compare enzyme activity and metabolite level per se, several other factors render 
a statement on the in vivo relevance of β-cyanoalanine synthase and rhodanese for cyanide 
detoxification in insects impossible: the low number of replicates [103], the use of specimen 
of different developmental stages and from different origins [103, 110], quantification by thin-
layer chromatography, and long-term storage of specimen before analysis despite decomposi-
tion of metabolites over time [106, 110]. Thus, conclusions on the quantitative contribution of 
the two pathways of cyanide detoxification in insects cannot be drawn from these experiments. 
Nevertheless, the studies showed that both enzymes have a broad distribution among insects 
and many species possess both activities [30, 55, 103, 104, 110, 111]. β-Cyanoalanine synthase 
seems to be most relevant to protect arthropod herbivores feeding on cyanide-defended plants.

Most β-cyanoalanine synthase activity data for animals were generated with intact, partly 
dried and stored animal tissues, but some enzymes have been purified and characterized 
[84, 104]. In the nematode Caenorhabditis elegans, identification of the first animal members of 
the β-substituted alanine synthase family that do not belong to the cystathionine-β-synthases 
was achieved at the molecular level [85]. Biochemical characterization of the enzymes pro-
posed roles in the regulation of the metabolism and the detoxification of cyanide, sulfide 
and S-sulfocysteine [84]. Although the enzymes possess O-acetylserine thiol lyase activity 
in vitro, an in vivo function in sulfur assimilation and cysteine biosynthesis is unlikely [84]. 
Further β-cyanoalanine synthases have been identified in the mite Tetranychus urticae and 
larvae of P. rapae [87, 95]. These first molecular data indicate an astonishing evolutionary 
background. In phylogenetic analyses, the nematode enzymes group together with plant 
O-acetylserine thiol lyases [84, 85] indicating a common origin of β-cyanoalanine synthases 
of both kingdoms, that is, acquisition of β-cyanoalanine synthases by gene duplication and 
partial neofunctionalization of a common ancestor. In contrast, the β-cyanoalanine synthases 
from the mite and the butterfly show amino acid sequence similarity with bacterial sequences 
[87, 95]. Phylogenetic analyses group the mite and butterfly enzymes among bacterial homo-
logs from α- and β-proteobacteria, distant to other metazoan β-substituted alanine synthases 
[87, 95]. Genetic analyses such as determination of the GC-nucleotide content and mapping of 
adjacent genomic DNA have shown that these sequences belong to the arthropods’ genome 
rather than to the genome of bacterial symbionts of the present species [87, 95]. As a likely 
explanation, the genes may have been acquired by horizontal gene transfer from bacteria, 
likely from symbiotic bacteria which lived in close association with ancestral arthropods [87]. 
Nevertheless, a common horizontal gene transfer event to arthropods seems to be unlikely 
as this would involve at least 13 independent gene losses each at a very specific point in the 
evolution [87]. Two independent gene transfer events from closely related bacterial donor 
species or a gene transfer from bacterium to mite followed by a second transfer event from 
an ancient mite to a Lepidopteran ancestor are discussed [87]. Interestingly, mites possess 
only one copy of the sequence in their genome, while some Lepidoptera seem to possess two 
or three copies [95], a phenomenon frequently observed for genes assimilated by horizontal 
gene transfer [112]. Horizontal gene transfer, in particular from bacteria and protists, but also 
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of both kingdoms, that is, acquisition of β-cyanoalanine synthases by gene duplication and 
partial neofunctionalization of a common ancestor. In contrast, the β-cyanoalanine synthases 
from the mite and the butterfly show amino acid sequence similarity with bacterial sequences 
[87, 95]. Phylogenetic analyses group the mite and butterfly enzymes among bacterial homo-
logs from α- and β-proteobacteria, distant to other metazoan β-substituted alanine synthases 
[87, 95]. Genetic analyses such as determination of the GC-nucleotide content and mapping of 
adjacent genomic DNA have shown that these sequences belong to the arthropods’ genome 
rather than to the genome of bacterial symbionts of the present species [87, 95]. As a likely 
explanation, the genes may have been acquired by horizontal gene transfer from bacteria, 
likely from symbiotic bacteria which lived in close association with ancestral arthropods [87]. 
Nevertheless, a common horizontal gene transfer event to arthropods seems to be unlikely 
as this would involve at least 13 independent gene losses each at a very specific point in the 
evolution [87]. Two independent gene transfer events from closely related bacterial donor 
species or a gene transfer from bacterium to mite followed by a second transfer event from 
an ancient mite to a Lepidopteran ancestor are discussed [87]. Interestingly, mites possess 
only one copy of the sequence in their genome, while some Lepidoptera seem to possess two 
or three copies [95], a phenomenon frequently observed for genes assimilated by horizontal 
gene transfer [112]. Horizontal gene transfer, in particular from bacteria and protists, but also 
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from plants and fungi, has contributed gravely to metazoan evolution. Its remnants besides 
the β-cyanoalanine synthases can be found in tens to hundreds of examples in nematodes, 
arthropods and chordates and are involved in main metabolic pathways and responses to 
environmental influences [113].

In general, proteins involved in the adaptation of herbivores to their host plants and, in par-
ticular, those catalyzing the detoxification and transport of host plant xenobiotics are thought 
to be under narrow transcriptional regulation [114]. For the mite β-cyanoalanine synthase, an 
induction by cyanide exposure over 30 generations led to a transcriptional response allowing 
for the identification of the detoxification enzyme [87]. Thus, these enzymes are among the 
most variable ones and play a key role in the adaptation to and population of new host plants 
[114]. As the relationship between herbivore and host plant is close and evolution favors 
adapted defense of the plant in order to diminish resource and tissue loss through predation 
[115], transcriptional responses could be discovered also in the host plant [114]. This close 
coevolution between herbivores and their host plants has therefore shaped both partners and 
is likely to underlie the higher cyanide tolerance of specialist herbivores on cyanogenic plants 
[30, 115].

6. Alternative herbivore strategies to cope with cyanogens

Next to efficient means of cyanide detoxification, herbivores have developed alternative ways 
to avoid intoxications when feeding on cyanide-defended plants. Often, the cyanide potential 
of food plants is below a toxic threshold [116]. As generalist herbivores usually change their 
food plants frequently, this allows them to mix a cyanide-rich diet with a diet low in cyanide 
to keep the overall cyanide intake below a toxic threshold [116]. Moreover, cyanogenic glu-
coside occurrence is often accompanied by a bitter taste of the potential food plant and many 
herbivores therefore avoid feeding on these plants if other host plants are available [116]. 
Nevertheless, in no-choice feeding experiments or if no other food plant is available in the 
habitat, herbivores may consume high amounts of cyanide-defended plants leading to intoxi-
cation or even death [116, 117]. Adaptations to reduce this risk include morphological, behav-
ioral, physiological and biochemical mechanisms as outlined in the following paragraphs.

The mouthparts of herbivores from the Aphididae have evolved to specialized sucking styli 
which they insert through the apoplast into the sieve elements to suck phloem sap. This feed-
ing mode avoids tissue disruption and therefore the mixing of plant cyanogenic glucosides 
and their spatially separated hydrolysis enzymes [41, 116, 118, 119]. In the lepidopteran spe-
cialist Z. filipendulae feeding on the cyanogenic glucoside-rich L. corniculatus, a leaf-snipping 
mode (leaving large portions of the plant tissue intact) in combination with a high feeding 
speed (shortening the time of a potential interaction between plant β-glucosidases and their 
substrates) decreases cyanogenic glucoside hydrolysis [120]. A similar leaf-snipping mode to 
avoid large-scale tissue damage was observed in a range of lepidopteran larvae not special-
ized on plants containing cyanogenic glucosides, including generalists as well as specialists 
on plants possessing another activated defense system, the glucosinolate-myrosinase-system 
[118]. All tested species tolerated high cyanogenic glucoside levels in their diet and excreted 
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intact cyanogenic glucosides with their frass [118]. This was mainly achieved by avoiding 
cyanogenic glucoside hydrolysis through the feeding mode [118] indicating that leaf-snipping 
might be an ancient trait which evolved and has been maintained in lepidopteran herbivores 
in response to the frequent occurrence of activated plant defenses.

As a physiological adaptation, the strongly alkaline midgut pH found in some generalist and 
specialist herbivores allows for the inhibition of the ingested plant β-glucosidases and avoid-
ance of cyanide liberation [118, 120] in contrast to other species with a slightly acidic midgut 
pH that are prone to cyanide intoxication [121, 122]. Further, properties and expression of the 
herbivore’s endogenous β-glucosidases have undergone adaptational adjustments to reduce 
cyanide release from ingested plant material. As an example, the β-glucosidases localized 
in the saliva and midgut lumen of the cyanogenic glucoside-feeding specialist Z. filipendulae 
have lost their activity toward their host plants’ cyanogenic glucosides, linamarin and lotaus-
tralin [120]. Larvae of Diatraea saccharalis (Lepidoptera:Crambidae) are adapted to a cyano-
genic diet by reducing the expression of aryl β-glucosidase in their midgut, thus decreasing 
cyanogenic glucoside catabolism and cyanide liberation [123]. A unique alternative strat-
egy to avoid cyanide release which relies on metabolism of the cyanogenic glucoside before 
hydrolysis has only been described for larvae of Heliconius sara (Lepidoptera:Nymphalidae) 
so far [124]. Larvae of H. sara feed exclusively on leaves of Passiflora auriculata (Passifloraceae) 
with cyanocyclopentenyl glucosides as major cyanogens. Upon ingestion of leaf material, the 
nitrile group of the main cyanogenic glucoside is specifically replaced by a thiol to produce a 
compound which is not a cyanide precursor anymore [124].

Yet another mechanism protects millipede species (Diplopoda) from cyanide poisoning. 
These animals possess a highly tolerant cytochrome c oxidase, making cyanide poisoning 
less effective [125]. Instead of or in combination with a cyanide-resistant terminal oxidase, 
a complete cyanide-insensitive oxidative pathway has also been proposed [126]. Studies on 
the respiratory rate of larvae of the lepidopteran generalist herbivore, Spodoptera eridania 
(Lepidoptera:Noctuidae), also showed high cyanide tolerance, possibly indicating insensitiv-
ity of their terminal oxidase [126]. Other mechanisms of cyanide tolerance may await their 
discovery. In addition, a possible contribution of enzyme activities from closely associated 
anaerobic cyanide-resistant gut microbia has to be clarified [127].

7. Cyanogenic compounds in arthropod herbivores

7.1. Occurrence of cyanogenic compounds in arthropods

Arthropods are the only phylum of animals in which biosynthesis or sequestration of cyano-
genic compounds has been shown [15]. Within arthropods, the presence of cyanogenic glu-
cosides appears to be restricted to millipedes (Diplopoda), centipedes (Chilopoda) and three 
orders within the Insecta (Lepidoptera, Coleoptera and Hemiptera) [128]. The Lepidoptera 
and Hemiptera are the only groups containing cyanogenic compounds with aliphatic side 
chains, while in the others groups of arthropods, cyanogenic compounds possess aromatic 
side chains [4, 129]. Among the most intensely studied species, larvae of Z. filipendulae spe-
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cialized on cyanogenic plants are able to de novo biosynthesize cyanogenic glucosides, but 
can also sequester cyanogenic glucosides from their food plants [4, 17, 130] (see Sections 7.2 
and 7.3). Both de novo biosynthesis and sequestration of cyanogenic glucosides have also been 
reported for larvae of Euptoieta hegesia (Lepidoptera:Nymphalidae) based on the detection of 
cyanide after larval feeding on acyanogenic plants and an increase of cyanide formation upon 
transfer to cyanogenic glucoside-defended plants [131]. Species of the genus Heliconius are 
also able to synthesize and to sequester cyanogenic glucosides based on the pattern of com-
pounds detected in the insects relative to those found in the food plants [124, 132]. In contrast 
to lepidopterans, millipedes do not store glycosides, but unglycosylated cyanogens, and do 
not sequester cyanide precursors from their diet as discussed in Ref. [133].

7.2. De novo biosynthesis of cyanogenic compounds in arthropods

First indications for de novo biosynthesis of cyanogenic glucosides in a herbivore came from 
experiments conducted by Jones and coworkers in 1962. They showed that larvae of Z. filipen-
dulae release cyanide upon tissue disruption also when raised on food plants devoid of cya-
nogenic glucosides [109]. Feeding experiments with 13C-labeled valine and isoleucine showed 
the incorporation of the isotope label into linamarin and lotaustralin and thereby provided 
evidence for de novo biosynthesis of cyanogenic glucosides in Z. filipendulae and the butter-
fly Heliconius melpomene (Lepidoptera:Nymphalidae) [132, 134]. The complete biosynthetic 
pathway of cyanogenic glucosides in Z. filipendulae was elucidated in 2011 including pathway 
intermediates and involved enzymes [16, 17, 19, 134, 135]. This revealed high similarity to the 
biosynthesis of cyanogenic glucosides in plants with two cytochrome P450 enzymes catalyz-
ing the conversion of the precursor amino acid to a cyanohydrin via an aldoxime and a glu-
cosyltransferase responsible for the final glycosylation step (see Figure 4). Several butterfly 
species of the Papilionoidae also contain linamarin and, in part, lotaustralin in different life 
stages [128, 132, 136, 137] due to de novo biosynthesis rather than sequestration as the larval 
host plants, in most cases, do not form aliphatic cyanogenic glucosides [4].

Among arthropods, millipedes also contain cyanogenic compounds, namely cyanohydrins 
such as mandelonitrile, and use them as defense against predators as discussed by Shear 
[133]. Synthesis of cyanide and cyanohydrins such as mandelonitrile was demonstrated for 
different species of millipedes using feeding tests with 14C-phenylalanine and further radio-
actively labeled precursors [14, 107, 138]. As this resulted in labeling of phenylacetaldoxime 
and phenylacetonitrile as potential pathway intermediates, a biosynthesis pathway very alike 
the one described in plants and later in insects was proposed [14, 107, 138] (Figure 4). The 
unwanted release of cyanide is prevented by specifically shaped, two chamber glands where 
cyanide precursor and the hydrolyzing enzyme α-hydroxynitrile lyase are stored separately 
[107, 133]. In the α-hydroxynitrile chamber, organic acids generate low pH values to stabilize 
the α-hydroxynitrile [133]. Upon attack by a predator, gland secretions are mixed to generate 
cyanide. This mechanism allows the millipede to liberate cyanide in a controlled way, thereby 
economizing its chemical defense and protecting its own tissue from poisoning.

Although the presence of cyanogenic glucosides and, in part, their de novo biosynthesis has 
been described in selected species of the centipedes [139], millipedes and insects, and these 
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phyla derive from a common ancestor, the absence of cyanogens in most insect species and 
the diversity of cyanogenic glucosides in combination with the long time span since their 
diversion (>390 MYA) [140] indicate that the biosynthetic pathways evolved independently 
in the different phyla [4]. Interestingly, insects biosynthesizing cyanogenic glucosides de novo 
also express both enzymes needed for their degradation and cyanide liberation, β-glucosidase 
and α-hydroxynitrile lyase [141].

7.3. Sequestration of cyanogenic compounds from the food plants

Most data known on sequestration of cyanogenic compounds in insects were generated using 
larvae of Z. filipendulae as a model. Z. filipendulae sequesters the cyanogenic glucosides lina-
marin and lotaustralin from its host plant L. corniculatus as intact glucosides, transports them 
into all tissues and retains them upon metamorphosis where they can be found in all tis-
sues, too, as studies with isotopically labelled linamarin and lotaustralin have shown [142]. 
Interestingly, larvae of Z. filipendulae are also able to sequester the aromatic cyanogenic gluco-
side prunasin which they do not come in contact with naturally [118]. This indicates a versa-
tile transport mechanism [118] and an evolutionary origin from a more general mechanism to 
deal with host plant xenobiotics.

Sequestration of cyanogens has also been shown for gynocardin, a cyclic α-hydroxynitrile 
glucoside, in Acraea horta (Lepidoptera:Nymphalidae) [143] and for sarmentosin, a 
β-hydroxynitrile, in Parnassius phoebus (Lepidoptera:Papilionidae) [144]. Although the lat-
ter compound is not cyanogenic per se, enzymatic catalysis may lead to the liberation of 

Figure 4. Biosynthesis of cyanogenic defense compounds in arthropods. Shown are the most widespread compounds and 
the enzymes characterized or proposed for the corresponding pathway. The biosynthesis of linamarin and lotaustralin 
in Zygaena filipendulae has been completely elucidated [16]. For millipedes, a similar reaction pathway is indicated by 
the reaction intermediates identified so far [14, 107, 138]. Cardiospermin is found in species of the Hemiptera, but its 
biosynthesis pathway is still unknown. Cyanolipids have been proposed as precursors [129].
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cyanide. Alternatively, a function of the intact compound as deterrent against predators is 
discussed [144].

Larvae of the bug Leptocoris isolata (Hemiptera:Serinethinae), but not the adult bugs, were 
shown to contain cyanogenic glucosides such as cardiospermin not present in their host 
plant [129]. However, their host plant produces cyanolipids containing the same aglucone. 
Therefore, it was proposed that this species recruited enzymes of xenobiotic metabolism to 
transform sequestered cyanolipids into cyanogenic glucosides for use in its own defense [129] 
(Figure 4).

7.4. Benefit of cyanogenesis for herbivores

Cyanogenic glucosides derived from de novo biosynthesis and sequestration may play a piv-
otal role in herbivore defense against predators as has been demonstrated with the model spe-
cies Z. filipendulae. Larvae of Z. filipendulae react to aggression such as pricking by release of a 
defensive fluid from their dorsal cavities. This fluid contains, next to the cyanide detoxifica-
tion product β-cyanoalanine, high amounts of the two aliphatic cyanogenic glucosides, lina-
marin and lotaustralin, and, among other proteins, their hydrolysis enzyme, β-glucosidase 
[100, 145]. Thus, cyanogenic glucosides and cyanide are used for deterrence and intoxication 
of potential predators. If whole larvae are ingested by a mammalian predator, another mecha-
nism comes into effect. The larval hemolymph contains high amounts of β-glucosidase inacti-
vated by a high pH value. Upon release of these proteins into the highly acidic environment of 
the predator’s stomach, the β-glucosidase gets activated and cyanogenic glucoside hydrolysis 
leads to cyanide poisoning of the predator (discussed in Ref. [4]).

Nevertheless, cyanide alone is not always efficient for the animal’s defense. It has been shown 
that in millipedes, not cyanide itself but the second product of mandelonitrile hydrolysis, 
benzaldehyde, is repellent to ants [49]. In contrast, for the intact cyanogenic glucoside car-
diospermin a deterrent effect on ants has been shown which could not be observed for any 
cyanogenic glucoside before [129]. Thus, predating insects facing cyanide in their prey may 
have evolved a sensitive perception of substances with stronger odor or taste  usually occur-
ring alongside cyanide [49]. Alternatively, it was proposed that cyanide is the main means of 
defense against vertebrate predators, while benzaldehyde is used to repel arthropod enemies 
[133]. Phylogenetic and physiological data indicate that cyanogenesis as defense strategy has 
been lost and replaced by ancient phenolic defense compounds in some groups among the 
Polydesmida, mainly those unlikely to be targeted by vertebrate predators [133].

Next to their defensive roles, linamarin and lotaustralin are also used as nitrogen sources for 
chitin biosynthesis based on their turnover during metamorphosis [146]. During the forma-
tion of the pupal cuticle, cyanogenic glucosides are a key nitrogen source [146, 147]. However, 
mobilization through β-cyanoalanine synthase and nitrilase/nitrile hydratase leading to the 
formation of asparagine and aspartate similar to plants [148] has not been demonstrated in 
insects so far. The efficient transport of cyanogenic glucosides in Z. filipendulae is nevertheless 
evident based on the occurrence of these compounds in the wings, an organ devoid of any 
biosynthetic activity [146]. The important role of sequestered and de novo-biosynthesized cya-
nogenic glucosides for the defense and metabolism of the lepidopteran specialist Z. filipendu-
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lae was additionally proven by the finding that male adult butterflies transfer the compounds 
to their partners as nuptial gift upon mating [142, 147].

Based on transcriptional and metabolite analyses [149], it has been hypothesized that the bio-
synthesis of cyanogenic glucosides in arthropods is older than their sequestration [149]. The 
biosynthesis is thought to have been constitutive in the ancestors of Zygaena which did not 
live on cyanogenic plants (but on Celastraceae) and were, therefore, not able to receive cya-
nogenic glucosides from their host plants. Upon exploration of cyanogenic plants, the insects’ 
endogenous biosynthesis became inducible as sequestration helped to reduce metabolic costs 
for de novo biosynthesis [149]. Thus, the ability to handle and de novo biosynthesize cyano-
genic glucosides allowed the moths to extend their host plant range and to even exploit the 
newly acquired host plants, cyanogenic glucoside-producing Fabaceae, to conserve energy 
and nutrients otherwise needed for the biosynthesis of these compounds [4, 128].

8. Conclusions and perspectives

The past 15 years have witnessed an enormous progress in our understanding of herbivore 
adaptational mechanisms to plant cyanide defenses and their evolution. A lot of the present 
knowledge has been acquired through the application of state-of-the-art analytical and molec-
ular tools as well as imaging techniques to the model species Z. filipendulae, a well-known 
specialist on cyanide-defended plants which is able to sequester and de novo synthesize cya-
nogenic glucosides. Detailed studies of its feeding mode and gut physiology, the properties 
of its gut β-glucosidase and the evolution of its own biosynthetic pathway for cyanogenic 
glucosides have illuminated the role of cyanogenic glucosides as defenses and nitrogen stor-
age compounds which have shaped coevolutionary relations between herbivores and their 
host plants. The availability of genome and transcriptome data of diverse animal species has 
fueled studies into cyanide detoxification mechanisms in herbivores. Together with mod-
ern analytical techniques, molecular biology has enabled identification of the first animal 
β-cyanoalanine synthases. As an interesting evolutionary background, these studies revealed 
that arthropod β-cyanoalanine synthases have likely been acquired through horizontal gene 
transfer from microbial gut symbionts. Proof of rhodanese activity of putative enzymes from 
arthropod databases still needs to be provided.

Future research will have to extend the present insights by studying a broader range of spe-
cies with respect to their behavioral, physiological and biochemical adaptations to cyanogens. 
Besides the identification and detailed characterization of cyanide detoxification enzymes 
from additional species, transporters involved in cyanogen sequestration will be an interest-
ing target of future investigations. In addition, experimental proof of essential roles of herbi-
vore proteins involved in overcoming plant cyanide defenses might become possible in vivo 
through RNA interference or genome editing. Taken together, studies on herbivore adapta-
tions to plant cyanide defenses are a prime example of the added value of multidisciplinary 
research combining ecology, physiology, biochemistry, systematics and genetics to provide 
insights into coevolution of herbivores and their food plants.
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Abstract

Knowledge on diet selection of different herbivore species under each specific vegetation 
community is essential to develop and apply appropriate management decisions for each 
grazing system in order to, simultaneously, have a more efficient and sustainable utiliza-
tion of pasture resources and the best animal performance level. In this chapter, tradi-
tional and more recent methodologies that can be used for studying diet selection of both 
domestic and wild herbivores are briefly presented, identifying the main advantages 
and limitations of their use. Particular emphasis is given to the utilization of epicuticular 
compounds, namely alkanes, long-chain fatty acids and long-chain alcohols, as faecal 
markers. The validation of their use is presented taking into account studies performed 
with different animal species under controlled conditions. The main advantages and 
shortcomings for their application to field studies with grazing animals are highlighted. 
Data indicate that the combination of these epicuticular compounds seems promising to 
overcome the enumerated constraints, allowing its application to more complex vegeta-
tion communities.

Keywords: diet selection, faecal markers, ruminant species

1. Introduction

The success of the strategies for the management of herbivores grazing on different plant 
communities, driven by production or environmental goals, requires the understanding 
of the processes involved in plant-herbivore interactions and their consequences for both 
plants and herbivores [1]. The plant-herbivore interaction is mutual and dynamic. The 
structure, composition, productivity, nutritive value and distribution of the different plant 
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communities determine the intake and nutritional status of the animals [2, 3]. In turn, the 
herbivores, through grazing, trampling, defecation, urination, etc., affect the dynamics of the 
vegetation community [4, 5]. These interrelationships are specific for each herbivore species 
and each vegetation type and are still poorly understood, leading to the use of less appropri-
ate management strategies for agricultural and other land use objectives [4, 6]. The type (cut-
ting, grazing or a mixed system) and intensity level of management will have a determinant 
role on the evolution of the habitat and on the biodiversity, being extremely important on the 
maintenance of species balance, maturity and nutritive value in plant communities, relating 
the timing and severity of defoliation in relation to patterns of plant growth and maturity, and 
proposed objectives (animal performance, biodiversity, sustainability, etc.).

The understanding of the grazing behaviour, especially diet selection, of different animal spe-
cies under diverse conditions is essential to develop an appropriate grazing strategy for each 
specific situation in order to have a more efficient and sustainable utilization of the exist-
ing vegetation (Figure 1). The different dietary choices between plant species and plant parts 
in a specific vegetation community offered to the grazing animals are the main mechanism 
through which herbivores could increase sward heterogeneity [3, 7]. The diet selected by ani-
mals is constrained by temporal and spatial changes in the sward structure, plant defence 
mechanisms, food availability, plant phenology and animal factors [6, 7], and it differs between 
animal species [6, 8, 9] and also between breeds of cattle [10], sheep [11] and goats [12].

Generally, ruminant species are classified into three feeding types according to morphologi-
cal and physiological adaptations of the digestive system [6, 13–15]: concentrate selectors 
(browsers), intermediate feeders and grass-roughage eaters (grazers). Based on this classifica-
tion, it has been assumed that ruminant grazers, with greater body weight, achieve a higher 
extraction of nutrients from the diet consumed than browsers with low body weight [16]. 
According to Pérez-Barbería et al. [15] and Udén and van Soest [17], this is due to a higher 
extent of digestion of fibre by means of higher food retention in the rumen, larger stomach 
capacity, higher degree of stomach compartmentalization and smaller openings between the 
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rumen and omasum. In contrast, small ruminants would compensate this lower digestion 
capacity by selecting high-quality plant parts such as fruits, pods, young shoots and leaves.

Previous studies [9, 18], carried out in heathland vegetation communities with adjacent 
areas of improved pasture (Lolium perenne and Trifolium repens) (Figure 2) across the graz-
ing season (May–December), indicate an almost total preference for herbaceous species by 
cattle, contrasting with the higher preference for the woody species (Erica spp., Calluna vul-
garis and Ulex gallii) revealed by goats. By contrast, horses and sheep showed an intermedi-
ate behaviour, increasing the selection of the woody species through the grazing season as 
a result of the decrease in the availability of the preferred herbaceous species [18]. These dif-
ferences in the grazing behaviour were reflected in animal performance [19]. This distinct 
behaviour and variable responses of different animal species allow alternative strategies to 
develop viable systems aiming to achieve production and biodiversity outcomes. Therefore, 
the evaluation of diet composition of grazing animals is important for the achievement of 
sustainable management and production systems for each vegetation community.

In this review, we aim to describe several methodologies that are available to assess plant-ani-
mal interactions, with particular relevance to the utilization of epicuticular compounds. The 
main advantages and limitations of each method are also explored, comparing the accuracy 
of diet composition estimates.

2. Techniques used to estimate diet composition in herbivores

Traditional techniques used to estimate diet composition of grazing animals are based either on 
measurements on the plant biomass (the utilization techniques) or on animal-based measurements 
[20], namely the direct observation of the grazing animal and the microhistological examination 

Figure 2. Different herbivore species grazing heathland vegetation communities with adjacent areas of improved pasture 
of the north of Spain.
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of plant fragments in different samples. However, all these techniques have important limitations 
associated with the measurement processes themselves, as the normal foraging behaviour may be 
compromised, and with the accuracy of the estimations [21].

Direct observation of the number of bites and the feeding times spent by the grazing ani-
mals on different plant communities is frequently used. The simplicity and minor equipment 
requirements are pointed out as advantages of this approach. However, as stated by Holechek 
et al. [20], it is extremely difficult to identify the plant species being consumed, especially when 
there is no spatial separation between plant species, and to convert the grazing times or num-
ber of bites to an accurate estimate of the amount of the plant consumed [22], besides being a 
time-consuming approach that is very difficult to accomplish during nocturnal periods.

The microhistological procedures rely on the visual identification of epidermal cuticular frag-
ments in samples of oesophageal extrusa, in a gut compartment or in faeces [20, 21]. Diet com-
position is expressed in terms of the proportion of identifiable fragments coming from each 
plant species. Although microhistological approaches can be valuable to confirm the presence 
or the absence of a particular plant species or plant part in the diet [23], they are tedious to per-
form, require a lot of training of the researchers and involve sacrifice (stomach analysis) and fis-
tulation (oesophageal extrusa) of the animals, unless faecal samples are used. Moreover, in the 
case of using faecal samples, possible differential digestion of the different plant species and the 
large proportion of unidentifiable fragments reduce the accuracy of diet composition estimates.

Another methodology that has been used for studying diet selection of herbivores is the 
near-infrared reflectance spectroscopy of faeces (F.NIRS) [24–27]. This methodology involves 
the association between faecal spectra with that of diets consumed, i.e. measurements of the 
reflectance of light between 700 and 2500 nm (for more details, see Dixon and Coates [28]). 
This spectrum gives a specific signature depending on the presence, character and number of 
important chemical bonds, such as OH, NH and CH [28]. According to Swain and Friend [29], 
one of the major limitations pointed out to NIRS applications (i.e. estimation of feed intake, 
digestibility and diet composition) is the need to have accurate calibration equations based on 
known and estimated nutritional parameters that will obviously vary for each specific situ-
ation (vegetation community). Nevertheless, these authors recognized the usefulness of this 
technique in identifying the presence of a specific feed item.

Results obtained by Ferreira et al. [18] suggest large variation in the spatial choice (i.e. plant 
communities where to graze) between animal species within a day and throughout the graz-
ing season. The nutritive value, availability and the spatial distribution of the feed resources, 
and the distance to water and slope are major factors influencing grazing distribution pat-
terns [30]. Early studies used visual field observations to assess these temporal and spatial 
modifications of rangeland use by both domestic and wild herbivores [30]. The utilization of 
recent available telemetry techniques can help grazing scientists to assess landscape vegeta-
tion preferences of herbivores [29], increasing the number of observed animals and reducing 
significantly the labour and allowing the collection of high-quality and unbiased data over a 
24-h period. Identification of the preferred grazing sites can be accomplished by using telem-
etry devices, as global positioning systems (GPS). These devices are able to fine-scale spatio-
temporal location data [31] with a spatial accuracy of <5 m [32] depending on the telemetry 
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devices. This information together with data on the spatial arrangement of the plant commu-
nities can be used to assess the animals’ patch selection. According to Swain and Friend [29], 
the spatial arrangement of vegetation (number and size of the patches) will determine the 
level of local accuracy needed, i.e. small patches in larger number will need a higher accuracy 
of location data. In a recent study, Thompson et al. [33] used GPS collars to spatially register 
cattle location, and based on this, data were able to assess their activities (grazing, travelling 
or resting) on distinct plant communities of a rangeland, using an algorithm developed to 
classify cattle activity. Hebblewhite and Haydon [31] referred that the high cost of GPS collars 
that depends on its features (i.e. battery size, longevity, programmability, remote data access) 
has led researchers to opt for using fewer GPS units, limiting statistical inference. According 
to these authors, collar failures that could range from 5 to 50% of the units reduce even fur-
ther sample size. In addition to these shortcomings, this method does not allow to quantify or 
estimate diet composition.

Analysis of stable carbon isotopes in animal faeces has also been used to discriminate C3 and 
C4 plants on the diet selected by domestic [31–37] and wild herbivores [38]. This methodology 
is based on differences between plants with different photosynthesis pathways in fraction-
ing of 13C, with C3 plants discriminating more against the heavier isotope 13C in favour of 12C 
than C4 plants. This results in different 13C:12C ratios that are expressed as δ13C relative to the 
13C:12C ratio of the international Vienna Pee Dee Belemnite standard. Using these markers 
De Smet et al. [39] were able to estimate accurately the proportion of C4 plant material in the 
diet analysing stable carbon isotope ratios (δ13C value) in different tissues (blood, plasma, 
liver, kidney fat, hair, muscle and ruminal contents) taken from beef animals at slaughter. 
Nevertheless, Dove and Mayes [21] pointed out some limitations to this technique: (1) limited 
to situations where C4 plants are present, for example, tropical grazing systems; (2) when 
using faecal samples, differential recovery of feeds in faeces may lead to underestimation of 
those of higher digestibility; and (3) possible effect of faecal endogenous carbon on the faecal 
carbon isotope ratio.

Alternatively, plant-wax components, especially alkanes and other wax components, such 
as long-chain alcohols and long-chain fatty acids, have been suggested as possible markers 
to estimate diet composition. The main advantages of using these markers is the fact that for 
their quantification the same analytical procedure is used on samples of the diet components 
and animal faeces, reducing labour and analytical error. Moreover, it provides the necessary 
information for the estimation of diet composition, digestibility and intake for each individ-
ual, therefore accommodating possible differences between individuals [21].

3. Epicuticular compounds

The aerial surfaces of most higher plants are covered by a layer of (epicuticular) wax that is 
a complex mixture of hydrophobic compounds such as long-chain fatty acids, aldehydes, 
alcohols, triterpenes, sterols, ketones, esters, flavonoids and alkanes [40]. According to Dove 
and Mayes [41], the chemical composition of this layer varies within plant species and plant 
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parts, with leaves and floral parts tending to present higher wax concentrations than stems 
[21]. This layer has multiple functions, being the first line of protection between plants and the 
environment, acting as hydrophobic barriers, limiting nonstomatal water loss, and may con-
stitute a defence mechanism against bacterial and fungal pathogens and other stress agents 
[40]. According to Eigenbrode and Espelie [42], it also plays an important role in the plant-
insect interactions, repelling or attracting them.

Although the first studies on the possible use of epicuticular compounds as faecal markers 
were carried out with long-chain fatty acids (LCFAs) by Body and Hansen [43] and Grace 
and Body [44], alkanes are the ones most widely studied and applied in field studies due to 
their relative inertness and simplicity of analysis [21]. Alkanes present in the epicuticular 
mixture differ in carbon-chain length, varying from 21 to 37 carbon atoms [45]; those with 
odd number of carbon atoms represent more than 90% of the total content. Generally, the 
most abundant are the n-nonacosane (C29), n-untriacontane (C31) and n-tritriacontane (C33) 
[22, 45]. The alkanes with less than 25 and more than 35 carbon atoms are present in very 
low concentrations. The alkane content varies between plant species (Table 1), plant parts 
and even cultivars of the same species [46, 47], plant stages of maturity and climatic con-
ditions. In general, most of the herbaceous species, especially tropical forage species [48, 
49], but also some shrub species (e.g. U. gallii, [50]), are known to possess very low alkane 
concentrations.

As can be observed in Table 1, differences in the alkane profiles between plant species occur 
in terms of absolute concentrations and relative proportions of the individual alkanes in 
the total content. Dove et al. [47] studied the effect of the plant species, age and part of the 
plant on the alkane profiles of different pasture species (Phalaris aquatica, L. perenne, T. repens, 
Trifolium subterraneum subsp. subterraneum, T. subterraneum subsp. yanninicum and Medicago 
sativa) and observed that species explained 85% and date of harvest only 6% of total varia-
tion. Differences in the alkane content between plant parts in the same pasture species were 
observed by Dove et al. [47]. Higher concentrations were found in the leaf than in the stem 
fraction. Also, much higher concentrations presented by the inflorescence of the perennial 
ryegrass (L. perenne) and by the flower of the white clover (T. repens) should be pointed out 
[47]. Less evident is the effect of age/stage of development in the alkane content of plant 
species. As stated above, the influence of the harvest date on the alkane content of the plant 
species studied by Dove et al. [47] accounted for only 5.7% of total variance. The results 
obtained by Oliveira et al. [57] indicate a decrease with age in the concentrations of C33 and 
C35 of hays of Pennisetum purpureum (C33 r = −0.97; C35 r = −0.99). Similar results were obtained 
by Laredo et al. [48] in leaves of Pennisetum glaucum (C33 r = −0.81; C35 r = −0.85) and Sorghum 
sp. (C33 r = −0.96; C35 r = −0.95) as age increased. However, opposite results were obtained 
by Smith et al. [58] when evaluating the effect of season of harvest on alkane concentrations 
of 40 common rangeland grasses found in Southern Africa. These authors did not observe 
a significant change in alkane concentrations either in leaf or stem components of the plant 
species between dry and wet seasons, suggesting that differences in alkane concentrations 
in whole plant samples could result from differences in the proportions of plant parts that 
present different alkane patterns.
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Other epicuticular compounds, namely long-chain fatty alcohols (LCFAs) [59–63] and LCOH 
[53, 64–66], have also been suggested as possible diet composition markers. Also, alkenes 
(unsaturated aliphatic hydrocarbons) were tested with success by Dove and Oliván [67] to 
estimate diet composition of sheep fed with different proportions of chaffed perennial rye-
grass and unpelleted sunflower meal labelled with beeswax. These epicuticular compounds 
have the advantage over any other possible markers as the separation and quantification of 
these wax components can be an extension of the alkane procedure, not adding much more 
analytical work [59].

Species n-Alkanes (mg/kg DM) References

C25 C26 C27 C28 C29 C30 C31 C32 C33

Lolium perenne 20.0 5.2 40.2 12.7 178.0 18.8 274.0 12.0 115.4 [50]

Lolium multiflorum 33.5 5.4 56.6 8.6 150.8 13.1 181.6 5.1 23.7 [51]

Lolium rigidum 17.2 7.6 51.0 17.7 254.0 22.9 411.0 – 7.6 [52]

Festuca arundinacea 23.6 3.2 42.3 7.6 129.3 12.1 215.7 6.8 58.7 [53]

Holcus lanatus 133.6 15.8 111.5 21.8 225.3 23.8 178.0 12.0 47.2 [51]

Phalaris aquatica 10.7 4.2 8.4 3.8 14.2 3.8 22.2 – 7.6 [52]

Nardus stricta 19.9 5.0 73.1 18.1 535.9 26.3 647.9 17.5 243.5 [54]

Leymus chinensis 3.0 2.0 11.0 4.0 26.0 4.0 57.0 2.0 15.0 [55]

Leymus dasystachys 10.0 4.0 28.0 4.0 47.0 4.0 46.0 2.0 12.0 [55]

Elymus sibiricum 8.0 2.0 16.0 4.0 114.0 7.0 185.0 4.0 25.0 [55]

Trifolium repens 16.4 3.8 38.2 11.3 170.0 16.6 206.9 7.3 22.2 [50]

Trifolium striatum 10.0 4.0 48.2 30.0 989.9 22.5 68.1 5.1 7.9 [53]

Trifolium arvensis 30.2 9.2 122.7 33.9 915.2 40.7 314.2 20.9 32.5 [51]

Trifolium subterraneum 4.9 4.7 52.3 18.1 361.0 10.9 80.8 – 6.0 [52]

Vicia sativa 15.8 3.7 67.0 12.3 204.2 16.3 502.8 15.1 29.7 [51]

Ornithopus compressus 17.4 5.3 40.3 9.7 570.1 8.4 60.8 1.1 10.7 [51]

Ulex gallii 4.7 3.1 38.5 11.1 111.2 18.5 269.5 7.3 9.6 [50]

Calluna vulgaris 15.8 9.9 75.4 26.6 289.9 35.1 939.8 58.8 685.5 [54]

Erica cinerea 18.0 7.1 45.1 12.9 215.6 38.7 1196.7 59.4 493.4 [54]

Erica umbellata 17.6 7.7 51.2 12.9 239.7 30.9 580.6 35.9 235.7 [54]

Erica arborea 14.5 4.6 67.8 21.4 408.7 93.7 1625.8 133.9 662.2 [50]

Erica tetralix 7.0 5.0 50.0 18.0 926.0 45.0 1838.0 46.0 687.0 [56]

Vaccinium myrtillus 13.0 10.0 45.0 42.0 151.0 33.0 201.0 11.0 46.0 [56]

Table 1. Alkane concentrations (mg/kg DM) of several herbaceous and shrub plant species.
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It should be noted that, as stated by Dove and Mayes [21], all studies have been based on total 
LCFA and LCOH concentrations (i.e. free plus esterified LCFA and LCOH), as a result of the cleav-
age of wax esters promoted by the saponification of samples with ethanolic KOH (1 M) in the 
extraction process. The LCFAs present in the epicuticular waxes are mainly mixtures of straight-
chain saturated compounds [41] with an even number of carbons (Table 2). Within the LCFA that 
can be detected in animal faeces, those with carbon-chain lengths between C22 and C34 are suitable 
for diet composition estimation as they are exclusively associated with plant epicuticular waxes 
and present high recovery in animal faeces [41, 60]. Various studies have shown clear differences 
in the LCFA profiles between different plant species [41, 60–63, 68, 69], making them useful as diet 
composition markers. In general, individual and total LCFA concentrations of plant species are 
much higher than those found for the alkanes, especially for the herbaceous species [60, 62]. In fact, 
Ferreira et al. [60] and Lin et al. [69] observed that the majority of LCFAs with even-chain length 
in herbaceous species have concentrations above 100 mg/kg DM, whereas only a few alkanes 
exceeded this value. Also, Ali et al. [68] and Lin et al. [69] found total LCFA concentrations that 
were in average 10 times greater than the total alkane concentrations of 25 different rangeland 
species from Sudan and native Chinese grass species (Leymus chinensis, Leymus dasystachys and 
Elymus sibiricum), respectively. As also found for alkanes, differences between plant parts can also 
be observed in their LCFA profiles. Although there is limited information on possible differences 
between plant parts in their LCFA profiles, results obtained by Ferreira et al. [60] indicated a trend 
for the leaf/stem fraction of L. perenne to present higher concentrations on the longer (>25 carbon 
atoms) LCFA than the inflorescence fraction.

Species Even-chain fatty acids (mg/kg DM) References

C20-acid C22-acid C24-acid C26-acid C28-acid C30-acid C32-acid C34-acid

Lolium perenne – 514.3 381.9 559.2 396.3 287.1 128.2 32.2 [60]

Leymus chinensis 212.0 247.0 322.0 91.0 159.0 152.0 144.0 – [69]

Leymus dasystachys 207.0 346.0 229.0 171.0 338.0 191.0 55.0 – [69]

Elymus sibiricum 196.0 257.0 217.0 169.0 165.0 114.0 55.0 – [69]

Trifolium repens – 612.9 715.8 607.9 792.4 440.4 64.7 1.2 [60]

Ulex gallii – 447.2 308.9 128.0 114.1 133.9 25.5 0.2 [60]

Agrostis-Poa1 – 324.2 249.5 522.6 195.9 156.7 97.6 42.3 [63]

Poa spp.2 – 236.1 156.7 366.6 120.1 45.3 24.0 6.5 [63]

Heather3 – 549.9 485.6 482.7 550.0 432.8 394.3 105.7 [63]

Calluna vulgaris 148.0 347.0 255.0 195.0 199.0 168.0 6.0 31.0 [68]

Erica arborea – 645.2 292.7 215.0 434.1 782.9 528.7 138.5 [60]

Vaccinium myrtillus 211.0 179.0 140.0 128.0 325.0 1132.0 176.0 6.0 [68]

1Leaf fractions.
2Flowerstem fractions.
3Composed of Erica umbellata (0.76), Erica cinerea (0.16) and Calluna vulgaris (0.08).

Table 2. Even-chain fatty acid concentrations (mg/kg DM) of several herbaceous and shrub plant species.
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and present high recovery in animal faeces [41, 60]. Various studies have shown clear differences 
in the LCFA profiles between different plant species [41, 60–63, 68, 69], making them useful as diet 
composition markers. In general, individual and total LCFA concentrations of plant species are 
much higher than those found for the alkanes, especially for the herbaceous species [60, 62]. In fact, 
Ferreira et al. [60] and Lin et al. [69] observed that the majority of LCFAs with even-chain length 
in herbaceous species have concentrations above 100 mg/kg DM, whereas only a few alkanes 
exceeded this value. Also, Ali et al. [68] and Lin et al. [69] found total LCFA concentrations that 
were in average 10 times greater than the total alkane concentrations of 25 different rangeland 
species from Sudan and native Chinese grass species (Leymus chinensis, Leymus dasystachys and 
Elymus sibiricum), respectively. As also found for alkanes, differences between plant parts can also 
be observed in their LCFA profiles. Although there is limited information on possible differences 
between plant parts in their LCFA profiles, results obtained by Ferreira et al. [60] indicated a trend 
for the leaf/stem fraction of L. perenne to present higher concentrations on the longer (>25 carbon 
atoms) LCFA than the inflorescence fraction.

Species Even-chain fatty acids (mg/kg DM) References

C20-acid C22-acid C24-acid C26-acid C28-acid C30-acid C32-acid C34-acid

Lolium perenne – 514.3 381.9 559.2 396.3 287.1 128.2 32.2 [60]

Leymus chinensis 212.0 247.0 322.0 91.0 159.0 152.0 144.0 – [69]

Leymus dasystachys 207.0 346.0 229.0 171.0 338.0 191.0 55.0 – [69]

Elymus sibiricum 196.0 257.0 217.0 169.0 165.0 114.0 55.0 – [69]

Trifolium repens – 612.9 715.8 607.9 792.4 440.4 64.7 1.2 [60]

Ulex gallii – 447.2 308.9 128.0 114.1 133.9 25.5 0.2 [60]

Agrostis-Poa1 – 324.2 249.5 522.6 195.9 156.7 97.6 42.3 [63]

Poa spp.2 – 236.1 156.7 366.6 120.1 45.3 24.0 6.5 [63]

Heather3 – 549.9 485.6 482.7 550.0 432.8 394.3 105.7 [63]

Calluna vulgaris 148.0 347.0 255.0 195.0 199.0 168.0 6.0 31.0 [68]

Erica arborea – 645.2 292.7 215.0 434.1 782.9 528.7 138.5 [60]

Vaccinium myrtillus 211.0 179.0 140.0 128.0 325.0 1132.0 176.0 6.0 [68]

1Leaf fractions.
2Flowerstem fractions.
3Composed of Erica umbellata (0.76), Erica cinerea (0.16) and Calluna vulgaris (0.08).

Table 2. Even-chain fatty acid concentrations (mg/kg DM) of several herbaceous and shrub plant species.
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Similarly to the LCFA, free LCOHs found in epicuticular wax of plant species are straight-chain 
saturated compounds with an even number of carbons within the same range of carbon-chain 
length referred to the LCFA (C20–C34) (Table 3). They are mainly primary alcohols, although 
many conifers present high concentrations of the odd-chain secondary alcohol 10-nonacosanol 
(C29) [41]. As observed for the other epicuticular markers, LCOH profiles vary among plant spe-
cies [52, 64, 65, 68, 69]. Generally, grass species are characterized by very high concentrations in 
C26 and C28 alcohols [52, 53, 64, 68], whilst C30 alcohol can be detected in large amounts in legumes 
[52, 64]. In general, total LCOH concentrations are within those of alkanes and LCFA, although 
Lin et al. [55, 69] reported a predominance of LCOH over the LCFA in L. chinensis, L. dasystachys, 
E. sibiricum, Stipa baicalensis, Stipa grandis and Cleistogenes squarrosa. As also found for the alkanes 
and LCFA, results suggest clear differences between vegetative and reproductive parts of her-
baceous species. In fact, Ferreira et al. [64] indicated that the reproductive parts of L. perenne are 
characterized by having higher proportions of shorter LCOH than the vegetative tissues.

4. Application of epicuticular compounds as biomarkers

The differences in the profiles of the epicuticular compounds mentioned above can be explored 
to estimate the proportions of different plant species and plant parts in different samples, 

Species Even-chain alcohols (mg/kg DM) References

1-C20-ol 1-C22-ol 1-C24-ol 1-C26-ol 1-C28-ol 1-C30-ol 1-C32-ol

Lolium perenne 47.3 61.5 162.5 2159.6 517.4 149.0 54.8 [64]

Lolium rigidum – 12.3 60.0 1751.0 363.5 176.1 – [52]

Festuca arundinacea – – 26.8 638.8 100.5 58.0 – [53]

Phalaris aquatica – 14.6 37.8 2813.0 134.9 65.3 – [52]

Leymus chinensis 0 21.0 73.0 361.0 846.0 252.0 116.0 [69]

Leymus dasystachys 9.0 28.0 142.0 3815.0 4418.0 442.0 70.0 [69]

Elymus sibiricum 11.0 14.0 126.0 2374.0 185.0 50.0 0 [69]

Trifolium repens 26.5 35.6 45.7 415.3 167.7 1077.5 84.9 [64]

Trifolium striatum – – 37.0 214.4 443.5 1259.3 – [58]

Trifolium subterraneum – 23.7 240.5 503.9 369.9 2141.0 – [53]

Ulex gallii 30.8 81.7 189.1 120.1 133.4 111.7 153.9 [64]

Calluna vulgaris 221.0 1190.0 474.0 203.0 450.0 829.0 – [56]

Erica arborea 157.9 315.0 210.8 120.8 206.0 262.1 46.1 [64]

Erica tetralix 62.0 560.0 1124.0 1015.0 1496.0 4465.0 – [56]

Vaccinium myrtillus 271.0 511.0 362.0 334.0 383.0 931.0 – [56]

Table 3. Even-chain alcohol concentrations (mg/kg DM) of several herbaceous and shrub plant species.
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such as herbage mixtures [70]; extrusa from oesophageal-fistulated animals [71] or faeces of 
sheep [52, 61, 65, 69, 72–75], goats [50, 60, 64, 76], cattle [62, 63, 66, 76, 77] and horses [62, 66, 
77]. The principle of the application of the technique is simple and relies on the comparison of 
marker concentrations in a mixture (extrusa, digesta or faeces) and in diet components, plant 
species and/or plant parts that contribute (or could contribute) to that mixture. The compari-
son of the marker profiles can be made using different calculation procedures. It should be 
pointed out that more important than choosing the calculation procedure used, it is necessary 
to ensure that the information used (marker profiles of the possible diet components and the 
resultant mixture—faeces) is as accurate as possible.

Dove [70] proposed the utilization of simultaneous equations to estimate the proportions of 
the possible diet components when using alkanes as diet composition markers. In order to 
obtain unique solutions, the number of markers used is equal to the number of diet compo-
nents and to the number of equations created [22]. The result of the equations indicates the 
amounts of the different diet components necessary to produce 1 kg of faeces, making pos-
sible to estimate the digestibility of the estimated diet. According to Dove and Mayes [78], this 
calculation procedure can be used in simple dietary mixtures, being more difficult to compute 
in complex mixtures. The main limitation of this procedure is in situations where there are 
more markers than the possible diet components, being necessary to select the markers to be 
used in the calculations. This selection involves arbitrary choices of the markers and the loss 
of information provided by the markers which were not used in the calculations. Moreover, 
this procedure may occasionally produce meaningless biological results as negative propor-
tions of the diet components considered in the calculations.

In order to surpass these limitations, least-squares optimization methods can be applied, for 
which several algorithms have been developed [71, 79–81]. These calculation methodologies 
allow us to accommodate concentrations of different marker types (alkanes, LCFA, LCOH). 
The solution achieved by these algorithms attempts to minimize the squared deviations 
between the observed (O) marker concentrations in faeces and the concentration profile (E) 
arising from the diet composition estimate [21]:
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where x, y and z are the proportions of components A, B and C in the diet; Fi, Ai, Bi and Ci are 
the concentrations of alkane i in faeces and diet components A, B and C; Fj, Aj, Bj and Cj are the 
concentrations of LCOH j in faeces and diet components A, B and C; Fk, Ak, Bk and Ck are the 
concentrations of LCFA k in faeces and diet components A, B and C; Ft, At, Bt and Ct are 
total alkane concentrations in faeces and diet components A, B and C; Fu, Au, Bu and Cu are 
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the concentrations of alkane i in faeces and diet components A, B and C; Fj, Aj, Bj and Cj are the 
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total LCOH concentrations in faeces and diet components A, B and C; Fv, Av, Bv and Cv 
are total LCFA concentrations in faeces and diet components A, B and C. It is possible to express 
the individual marker concentrations in the feeds and faeces as absolute concentrations (Eq. 
(1)) or as proportions of the total concentration (Eq. (2)). The advantage of using concentrations 
instead of proportions is that x, y and z estimates using Eq. (1) are the amounts which will result 
in 1 kg of faeces. Thus, this information can be used to obtain an estimate of diet digestibility as

  Dry matter digestibility =   
 (x + y + z + …)  − 1

  __________   (x + y + z + …)     (3)

5. Major constraints to the application of biomarkers in herbivory studies

As stressed by Dove and Mayes [21], it is important to ensure that the information used in both 
sides of Eqs. (1) and (2) (marker patterns of diet components and animal faeces) is as accurate 
as possible. An important source of error, often forgotten by researchers when applying the 
epicuticular markers to estimate diet selection in grazing studies, is the representativeness of 
the hand-collected samples of the vegetation components, in terms of marker profiles. This 
task can be difficult to accomplish as there can be significant variations in the marker profiles 
between plant species and plant parts within a specific plant species, as mentioned earlier. 
Other aspects requiring special attention are the continuous modification of each vegetation 
component available in the pasture, the relationship between plant parts and its stage of matu-
rity and, consequently, their marker patterns. For this reason, it is recommended to collect 
samples of the plant species corresponding to each measuring period. Another important con-
straint associated with feeds/plant species is their very low marker concentrations. For exam-
ple, herbaceous species (L. perenne, T. repens, Pseudarrhenatherum longifolium, Agrostis capillaris, 
[82] and P. aquatica [83]) and some shrub species (U. gallii [82]) are characterized by having low 
alkane concentrations and, for that reason, are more prone to analytical errors. Ferreira et al. 
[60] suggested that in these situations other marker types (e.g. LCFA or LCOH) should be used.

An additional concern is the collection of representative samples of faeces in terms of marker 
profiles. As occurs with other types of markers, the variation within and between days in the 
faecal concentrations can limit the utilization of this technique. In general, this variation is 
observed for dosed even-chain alkanes that are used for intake estimation [49, 84–91] due to 
their tendency to be associated with the liquid phase of the digesta. For that reason, an adap-
tation period of 5 days for the synthetic alkanes to reach a steady-state excretion pattern in 
animal faeces is generally suggested [21]. Regarding the natural markers, in grazing studies 
it is likely the existence of variation in the diet selected by the animals and, consequently, in 
feed intake, digestibility and faecal output from day to day [78]. For this reason, these authors 
suggest a sampling period of 5–7 days to obtain a more representative sample of faeces.

An assumption inherent to the application of the epicuticular compounds as diet composition 
markers is that they are totally recovered in the faeces. The results obtained in metabolic crate 
studies clearly indicate an incomplete recovery of alkanes [21, 73, 76], LCFA [59–63] and LCOH 
[52, 59, 64–66, 69] in the faeces of ruminant species (Figure 3), suggesting a close association 
between the length of the carbon chain of markers and its faecal recovery. Generally, results 
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suggest a higher faecal recovery in the LCOH than in alkanes and LCFA [59, 64]. This is possibly 
related to the different location of these compounds in the wax layer (i.e. alkanes in greater con-
centrations in the epicuticular layer, whilst primary alcohols are found in greater concentrations 

Figure 3. Effect of carbon-chain length on the faecal recovery (%) of alkanes [94], long-chain fatty acids (LFCA) and long-
chain alcohols (LCOH) observed in ruminant species.
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in the intracuticular wax [92] that could interfere with the efficiency of the extraction of these 
compounds and/or their absorption in the ruminants’ digestive tract [65, 69, 93].

In several studies, the relationship between carbon-chain length and faecal recovery is better 
described by curvilinear functions for alkanes [60, 83, 93], LCFA [60, 61] and LCOH [65] as a result 
of the decrease in the difference of faecal recovery of markers with adjacent carbon-chain length 
with increasing carbon-chain length. By contrast, other studies have reported a linear associa-
tion between carbon-chain length and faecal recovery in alkanes [75, 76, 96] and LCOH [64]. It 
seems that the association is dependent on the feeds/plant species comprising the diets and has 
an important effect on the accuracy of diet composition estimates on ruminant species. In fact, if 
uncorrected marker faecal concentrations are used in the calculations (Eq. (1) or (2)), estimates of 
diet composition will be biased towards those feeds/plant species with a predominance of longer 
carbon-chain length markers that have higher faecal recovery rates. For that reason, a suitable 
correction of marker faecal concentrations for incomplete faecal recovery, before applying them 
for diet composition estimation in grazing animals is generally suggested. Nevertheless, in situ-
ations where feeds/plant species do not have any chain-length bias, the effect of the recovery 
correction has little effect on the accuracy of diet composition estimates [60].

Data on marker faecal recoveries can be obtained in metabolic cage studies with animals fed 
on different mixtures of feeds/plant species that are available for each specific situation. It 
should be noted that in complex situations in terms of number of possible diet components, 
it will be difficult to decide which combination of plant species and/or plant parts will reflect 
the diet selected by each different animal species. For alkanes, Dove and Mayes [21] suggested 
another option that consists of dosing a range of synthetic even-chain alkanes and collecting 
the total faecal production by wearing faeces bags and calculating the faecal recoveries of 
natural odd-chain alkanes by interpolation. Nevertheless, it has been found that the synthetic 
dosed alkanes may have higher recoveries than those expected from interpolation of adjacent 
natural odd-chain alkanes [82, 87, 98].

For non-ruminant species such as horses [97, 99–102], pigs [103, 104], mountain hares [105] 
and pigeons [106], marker faecal recoveries seem to be unrelated to their carbon-chain length 
(Figure 4), indicating that these markers behave differently in the digestive tract of ruminants 
and non-ruminants, especially those with lower carbon-chain length. In fact, the comparison 
of faecal recovery data between ruminant and non-ruminant species for alkanes [77], LCFA 
[62] and LCOH [66] indicates a greater disappearance of the shorter markers in the gut of 
ruminants than in non-ruminants. The site and the mechanisms underlying marker losses in 
the animal gastrointestinal tract are still far from being completely elucidated. Earlier studies 
undertaken by Mayes et al. [107] suggested that the disappearance of the dosed alkanes C28, 
C32 and C36 occurred mainly in the small intestine in sheep. More recently, Keli et al. [25] also 
suggested that alkane disappearance should mainly occur in the small intestine as they were 
not be able to find evidences of rumen microorganisms’ capability to synthesize or metabolize 
alkanes in in vitro conditions. By contrast, Ohajuruka and Palmquist [108] found that the loss 
of dosed C32 alkane in dairy cows occurs mainly in the rumen.

The lack of a clear relationship between the carbon-chain length of the epicuticular com-
pounds and their faecal recovery in non-ruminant species has an important effect on diet 
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composition estimates. In fact, Ferreira et al. [77] were not be able to observe an increase in the 
accuracy of diet composition estimates in horses when alkane faecal concentrations corrected 
for their incomplete recovery were used. This lower dependence of markers for a suitable 
faecal recovery correction was also found in LCOH and LCFA by López López et al. [66] and 
Ferreira et al. [62], respectively, although in their cases a linear association between carbon-
chain length and faecal recovery was observed. These results indicate that, for this animal spe-
cies, accurate estimates of diet composition can be obtained even when raw data of the faecal 

Figure 4. Effect of carbon-chain length on the faecal recovery (%) of alkanes [109–111], long-chain fatty acids (LFCA) and 
long-chain alcohols (LCOH) observed in non-ruminant species.
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concentrations of these epicuticular compounds (i.e. without previous corrections of the faecal 
concentrations) are used.

Another important constraint that limits a wider applicability of epicuticular compounds as 
markers in grazing studies is that their faecal recovery may depend on the diet composition, 
compelling researchers to calculate faecal recoveries for each specific situation (i.e. diet com-
position), making it impossible to use recovery data available in literature. This effect was 
observed in several studies performed with alkanes [50, 83], LCOH [64, 65, 69] and LCFA 
[60, 61, 69], whilst others were not be able to detect it [52, 73, 76, 96]. According to some 
authors [64, 69, 96], this inconsistency may be due to the particular plant species comprising 
the diets. Lin et al. [69, 75], using sheep fed distinct grass species (E. sibiricum, L. chinensis or 
L. dasystachys) obtained different faecal recoveries of LCOH, LCFA and alkanes. According 
to the same authors, these results could be explained by differences among plant species in 
their plant cuticular wax morphology, influencing the level of extraction and the absorption 
of these compounds in the digestive tract of animals. Diet digestibility may also explain these 
differences in the faecal recovery of the epicuticular compounds among different diets. In fact, 
a general tendency for higher faecal recoveries of alkanes [50, 74, 112] and LCOH [64] in diets 
with lower digestibility was observed. Lower accessibility to the cuticular waxes of those feeds 
as a result of a higher association of cuticle with cell wall components [113] may explain the 
lower availability of epicuticular compounds to be absorbed in the digestive tract of animals.

The first epicuticular compounds suggested as diet composition markers were the alkanes [45], 
and the limited number of components (e.g. plant species and/or plant parts) that can be dis-
criminated in the diet that is restricted to the number of n-alkanes available was soon recog-
nized. The number of alkanes available for diet composition calculations is generally limited to 
9 (C25–C33), due to the higher potential analytical error associated with those of very low concen-
trations both in plants and in faeces, which may contribute to the discrepancy in sum of squares 
in the calculation method [78, 95]. Moreover, it is accepted that the increase of the number of diet 
components to be discriminated will likely result in less accurate diet composition estimates, as 
it increases the likelihood that an observed alkane pattern in faeces may result from different 
combinations of diet components [21]. To overcome these limitations, a possible approach to 
obtain reliable diet composition estimates is to increase the number of ‘discriminators’ by com-
bining the use of alkanes with other plant-wax markers, such as alkenes [67], LCOH [52, 53, 64, 
69] and LCFA [59–63]. According to Bugalho et al. [53], combination of markers should only be 
performed when additional discriminatory information is provided. Combination of different 
marker types may improve the accuracy of diet composition estimates as markers with greater 
concentrations, less prone to analytical error, can be selected in situations where the possible 
dietary feed items have similar alkane profiles. Moreover, it is likely that the use of a greater 
number of markers provides a more specific ‘fingerprint’ for a particular plant component [60]. 
This is also very important even when the number of plant species to be discriminated is low, 
but they present high similarities in alkane profiles, making it difficult to discriminate them.

In several studies, it was possible to observe an increase in the accuracy of diet composition estimates 
when combining two [52, 60, 114] or three marker types [64–66, 68, 69]. It should be pointed out that 
the combination of epicuticular compounds does not necessarily result in more accurate estimates 
of diet composition [21, 53]. For example, Vargas-Jurado et al. [115] did not observe an improve-
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ment of the predictions of the composition of mixtures of tall fescue (Festuca arundinacea) and red 
clover (Trifolium pratense) when LCOH was combined with alkanes. Nevertheless, results obtained 
by Ferreira et al. [60, 64, 65] suggest that the combination of markers reduce their dependence on 
accurate faecal-correction data for an accurate diet composition estimation as more specific finger-
prints of each plant species are achieved, increasing their ability to discriminate them.

Another approach that is suggested when the number of possible diet components is high is 
to decrease the number of possible diet components by pooling the available plant species 
into groups [81, 116]. These groups are formed by plant species with similar marker profiles, 
based on multivariate statistical analysis, that are then treated as dietary components in the 
calculations. One aspect that needs particular attention is the fact that the accuracy of diet 
composition estimates can be influenced by different availability or selectivity levels of some 
plant species within each group, especially if the marker profile of a particular plant species 
is distinct from the mean marker profile of the group in which that species is included [51]. 
As pointed out by Ferreira et al. [116], feeding selectivity effect will depend on the particular 
species that could be selected within the group and on the similarity in the marker profile of 
the plant species of the dietary group. Bugalho et al. [51] did not found any feeding selectiv-
ity effect within a group of 19 herbaceous species on diet composition estimates of red deer. 
Similar results were observed by Ferreira et al. [116] when applying different levels of feeding 
selectivity to a dietary group formed by heather species (C. vulgaris, Erica cinerea, Erica umbel-
lata and Erica australis) with similar alkane profile. By contrast, when the same procedure was 
applied to a dietary group formed by three grass species (L. perenne, P. longifolium and A. 
capillaris), significant modifications of the proportions of each dietary group were observed. A 
decrease in feeding selectivity effect can be achieved by the formation of more uniform dietary 
groups in terms of marker profiles. However, Ferreira et al. [63] observed higher levels of accu-
racy of diet composition estimates when considering all plant species that animals had at their 
disposal compared to its grouping according to the similarity of alkane and LCFA profiles.

The exclusion of plant species based on preliminary information is another approach suggested 
by Dove and Mayes [21] to reduce the number of possible diet components. The observation of 
the animals’ feeding behaviour, plant-derived data or information based on other methodolo-
gies that indicate the rejection of a particular plant species and/or vegetation community, can 
help the researcher to use more accurate data on the plant species that should be considered in 
the calculations.

The utilization/combination of different types of markers has also advantages in less com-
plex plant communities (i.e. lower number of plant species to be discriminated), by giving 
the opportunity to the researcher to choose those with higher concentrations less prone to 
measurement errors in their analytical determination [21]. According to Charmley and Dove 
[83] and Ferreira et al. [60, 61], the utilization of markers with low concentrations can turn 
discrimination of plant species more difficult and may result in less accurate estimates of diet 
composition. In fact, Oliván et al. [82] attributed the difficulties in distinguishing three grass 
species (L. perenne, P. longifolium and A. capillaris) and gorse to their low alkane concentra-
tions. Also, Charmley and Dove [83] had difficulties in obtaining accurate estimates of diet 
composition when P. aquatica (plant species characterized by very low alkane concentrations) 
was a component of diets fed to sheep. In our opinion, the exclusion of markers based on their 
low concentrations should be performed with caution as, in some situations, they may dis-
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ment of the predictions of the composition of mixtures of tall fescue (Festuca arundinacea) and red 
clover (Trifolium pratense) when LCOH was combined with alkanes. Nevertheless, results obtained 
by Ferreira et al. [60, 64, 65] suggest that the combination of markers reduce their dependence on 
accurate faecal-correction data for an accurate diet composition estimation as more specific finger-
prints of each plant species are achieved, increasing their ability to discriminate them.

Another approach that is suggested when the number of possible diet components is high is 
to decrease the number of possible diet components by pooling the available plant species 
into groups [81, 116]. These groups are formed by plant species with similar marker profiles, 
based on multivariate statistical analysis, that are then treated as dietary components in the 
calculations. One aspect that needs particular attention is the fact that the accuracy of diet 
composition estimates can be influenced by different availability or selectivity levels of some 
plant species within each group, especially if the marker profile of a particular plant species 
is distinct from the mean marker profile of the group in which that species is included [51]. 
As pointed out by Ferreira et al. [116], feeding selectivity effect will depend on the particular 
species that could be selected within the group and on the similarity in the marker profile of 
the plant species of the dietary group. Bugalho et al. [51] did not found any feeding selectiv-
ity effect within a group of 19 herbaceous species on diet composition estimates of red deer. 
Similar results were observed by Ferreira et al. [116] when applying different levels of feeding 
selectivity to a dietary group formed by heather species (C. vulgaris, Erica cinerea, Erica umbel-
lata and Erica australis) with similar alkane profile. By contrast, when the same procedure was 
applied to a dietary group formed by three grass species (L. perenne, P. longifolium and A. 
capillaris), significant modifications of the proportions of each dietary group were observed. A 
decrease in feeding selectivity effect can be achieved by the formation of more uniform dietary 
groups in terms of marker profiles. However, Ferreira et al. [63] observed higher levels of accu-
racy of diet composition estimates when considering all plant species that animals had at their 
disposal compared to its grouping according to the similarity of alkane and LCFA profiles.

The exclusion of plant species based on preliminary information is another approach suggested 
by Dove and Mayes [21] to reduce the number of possible diet components. The observation of 
the animals’ feeding behaviour, plant-derived data or information based on other methodolo-
gies that indicate the rejection of a particular plant species and/or vegetation community, can 
help the researcher to use more accurate data on the plant species that should be considered in 
the calculations.

The utilization/combination of different types of markers has also advantages in less com-
plex plant communities (i.e. lower number of plant species to be discriminated), by giving 
the opportunity to the researcher to choose those with higher concentrations less prone to 
measurement errors in their analytical determination [21]. According to Charmley and Dove 
[83] and Ferreira et al. [60, 61], the utilization of markers with low concentrations can turn 
discrimination of plant species more difficult and may result in less accurate estimates of diet 
composition. In fact, Oliván et al. [82] attributed the difficulties in distinguishing three grass 
species (L. perenne, P. longifolium and A. capillaris) and gorse to their low alkane concentra-
tions. Also, Charmley and Dove [83] had difficulties in obtaining accurate estimates of diet 
composition when P. aquatica (plant species characterized by very low alkane concentrations) 
was a component of diets fed to sheep. In our opinion, the exclusion of markers based on their 
low concentrations should be performed with caution as, in some situations, they may dis-
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criminate better plant species than those with higher  concentrations. Thus, Dove and Mayes 
[21] suggested that the balance between the capability of markers to discriminate plant spe-
cies and the level of potential analytical error should be considered when choosing markers.

6. Conclusions

Taking into account all the data presented in this chapter, it is certain that the application of 
the epicuticular compounds as faecal markers can improve our knowledge on the grazing 
behaviour, particularly diet selection, of free-ranging herbivore species under different veg-
etation conditions. Although some shortcomings can be pointed out to these faecal markers, 
namely the variation of profiles within plant species and morphological parts, lack of inert-
ness in the digestive tract of ruminant species and, for that reason, the need for a suitable 
recovery correction of their faecal concentrations, they have been used quite successfully. Its 
application allows to overcome major limitations recognized to the traditional techniques in 
terms of accuracy and extent of the results (i.e. identification of plant species and/or plant 
parts), animal welfare issues (i.e. avoid the need for fistulated animals; lower disturbance of 
animals compromising its normal grazing behaviour) and intensive labour. The combination 
of different maker types (alkanes, LCOH, LCFA) seems promising to overcome the enumer-
ated constraints and to extend their application to more complex vegetation communities. 
Therefore, research on the identification of other chemical compounds should continue to 
be developed. Finally, data obtained from different available techniques (microhistological 
procedures, NIRS, Fourier-transform infrared (FTIR) spectroscopy and fluorescence spec-
troscopy, telemetry solutions) should be integrated in order to enhance the accuracy of diet 
composition being selected by herbivore species. This will further improve the precision of 
information (i.e. possible diet components) used when applying the epicuticular markers.
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Abstract

The use of quantitative independent variables in experiments allows the use of regres-
sion to explore the functional relationship between treatments applied and measured 
responses. It provides the opportunity to not only understand the magnitude and impor-
tance of the response but also ascertain its nature. The simplest approach is to fit a poly-
nomial. While it is often possible to obtain a very good fit using this approach, it offers in 
the way of providing insight into the response. At best, you can determine if the response 
is nonlinear and if so, if it is complex or not. The model parameters are empirical and gen-
erally cannot be interpreted as having any biological, chemical, or physical meaning—at 
least not directly. There are situations, however, when such a meaning can be inferred 
from a model fit using simple regression. In general, this is true when the relationship 
is truly linear or when a nonlinear model can be considered to be “intrinsically” linear; 
that is, it can be linearized by transforming the data in a way that can be fit using simple 
linear regression. A series of forage quality examples are used to illustrate these concepts 
in this article.

Keywords: modeling, ruminant, herbage quality, digestion, kinetics, true digestibility, 
intake

1. Introduction

The use of mathematical models to describe chemical, physical, and biological processes is 
quite common in natural sciences [1]. The best models are those with parameters that have 
chemical, physical, or biological meanings [2]. They go beyond being descriptive and provide 
a deeper understanding of the process that is being evaluated. Fitting and adapting models 
to experimental data are as much an art as a science, and the outcome is highly influenced by 
decisions made by the researcher about which models to fit, what data are needed and should 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



be used, and interpretation of fit statistics. In this article, models that describe the relation-
ship between rumen escape protein and protein concentration, kinetics of fiber digestion, 
true digestion, and potential intake of herbage are developed and used to demonstrate how 
relatively simple models can be an effective tool for understanding biological processes and 
how they can be applied using experimental data. For each example, the underlying theory 
and assumptions are also presented and discussed.

It is important to make the distinction between the use of models for describing and under-
standing a biological response and their use to predict future outcomes. The use of models 
addressed herein relates to the former purpose and is most applicable to interpreting the 
results of designed experiments. That is, the experimental units on which the observations are 
made have been intentionally manipulated in some way that can be described quantitatively. 
Treatment responses for any experiment for which a quantitative treatment has been applied 
can be evaluated in this way. However, the inferences that can be made by using models fit 
to experimental data are limited to those appropriate to the design of the experiment. Their 
application to predicting results outside the bounds of the inference space associated with the 
experiment is not recommended.

Designed experiments often have unique features that both limit and extend the types 
of regression analyses that can be performed. They nearly always include multiple rep-
lications of individual treatments. When fitting a regression equation, this allows for 
the partitioning of residual error into pure error and lack of fit, thus providing a test for 
whether the linear model fits the response or not. It also allows statistical tests to be made 
about assumptions related to the distribution and homogeneity of residuals. These assess-
ments can be used to refine the approach used in the regression and improve the value of 
the analysis.

This chapter is intended to demonstrate how relatively simple models can be used to describe 
important nutritional processes related to ruminant herbivory. It uses a series of examples to 
illustrate the principles and power of using simple mathematical models to better understand 
the functional relationship between important variables. The data used in the examples have 
been published previously, although the analyses employed here may be slightly different 
from those used in the original studies from which they were taken.

2. Linear regression; a quick review/overview

Simple linear regression is a statistical method for calculating parameters for the model:

   𝘠𝘠𝘠𝘠 ^   =  𝘣𝘣𝘣𝘣  0   +  𝘣𝘣𝘣𝘣  1   𝘟𝘟𝘟𝘟  (1)

Graphically, the model represents a straight line that intercepts the Y axis at b0 and which has 
a slope equal to b1. As X increases, Y either increases or decreases proportionally depending 
on whether the slope is positive or negative, respectively. The model parameters, b0 and b1, can 
be estimated using least squares regression. This approach is based on an algebraic solution of 
normal equations and produces parameters that minimize the sum of the squared deviations 
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of observed values from those predicted by Eq. (1). The regression line intersects the point that 
represents the means of X and Y unless it has been forced through the origin (X = 0, Y = 0) and 
the sum of the deviations from the regression line is zero.

The equation for estimating the slope (b1) is as follows:

   𝘣𝘣𝘣𝘣  1   =   
 ∑   ( 𝘟𝘟𝘟𝘟  𝘪𝘪𝘪𝘪   −  𝘟𝘟𝘟𝘟 ¯¯  )  ( 𝘠𝘠𝘠𝘠  𝘪𝘪𝘪𝘪   −  𝘠𝘠𝘠𝘠 ¯¯  ) 

  ____________ 
 ∑    ( 𝘟𝘟𝘟𝘟  𝘪𝘪𝘪𝘪   −  𝘟𝘟𝘟𝘟 ¯¯  )    2 

    (2)

Once b1 is known, then b0 can be estimated using the equation:

   𝘣𝘣𝘣𝘣  0   =  𝘠𝘠𝘠𝘠 ¯¯   −  𝘣𝘣𝘣𝘣  1   𝘟𝘟𝘟𝘟 ¯¯    (3)

The assumptions for linear regression are the following: (1) the independent variable X is 
measured without error; (2) the relationship between X and Y is linear; (3) deviations from 
the regression are independent; (4) the variance in Y is homogenous or constant across the 
range in X; and (5) the residuals or deviations from the regression are distributed normally. 
There are ways to assess whether most of these assumptions are valid or not, and they will be 
described where appropriate in the examples that follow.

Some straightforward statistics for assessing the fit of a regression equation are the coefficient 
of determination (r2) and the standard error of the estimate (SY·X). The coefficient of determina-
tion is calculated as follows:

   𝘳𝘳𝘳𝘳   2  =   
 ∑    (  𝘠𝘠𝘠𝘠 ^    𝘪𝘪𝘪𝘪   −  𝘠𝘠𝘠𝘠 ¯¯  )    

2
 
 _________ 

 ∑    ( 𝘠𝘠𝘠𝘠  𝘪𝘪𝘪𝘪   −  𝘠𝘠𝘠𝘠 ¯¯  )    2 
    (4)

It represents the proportion of total variation in Y explained by the regression model and var-
ies between 0 and 1. A value approaching 1 indicates that the regression equation explains 
most of the variation in Y and, therefore, does a good job explaining the relationship between 
Y and X. The coefficient of determination is the square of the simple correlation coefficient (r) 
that is interpreted as the degree to which X and Y vary together. The correlation coefficient 
is used to describe the relationship and varies from −1 to +1 indicating whether Y decreases 
or increases with respect to X, respectively. Values close to −1 or +1 indicate a high degree of 
association between Y and X. The simple correlation coefficient can be calculated as the cova-
riance between X and Y divided by the square root of the product of the standard deviations 
in X and Y and thus can be thought of as a standardized covariance.

The standard error of the estimate is calculated from the equation:

   𝘚𝘚𝘚𝘚  𝘠𝘠𝘠𝘠𝘠𝘟𝘟𝘟𝘟   =  √ 

________

   
  ∑    (  𝘠𝘠𝘠𝘠 −  𝘠𝘠𝘠𝘠𝘠^     )        2 

 ________ 𝘯𝘯𝘯𝘯 − 2      (5)

It is the square root of the residual variance of the regression. It describes how well the regres-
sion line fits the data with smaller values indicating a better fit. Smaller values indicate less 
departure of the actual observations from the regression line.

These five equations are all that is needed to fit and assess models that are either linear or 
intrinsically linear. However, there are other methods and statistics that are useful for this 
purpose and some of them will be described as the examples that follow are developed.
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3. Intrinsically linear models

Nonlinear models that can be linearized by transforming either Y or X are considered to be 
intrinsically linear and can be fit using simple linear regression [3]. The most common of these 
involves logarithmic transformations of X or Y to yield a linear model with two parameters: 
(1) exponential (log-linear), (2) logarithmic (linear-log), and power (log-log) functions.

The exponential model has a number of important uses. With a positive slope (b1), it can be 
used to describe exponential growth that is unbounded. With a negative slope, it can be used 
to describe exponential decay. In this form, it is useful in isotope studies to describe radioac-
tive decay and is used in marker dilution studies in a similar manner. It can be also used to 
describe first-order kinetics for chemical reactions. We will use it in this latter context in an 
example on modeling herbage digestion that follows.

The logarithmic and power models are useful for describing responses where the rate of 
change gradually decreases with respect to increasing X. Many chemical and biological pro-
cesses are limited and show an asymptotic response. These types of responses are generally 
better described by an intrinsically nonlinear model that contains an asymptote as a param-
eter. The Gompertz [4] and Mitscherlich [5] equations are two good examples of such models 
commonly used to describe biological processes. However, these models require a different 
approach to estimating their parameters than simple linear regression.

If a nonlinear model cannot be expressed in the form of a simple linear equation through 
transformation, then it is considered to be intrinsically nonlinear. There is a host of such mod-
els, and many of them can be used to describe functional responses relevant to herbivory (see 
Archontoulis and Miguez, 2013, for a review of 77 nonlinear models). However, fitting these 
models is somewhat more complicated and requires using a numerical approach that adjusts 
parameter values iteratively until a solution based on certain criteria is achieved. The criterion 
typically used is the combination of parameter estimates that results in the minimum residual 
sum of squares, which is why such algorithms are sometimes referred to as a nonlinear least 
squares approach [6]. Convergence is then based on identifying the combination of parameter 
estimates that result in the lowest sum of squared deviations from the value estimated by the 
regression. This chapter focuses on models for which the parameters can be estimated by 
simple linear regression all of which are therefore intrinsically linear.

4. Herbage nutritional entities

The forgoing concepts and equations can be used to fit and assess simple linear regression 
equations. However, before applying them to experimental data in the following examples, a 
quick overview of some nutritional concepts related to herbage utilization is in order.

The nutritive entities of herbages are broadly grouped into uniform and nonuniform frac-
tions based on the Lucas Test [7]. Uniform fractions are those that have similar nutritional 
characteristics or true digestibility regardless of the feedstuff [8, 9]. These include most 
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nutrients contained in the cytoplasm of plant cells including proteins and other nitrogenous 
compounds and nonstructural carbohydrates. Nonuniform fractions vary in true digestibil-
ity among different feedstuffs and even within a single feedstuff. Plant fiber is considered a 
nonuniform fraction. Its digestibility varies greatly among different feedstuffs and is affected 
by a number of genetic and environmental factors [10].

The Lucas test itself involves a simple linear regression model. It is performed by regressing the 
amount of a nutrient that is digestible against its intake. Fractions for which true digestibility is 
constant over a range of herbages are considered to be nutritionally uniform or ideal [10]. The 
Lucas Test provided the foundation on which Van Soest [8] developed the detergent system for 
analyzing feeds. In this system, herbage or feedstuff dry matter is partitioned into cell solubles 
and neutral detergent fiber by refluxing a sample of the feed in a neutral detergent solution and 
recovering the residue by filtration. The residue remaining is fiber. The compounds removed 
with the filtrate are collectively referred to as cell solubles. Cell solubles have a uniformly high 
true digestibility regardless of the feedstuff they are contained within. They are very nearly 
completely available when subjected to digestion in ruminants with a true digestion coefficient 
of 0.98. The residue remaining after treatment with neutral detergent is the fibrous fraction 
and varies significantly in digestibility among feedstuffs. Both fiber and cell solubles are het-
erogeneous in composition and can be further partitioned into chemical constituents. Neutral 
detergent fiber, while structurally complex, is composed of relatively few polymers and con-
sists almost entirely of cellulose, hemicelluloses, and lignin. True, the hemicelluloses represent 
a fairly diverse set of compounds, but still this is a relatively small number compared with the 
myriad of compounds found in plant cells. Some complex carbohydrates such as pectins and 
beta glucans are not recovered in neutral detergent fiber. However, these compounds are easily 
digested by ruminants and are considered to be part of the cell soluble fraction [11].

A particularly important fraction of the cell soluble fraction is protein. Proteins and other 
nitrogenous compounds in herbage can be converted to amino acids by rumen microor-
ganisms that incorporate them into proteins. These proteins are eventually passed from the 
rumen to the lower digestive tract where they are hydrolyzed to amino acids, which are 
largely absorbed within the small intestine [12]. The example that follows involves using a 
modification of the Lucas Test to test the hypothesis that rumen degradability of protein is 
proportional to the concentration of protein in the herbage.

5. Rumen degradable protein

In this application, a modified form of the Lucas Test is used to evaluate the degradability of 
herbage in the rumen using an in situ technique. The data are from an experiment designed 
to assess ruminal degradation of smooth bromegrass (Bromus inermis Leyss.) and switchgrass 
(Panicum virgatum L.) using an in situ analytical technique [13].

The degradability of protein in the rumen varies greatly between cool and warm-season 
grasses, and this may be one explanation for the observation that animals consuming warm-
season grasses perform better than would be expected based on their chemical composition. 
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The theory is that some plant proteins localized within bundle sheath cells in warm-season 
grasses are physically protected from degradation by the structure of the cells. These proteins 
bypass the rumen intact and progress to the lower intestinal tract where they are digested 
and absorbed as amino acids. Nitrogen in proteins degraded in the rumen is often in excess 
of microbial needs and that which is not needed is lost as ammonia. Thus, protecting some 
of the protein from ruminal degradation improves the efficiency of protein utilization [12].

One of the objectives of the experiment was to quantify the relationship between ruminal 
protein degradation and protein concentration for both species. Linear regression of rumen 
degradable protein (RDP) on crude protein (CP) concentration was done for several samples 
of both species with varying CP concentration. The linear equation for this analysis was:

  𝖱𝖱𝖱𝖱𝖱𝖱𝖱𝖱𝖱𝖱𝖱𝖱 =  𝘥𝘥𝘥𝘥  0   +  𝘥𝘥𝘥𝘥  1   𝖢𝖢𝖢𝖢𝖱𝖱𝖱𝖱  (6)

where d0 represents the endogenous contribution to RDP and d1 is the true digestion coef-
ficient for ruminal degradability.

The grasses used in this study were harvested at different stages of maturity and separated into 
leaves and stems to obtain a range of CP concentrations and were analyzed for RDP using an 
in situ bag technique. Samples of each grass were enclosed in Dacron bags and incubated in the 
rumen of a live animal for 12 h. The loss of protein from the bag was determined by difference 
using residual protein remaining after digestion, and RDP was calculated based on protein dis-
appearance from the bag. The endogenous contribution (d0) in this system represents microbial 
contributions of protein to the residue remaining after incubation by rumen microbes.

Model parameters for each of the two grass species were estimated using the REG procedure 
in SAS (Appendix A1). The linear model described the relationship between RDP and CP very 
well for both species (Figure 1) based on the r2 and standard error of the estimate (RMSE in 
SAS output). The calculated coefficient for ruminal degradability of CP was 74% for smooth 
bromegrass and 57% for switchgrass. The null hypothesis that these two slopes are the same 
can be tested with a t-test:

  𝘵𝘵𝘵𝘵 =   
 𝘣𝘣𝘣𝘣  1   −  𝘣𝘣𝘣𝘣  2   _____ 𝘚𝘚𝘚𝘚   𝘣𝘣𝘣𝘣  1   −  𝘣𝘣𝘣𝘣  2  

          =   0.739 − 0.572 _________ 0.058   = 2.88 > 2.09   𝘵𝘵𝘵𝘵  0.05,19𝘥𝘥𝘥𝘥𝘥𝘥𝘥𝘥    (7)

where

   𝘚𝘚𝘚𝘚   𝘣𝘣𝘣𝘣  1  − 𝘣𝘣𝘣𝘣  2  
   =  √ 

_______________

    
  (  𝘚𝘚𝘚𝘚   2   𝘠𝘠𝘠𝘠𝘠𝘠𝘠𝘠𝘠  )   𝘱𝘱𝘱𝘱   _______ 

 ∑    (𝘠𝘠𝘠𝘠 −  𝘠𝘠𝘠𝘠 ¯¯  )   1  2 
   +   

  (  𝘚𝘚𝘚𝘚   2   𝘠𝘠𝘠𝘠𝘠𝘠𝘠𝘠𝘠  )   𝘱𝘱𝘱𝘱   _______ 
 ∑    (𝘠𝘠𝘠𝘠 −  𝘠𝘠𝘠𝘠 ¯¯  )   2  2 

     =  √ 
_______________

    38.115 _______ 32499.27   +   38.115 _______ 17466.65     = 0.058  (8)
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   =   484.279 + 239.903  _____________ 9 + 10   = 38.115  (9)

Based on this comparison, it is reasonable to conclude that the two species have different 
rumen protein degradability and that this difference is constant and persists across a range of 
maturities and morphological components. These results are consistent with the observation 
that protein in warm-season grasses seems to be used more efficiently than that in cool-season 
grasses. However, the mechanism for why this is so is not clear from this study. Based on the 
protection theory, one might expect protein degradability to vary across tissues within a spe-
cies and that does not appear to be the case. So maybe there is another explanation that would 
better describe what was observed in this study.
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The theory is that some plant proteins localized within bundle sheath cells in warm-season 
grasses are physically protected from degradation by the structure of the cells. These proteins 
bypass the rumen intact and progress to the lower intestinal tract where they are digested 
and absorbed as amino acids. Nitrogen in proteins degraded in the rumen is often in excess 
of microbial needs and that which is not needed is lost as ammonia. Thus, protecting some 
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where d0 represents the endogenous contribution to RDP and d1 is the true digestion coef-
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One further conclusion that can be inferred from fitting these equations is that the contribu-
tion of microbial CP to residual CP was negligible for smooth bromegrass and small (<1%), 
but significant for switchgrass. This is based on the test of parameter estimates included in 
the SAS output. The t-test for the intercept associated with the smooth bromegrass model 
was not significantly different from zero (P > 0.05), while that for the switchgrass model was 
(P < 0.05).

6. Fiber digestion kinetics

In this application, we will compare the digestion of alfalfa (Medicago sativa L.) and tall fescue 
(Festuca arundinacea Schreb.) by fitting a log-linear model to calculate the rate constant and lag 
time (Appendix A2). The data are from an experiment that was designed to compare different 
approaches for estimating the parameters of a first-order digestion model [14]. In this case, we 
will be using the data to explore some unique aspects of such data sets and how they require 
some rearrangement and culling of data in order to fit a first-order model to them. Once this is 
done, we will use simple linear regression to calculate the rate of digestion and then estimate 
a lag period based on the intercept of the equation.

To comprehend and be able to interpret the parameters of the model, an understanding of 
plant fiber and first-order kinetics is necessary. The next two sections provide an overview of 
each of these topics following that we will pick up the example in more detail.

Figure 1. Relationship between rumen degradable protein and protein concentration in smooth bromegrass (●) and 
switchgrass (■). Individual data points represent leaf and stem samples collected at different stages of maturity. The 
slope of the equation represents the proportion of the dry matter that is degraded in the rumen and the intercept can be 
interpreted as the microbial contribution. Data from Ref. [13].
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6.1. Plant fiber

Fiber is a nutritional concept that refers to the less degradable and more variable constituents 
of an herbage or feedstuff. Chemically, it is comprised of plant cell walls the composition 
of which varies greatly among and within herbage species. Even within a single plant, the 
organs, cells, and tissues vary remarkably in fiber composition and digestibility [15]. The 
primary chemical constituents of plant fiber are cellulose, hemicellulose, and lignin, although 
there are others that comprise a much smaller fraction. These constituents are aggregated and 
arrayed in three-dimensional space in various ways creating a network of nonliving tissues 
that play an important structural role in the architecture of their plant [11]. Having a rigid cell 
wall is one of the defining characteristics of higher plants. Cell walls and thus fiber evolved 
to fulfill specific roles in plants, which do not include being a source of energy for herbivores. 
Their structure and function in a plant are in many ways counter to their use as a nutrient 
source. Even though fiber is composed of plant cell walls, it is functionally different. It is 
defined by its properties when subjected to digestion by an animal and has attributes that are 
only relevant in this context. The two terms are thus not really interchangeable [11].

Not all the fiber in a plant is degradable by ruminants. The degradation of plant fiber involves 
the hydrolysis of the principal polysaccharides by enzymes secreted by rumen bacteria. 
Because of the close physical and chemical interactions among plant cell wall constituents, 
some of the glycosidic linkages are not accessible to the hydrolases that would otherwise 
cleave them and render them digestible. The fraction of fiber that cannot be digested because 
of these interactions is indigestible and cannot be degraded within the digestive system. When 
determining the kinetics of fiber digestion, the indigestible (CI) portion must be considered 
separately and removed from that which is potentially digestible (CD) [16, 17].

The indigestible fraction is usually considered to be that which remains after being subjected to 
in vitro or in situ digestion for a period of time. This is usually between 48 and 96 hours and well 
past the expected residence time that it would be exposed to digestion in the rumen of an animal. 
The potentially digestible fraction is the difference between total fiber (C0) and indigestible fiber 
([CD]t = [CD]0 – [CI]), and its concentration decreases exponentially during digestion asymptoti-
cally approaching zero according to the first-order rate law. The key to defining the indigestible 
fraction is to subject the herbage to digestion long enough to approach an asymptote after which 
time no further digestion occurs (Figure 1). Once this is achieved, there is very little change in 
the concentration digested. Indigestible fiber is usually calculated as the concentration of fiber 
remaining after incubation for 72–96 h in vitro. The period needed to reach this point varies with 
substrate and periods as short as 24–36 h for rapidly degraded herbages are not uncommon.

When calculating first-order digestion parameters, it is important only to include fiber con-
centrations at time points where digestion is actively occurring ([CD]t ≠ [CD]0 and [CD]t ≠ 
[CI]; [CD]0 > [CD]t > [CI]). Including time intervals in the calculation where no change in fiber 
concentration has occurred biases the estimates of the parameters. Most importantly, time 
intervals where the fiber concentration is not different from either the initial or final concen-
tration should be excluded from the calculations. Moore and Cherney [13] suggested a simple 
method for selecting time intervals for rate calculations. Since replicate samples are usually 
collected at each time point during a digestion study, it is possible to compare the mean con-
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centration between pairs of time points using a t-test. Time intervals within the lag period can 
be identified as those for which the fiber concentration is not significantly different than the 
initial concentration. Time intervals occurring after digestion has ceased will have concentra-
tions that are not different than the longest time point, which is usually used to determine the 
indigestible fiber fraction. It is entirely possible for digestion to occur throughout the sampled 
period, but it is more often the case that some time points will need to be excluded.

The data in Appendix 2 were collected by incubating an herbage sample in buffered rumen 
fluid for 0, 3, 6, 9, 12, 16, 24, 36, 48, 60, 72, and 96 h [14]. Samples were refluxed in a neutral 
detergent solution following fermentation to extract undegraded fiber using the procedures 
described by Cherney et al. [18]. The concentration of fiber remaining after each time interval 
was calculated on the basis of initial dry matter subjected to fermentation (Figure 2).

In order to calculate an unbiased estimate of digestion rate (k), time intervals where no change 
in concentration occurred must be excluded from the dataset. This was accomplished using the 
method referenced above using the SAS code presented in Appendix A2.1. This involved con-
ducting a one-way analysis of variance followed by a post-hoc mean comparison using a least sig-
nificant difference (LSD). Because the measurement represented a wide range in concentrations 
and the concentrations were quite small after longer time intervals, a test of homogeneity was 
performed to validate the use of a pooled error for calculating the LSD. Abridged versions of the 
results that include output from the homogeneity test and LSD are presented in Appendix A2.1.

Based on the Levene test for homogeneity, the variances observed in neutral detergent fiber 
(NDF) concentration were homogeneous across each time interval and this was true for both 

Figure 2. Concentration of fiber remaining during fermentation of alfalfa (●) and tall fescue (■) samples incubated in 
buffered rumen fluid. Symbols represent means of four subsamples and those that are closed were determined to be 
different to adjacent means using a least significant difference at alpha 0.05. Data from Ref. [14].
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species. This simply confirms that using the LSD procedure for comparing the mean NDF 
concentration remaining at each time interval was appropriate. Had they been found to be 
heterogeneous, it would not have been possible to use a pooled estimate of the variance for 
comparing means and either a data transformation to stabilize the variance or the use of dif-
ferent variances for each comparison would be needed. There are other tests of homogeneity 
that can be used to assess whether treatment variances can be considered equal. The Levene 
test is the default method when using GLM in SAS because it is widely used and accepted, but 
others are available and can be specified if desired.

The mean concentration associated with each time interval is reported in the output along 
with a capital letter denoting which grouping it belongs to (Appendix A2.1). Means asso-
ciated with the same letter are not different from each other at alpha 0.05. By comparing 
the groupings, it is possible to infer the intervals during which digestion began and when 
it ceased. Digestion of alfalfa fiber began after the first interval so the concentration at 3 h 
would be included in the calculation of k (Figure 2). However, for tall fescue digestion did not 
begin until sometime between 6 and 9 h so the concentrations at 3 and 6 h would be excluded 
(Figure 2). Digestion of alfalfa fiber ceased after 24 h as there was no difference between the 
concentrations at this time and the next one at 36 h. For tall fescue, fiber digestion continued 
throughout the remainder of the incubation period once it began.

This analysis (Appendix A2.1) can also be used to determine the concentration of indigestible 
fiber that must be subtracted from the concentration ([C]t) remaining after each time interval 
(Figure 2). The longest time period is often selected based on the assumption that no further 
digestion will occur beyond it and the concentration remaining at that time is considered to be 
indigestible and is used to define [CI]. In Example 2.1, [C]96 might be selected to define this frac-
tion. However, instead we will use the mean of the concentrations that were determined to be 
not different after the end of the period of active digestion. For alfalfa, this will be the concentra-
tions for intervals 48–96 h and [C]I is then 148.2 g kg−1 DM. The 36-h interval is excluded because 
the t-test was ambiguous about which group it belonged to. Since digestion continued through 
96 h for tall fescue, the concentration at that time, 232.3 g kg−1 DM, was used to define [CI].

The concentration of digestible fiber is the initial fiber concentration minus the indigestible 
fraction ([C]0 − [CI]) which in this study was 153.1 g kg−1 DM for alfalfa and 393.8 g kg−1 DM 
for tall fescue (Table 1). This is the fraction or pool to which first-order kinetics applies. To 
calculate k, the rate of fiber digestion, CI must be subtracted from each observed value of C 
that occurred during the incubation. Perhaps a better way of describing this is to say that 
indigestible portion of the residue remaining after each time interval is constant and must be 
subtracted from the total amount remaining for first-order kinetics to apply.

6.2. First-order model

The rate of fiber digestion in the rumen is dependent on the concentration present and, there-
fore, follows first-order kinetics:

    
𝘥𝘥𝘥𝘥 [ 𝘊𝘊𝘊𝘊  𝘋𝘋𝘋𝘋  ] 

 _____ 𝘥𝘥𝘥𝘥𝘥𝘥𝘥𝘥   = 𝘬𝘬𝘬𝘬 [ 𝘊𝘊𝘊𝘊  𝘋𝘋𝘋𝘋  ]   (10)

where [CD] is the digestible fiber concentration remaining at time t and k is the first-order rate 
constant.
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where [CD] is the digestible fiber concentration remaining at time t and k is the first-order rate 
constant.
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The absolute rate of change in concentration per segment of time depends on the concentra-
tion present during that segment. Higher rates of digestion for a given herbage substrate 
correspond to higher concentrations since the relative rate (k) is constant. So even though the 
absolute rate changes during fermentation, the proportional rate at which C is degraded is 
constant throughout. The units of the rate constant are in reciprocal time, which for plant fiber 
is generally measured in hours (h−1). Because k is a proportional constant, it can be expressed 
as a percentage as well as a fraction and is sometimes given in percentage units.

Eq. (10) can be written in differential form and divided by CD to give the equation:

    
𝘥𝘥𝘥𝘥 [ 𝘊𝘊𝘊𝘊  𝘋𝘋𝘋𝘋  ] 

 _____  [ 𝘊𝘊𝘊𝘊  𝘋𝘋𝘋𝘋  ]    = − 𝘬𝘬𝘬𝘬𝘥𝘥𝘥𝘥𝘬𝘬𝘬𝘬  (11)

Integrating both sides gives:

  ln  [ 𝘊𝘊𝘊𝘊  𝘋𝘋𝘋𝘋  ]  = − 𝘬𝘬𝘬𝘬𝘬𝘬𝘬𝘬 + 𝘊𝘊𝘊𝘊  (12)

where C is the constant of integration.

This is a convenient form of the equation because the parameters can be calculated by simple 
linear regression of the logarithm of concentration remaining over time. This is the exponential 
decay model referred to in the discussion of intrinsically linear models above. Concentrations 
in Eq. (12) are in log units. C is the constant of integration and in this context is the logarithm 
of digestible fiber concentration (CD) in the absence of a lag period. It is the intercept where 
the regression line intersects the ordinate at t = 0. Because a lag period is observed for most in 
vitro incubations, the value given by C is rarely equal to the logarithm of initial digestible fiber 
concentration. Whenever a lag period occurs, the concentration at t = 0 will be greater than the 
known concentration in the substrate.

The rate constant (k) and lag time (L) can be calculated using linear regression on data collected 
from in vitro or in situ incubations. Samples of herbage are incubated for several time intervals, 
and the concentration of fiber remaining is determined for each one. Since kinetics apply only to 
the fraction of fiber that is potentially digestible, the fraction that is indigestible must be deter-
mined and subtracted from that remaining at each time interval. In Example 2, the indigestible 
fiber concentration was calculated as the mean concentration remaining after digestion had 
ceased and was determined by using a mean comparison test to determine the time interval 

Parameter/quantity Alfalfa Tall fescue

Fiber [C]0, g kg−1 DM 298.3 626.0

Indigestible fiber [CI], g kg−1 DM 148.2 232.3

Digestible fiber [CD], g kg−1 DM 150.1 393.8

Cell solubles [CS], g kg−1 DM 701.7 374.0

Rate of fiber digestion k, h−1 −0.111 −0.044

Lag time, h 1.7 5.3

CD/C0 0.503 0.629

True digestibility, g kg−1 DM 851.8 767.8

Table 1. Model parameters calculated for fiber digestion and true digestion of alfalfa and tall fescue (Example 2).
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after which no further decreases in fiber concentration occurred (Appendix A2.1). The natural 
logarithm of the fiber concentration remaining ([C]t) minus the indigestible fiber concentration 
([CI]) during this period of active digestion is shown for both species in Figure 3. The symbols 
in the figure represent the mean of the four replicate measurements of fiber concentration that 
were made at each time point. Regression of ln([C]t − [CI]) on time using individual data points 
(i.e., replicate data) or mean at each X (i.e., time) results in the same estimates of the parameters 
for the linear model (Eq. (12)), although the fit statistics will vary. However, since there are mul-
tiple values of Y for each X, it is possible to partition the residual sum of squares (SS) into lack 
of fit and pure error [19]. Theoretically, if the model fits, then squared deviations of each obser-
vation from the regression and squared deviations from the mean of each of X value should be 
the same. The difference between these two values is called lack of fit and its significance can be 
assessed using an F-test. If the lack of fit variance is determined to not be different from that for 
pure error, then it can be concluded that the correct model was used to describe the relationship 
between Y and X. For both alfalfa and tall fescue, there was no lack of fit of the linear model and 
we can be confident in the parameters that were estimated by the regression (Appendix A2.2).

There are also qualitative methods for assessing the appropriateness of a model for a set of data. 
A residual is defined as the difference between the observed value and that estimated by the 
regression. Examination of residuals is a fast and easy way to visualize the fit of a model and 
determine if it is biased for some values of X. Ideally, the residuals will appear to be randomly 
distributed around the regression line with no obvious clustering above or below along any 
segment of X. This can be observed for the example in Figure 3 that displays the mean digest-
ible fiber concentration at each time point and regression lines for both species. The residual at 
each X is the distance between the symbol and the line. A plot of actual residuals is a common 
output of statistical analysis programs, but the patterns are easily visualized when the regres-
sion line is plotted with the means as shown in Figure 3. In this case, no patterns are discernible 
in the residuals for either species, and it is readily evident that the linear model fits the data.

Figure 3. Regression of the natural logarithm of digestible fiber on time of fermentation for alfalfa (●) and tall fescue 
(■) samples. Only data from within the period of active digestion were included in the calculation. The slope of the line 
represents the first-order rate of digestion. Data from [14].
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The constant for rate of fiber digestion was 0.111 h−1 for alfalfa and 0.044 h−1 for tall fescue. 
These two slopes can be compared using a t-test similar to that used in the first example:

  𝘵𝘵𝘵𝘵 =   
 𝘣𝘣𝘣𝘣  1   −  𝘣𝘣𝘣𝘣  2   _____ 𝘚𝘚𝘚𝘚   𝘣𝘣𝘣𝘣  1   −  𝘣𝘣𝘣𝘣  2  

          =   0.111 − 0.044 _________ 0.0156   = 4.30 > 2.01  𝘵𝘵𝘵𝘵  0.05,52𝘥𝘥𝘥𝘥𝘥𝘥𝘥𝘥    (13)

Based on this comparison, it is clear that the rate of fiber digestion is quite different between 
the two species with the digestion of alfalfa fiber occurring at over 2.5 times the rate as that of 
tall fescue. For reasons we will see, interpreting the rate of fiber digestion independently of 
concentration and degradability can be misleading. However, at this point, for whatever rea-
sons, we conclude that in this study the rate at which fiber was digested in alfalfa was much 
faster than in tall fescue.

It is possible to test multisample hypotheses about slopes when more than two equations are 
being compared; for example, if an additional species were being considered in this example. 
This can be accomplished using analysis of covariance [20], but the test is not easily imple-
mented using statistical software. The calculations involved are laborious enough to consider 
avoiding making them altogether and instead making pairwise comparisons between slopes 
using the t-test described above. In many cases, as in this example, the slopes are clearly dif-
ferent, and it would be reasonable to proceed with interpreting what the differences mean 
under that assumption. There are other ways to convince yourself and others that this is 
appropriate. For example, a significant interaction between species and time in an analysis of 
variance of digestible fiber concentration remaining over time indicates that the slope of the 
response is different between species. Even when the slopes are the same, it does not mean 
that the equations are the same. The intercept can differ between two simple linear equations 
with the same slope. There are again statistical tests that may be used to compare the inter-
cepts of linear equations [20], but in this case, it is far easier to conduct an analysis of variance 
or t-test on the initial digestible fiber concentrations (Table 1).

It is common for there to be a lag period before fiber digestion begins in in vitro diges-
tion systems [21]. This is usually attributed to the time required by the rumen bacteria to 
colonize the sample and begin growing in number. There is often no measurable lag time 
in in situ digestions systems [22]. Sometimes, a negative lag time is observed in situ that is 
attributed to washout of particles from the bag containing the sample and is an artifact of the 
method. Whether or not there is an actual lag time before digestion begins in the rumen is 
a subject of debate. It is most likely a function of the substrate and depends on the chemical 
and physical attributes of the plant material. Longer lag times have been observed for more 
mature herbage, suggesting that lignification may play a role in delaying active digestion 
[14]. It takes time for fibrolytic bacteria to colonize herbage particles and for hydrolytic 
enzymes to access their target polysaccharides. It is reasonable to assume that these pro-
cesses occur faster for herbage consumed naturally. Regardless, when a lag period occurs 
during an incubation in which the rate of digestion is to be determined, it must be accounted 
for in the calculations.

The lag time (L) can be calculated by determining the time when C is equal to the initial con-
centration of digestible fiber:

  𝘓𝘓𝘓𝘓 =   
 (ln  [ 𝘊𝘊𝘊𝘊  𝘋𝘋𝘋𝘋  ]  − 𝘊𝘊𝘊𝘊) 

 __________ 𝘬𝘬𝘬𝘬    (14)
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That is L is equal to time required to digest the difference between the actual digestible fiber 
concentration and that predicted by the regression. The lag period will be equal to the time 
required to reach the initial concentration. Lag time is a constant and for this reason is consid-
ered discrete. It can be calculated by first solving for k and C in Eq. (12) by linear regression 
and using these values to solve for L using Eq. (14).

The foregoing discussion raises the question of how many time points are needed to accu-
rately estimate kinetic parameters. Theoretically, the answer is only two as long as the sub-
strate concentrations are measured accurately, concentrations at the two selected time points 
are different than the initial concentration and final concentration, and the first-order model 
can be assumed. With only two time points, the calculation of k is simplified:

  𝘬𝘬𝘬𝘬 =   
ln  ( 𝘊𝘊𝘊𝘊   𝘵𝘵𝘵𝘵  1     −  𝘊𝘊𝘊𝘊  𝘐𝘐𝘐𝘐  )  − ln  ( 𝘊𝘊𝘊𝘊   𝘵𝘵𝘵𝘵  2     −  𝘊𝘊𝘊𝘊  𝘐𝘐𝘐𝘐  ) 

  _________________   𝘵𝘵𝘵𝘵  2   −  𝘵𝘵𝘵𝘵  1  
    (15)

As long as fiber digestion is occurring throughout the interval defined by the two time points, 
then k should be constant throughout the entire time period during which digestion occurred. 
This may be the most practical method for estimating k when the fiber digestion of a large 
number of treatments is being evaluated as it greatly reduces the number of subsamples that 
must be incubated.

There are advantages to using more than two points. Each additional time point decreases 
the leverage of the others. Since it is not possible to measure the fiber concentration with 
absolute accuracy, the slope of a line computed with only two points may be subject to 
higher error than one calculated with more points. Because a line is defined by two points, 
it not possible to assess if the linear model describes the relationship so it is necessary to 
assume that it does. However, one might argue that it is better to have more replications to 
estimate a mean concentration for a few values of X rather than several unreplicated values 
at many values of X. As long as the assumptions for fitting the model hold, it probably does 
not much matter, although there may be other nonstatistical reasons for using one approach 
or the other.

7. Fiber digestion model

The parameters k, CD, and L together describe the digestion kinetics of herbage fiber and can 
be used to predict the expected concentration of digestible fiber remaining after an interval 
of digestion:

    [ 𝘊𝘊𝘊𝘊  𝘋𝘋𝘋𝘋  ]   
𝘵𝘵𝘵𝘵
   =   [ 𝘊𝘊𝘊𝘊  𝘋𝘋𝘋𝘋  ]   

0
    𝘦𝘦𝘦𝘦   −𝘬𝘬𝘬𝘬 (𝘵𝘵𝘵𝘵−𝘓𝘓𝘓𝘓)    (16)

This equation is the nonlinear form of Eq. (12) that has been adjusted for L and uses actual 
units of concentration rather than log units. The parameters of this equation can be calculated 
using nonlinear regression. However, using that approach can lead to biased estimates of k 
and L for herbage with long lag periods, so the log-linear approach is preferred [14].

This equation indicates that the digestible fiber concentration at any given time (t) is a function 
of the initial concentration ([CD]) multiplied by a proportion equal to e−k(t−L). This proportion can 
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be thought of as the inverse of the digestion coefficient for [CD] at t. By subtracting the concen-
tration of digestible fiber remaining [CD] predicted by the model from the amount present at 
time zero [CD]0, it is possible to calculate the amount digested at any point in time during the 
incubation:

    [𝘋𝘋𝘋𝘋]   𝘵𝘵𝘵𝘵   =   [ 𝘊𝘊𝘊𝘊  𝘋𝘋𝘋𝘋  ]   
0
   −   [ 𝘊𝘊𝘊𝘊  𝘋𝘋𝘋𝘋  ]   

0
    𝘦𝘦𝘦𝘦   −𝘬𝘬𝘬𝘬 (𝘵𝘵𝘵𝘵−𝘓𝘓𝘓𝘓)    (17)

which factors to:

    [𝘋𝘋𝘋𝘋]   𝘵𝘵𝘵𝘵   =   [ 𝘊𝘊𝘊𝘊  𝘋𝘋𝘋𝘋  ]   
0
   (1 −  𝘦𝘦𝘦𝘦   −𝘬𝘬𝘬𝘬 (𝘵𝘵𝘵𝘵−𝘓𝘓𝘓𝘓)  )   (18)

The units of [D]t are in concentration per unit of dry matter (e.g., g NDF kg−1 DM). Fiber 
digestibility can be calculated by dividing [D]t by the concentration of fiber initially present 
(Table 1).

Eq. (18) is one form of a common nonlinear model that is used to describe asymptotic increase. 
It goes by many names including the monomolecular equation that is used to describe 
chemical reactions involving a single molecule and the Mitscherlich equation that is used 
to describe crop yield responses to fertilizer. Archontoulis and Miguez [1] simply refer to 
it as “Exponential gives rise to maximum.” It is useful for characterizing a host of biologi-
cal relationships that exhibit asymptotic behavior. In its simplest form, it is a two-parameter 
equation, but a third parameter is sometimes used as a scaling factor to reduce the pool size 
[23] affected by the proportion defined by e−k(t−L), essentially creating a nonzero intercept on 
the Y axis. Perhaps more to the point, the monomolecular equation has been used to describe 
the digestion of herbage [24, 25], although it has been used mostly for characterizing protein 
degradation which also follows first-order kinetics.

As presented in Eq. (18), the monomolecular equation cannot be linearized in a manner that 
lends itself to an algebraic solution for all parameters. Estimates of all parameters, however, 
can be obtained simultaneously using nonlinear regression. In the case of fiber digestion, the 
parameters are well defined chemically and biologically, and it is more straightforward and, 
therefore, advantageous to determine their values directly and sequentially as demonstrated 
in Examples 2.1 and 2.2 (Table 1).

Estimates of the digestion model parameters (Eq. (18)) are presented in Table 1. We have 
already concluded that the rate of digestion was over two times as fast for alfalfa as for tall 
fescue. However, this rate only applies to the digestible portion of fiber, which was much 
greater in tall fescue. The absolute rate of fiber digestion (Eq. (10)) at the onset of digestion 
(L) was 16.7 g kg−1 DM/h for alfalfa and 17.3 g kg−1 DM/h for tall fescue reflecting the much 
higher concentration of digestible fiber in the latter, which was over two times greater than 
that for alfalfa (Figure 4). Evaluating k only without considering the size of CD would be very 
misleading when evaluating the contribution of fiber to the digestible energy available from 
a particular herbage.

In the next section, we will combine the information we developed in Example 2 with a theory 
developed by Van Soest and colleagues [8] to estimate the true dry matter digestibility of 
herbage.
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8. True digestion model

True digestion of herbage dry matter is distinguished from apparent digestion by the contri-
bution of the animal to fecal dry matter [10]. That is, some of the dry matter contained within 
the feces arises from the animal and microbes inhabiting its digestive system. This includes 
microbial cells and material sloughed from the walls of the digestive tract [8]. The animal, 
however, does not contribute fiber to the feces. All the fibers contained within the feces origi-
nate from the plant matter consumed by the animal. Given that all dietary constituents other 
than fiber are virtually digested completely, the true digestibility of the diet can be calculated 
by excluding nonfiber components from the fecal dry matter. Thus, the true digestibility coef-
ficient of an herbage or diet can be calculated as:

  𝘛𝘛𝘛𝘛𝘛𝘛𝘛𝘛 =   
𝘛𝘛𝘛𝘛𝘋𝘋𝘋𝘋𝘋𝘋𝘋𝘋 −  𝘊𝘊𝘊𝘊  𝘜𝘜𝘜𝘜  

 _______ 𝘛𝘛𝘛𝘛𝘋𝘋𝘋𝘋𝘋𝘋𝘋𝘋    (19)

where DMI is the dry matter intake; the amount of DM consumed and CU is the undigested 
fiber; the amount of undigested fiber excreted in the feces.

Depending on the composition of the diet and its physical form, there may be a difference 
between undigested fiber and that which is truly indigestible [22]. In diets with high passage 
rates, some of the fiber that may have been digested if exposed to the rumen environment for 
a longer time escapes undigested and is recovered in the feces. However, for diets that consist 
entirely or mostly of herbage, it is reasonable to assume that the indigestible fiber fraction rea-
sonably reflects that portion of the diet that is undigested. In in vitro and in situ assessments of 

Figure 4. Amount of fiber digested during fermentation for alfalfa (●) and tall fescue (■). The values estimated by 
the line were calculated using Eq. (18). The first-order rate constant (k) was calculated using the subset of data points 
that were determined to occur during the period of active digestion and the lag time (L) before digestion began was 
calculated using Eq. (14). Data from Ref. [14].
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herbage digestibility, there is no influence of rate of passage and recognizing that dietary and 
other factors may influence in vivo measurements, the true digestibility values obtained from 
these assessments may be thought of as representing potential values and may not be reached 
in vivo under certain circumstances.

The comprehensive system for feed analysis developed by Van Soest [8] partitions herbage 
dry matter into two primary fractions based on studies of nutritive uniformity using the Lucas 
test: cellular contents and neutral detergent fiber. Cellular contents are nutritionally uniform 
in that they have the same true digestibility across a range of herbages and other feedstuffs. 
They are virtually completely digestible and according to Van Soest have a true digestion 
coefficient of 0.98. Digestibility of fiber varies greatly among herbages as we have seen.

Van Soest [8] used these relationships to develop a summative equation for predicting true 
and apparent digestibility. Accordingly, true digestibility is the sum of cell contents (×0.98) 
and digestible fiber (CD). Digestible fiber was estimated either from in vitro analyses or a 
calculation using a simple linear relationship between lignin concentration and fiber digest-
ibility. Apparent digestibility is true digestibility minus 129 g kg−1 DM, the latter quantity rep-
resenting endogenous contributions of nonfiber material to fecal dry matter. Based on these 
principles, it is possible to estimate true digestibility by summing the output from the fiber 
digestion model with the contribution from cell solubles:

  𝘛𝘛𝘛𝘛𝘛𝘛𝘛𝘛 =  [ 𝘊𝘊𝘊𝘊  𝘚𝘚𝘚𝘚  ]  +   [ 𝘊𝘊𝘊𝘊  𝘛𝘛𝘛𝘛  ]   
0
   (1 −  𝘦𝘦𝘦𝘦   −𝘬𝘬𝘬𝘬 (𝘵𝘵𝘵𝘵−𝘓𝘓𝘓𝘓)  )   (20)

where [CS] is the concentration of cell solubles (1000—[C]0) [26]. This varies slightly from Van 
Soest’s equation by assuming that cell solubles are completely digestible; i.e., have a digestion 
coefficient of 1.0 rather than 0.98. For the purposes for which this equation can reasonably be 
used this variance matters little, but it can be easily corrected by applying Van Soest’s diges-
tion coefficient to the cell soluble fraction.

Adding the [CS] term to the equation essentially changes the Y intercept. Since the concen-
tration of cell solubles is completely digestible, at t < L, the true digestibility is equal to [CS] 
at the beginning of fermentation. Once t exceeds L, then the proportion of [CD] defined by 
(1 − e−k(t−L)) is added to this amount and true digestibility continues to increase until all of the 
digestible fiber fraction is digested (Figure 5).

Having a model that includes the principal parameters affecting herbage digestion allows 
assessment of how each entity and the parameters acting upon it influence herbage digest-
ibility and by extension energy availability. Two herbages with similar true digestibility may 
differ greatly in how that value is achieved. They may have different concentrations of cell 
solubles and digestible fiber and rate of fiber digestion. Based on the model (Eq. (20)), strate-
gies for increasing the true digestibility of herbage could include simply increasing the cell 
soluble concentration, increasing the concentration of digestible fiber, and/or increasing the 
rate at which the latter is digested. Focusing on improving any one of these parameters in iso-
lation of the others would not necessarily lead to an improvement in true digestibility because 
whatever gains achieved in one could be lost from negative changes in the others. Using any 
or all of these strategies, the end result is a decrease in the concentration of indigestible fiber 
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(CI), which in the end makes sense because it is the mathematical inverse of true digestibility 
(i.e., TD = 1000 − CI). As it turns out, there is an additional benefit to decreasing indigestible 
fiber that can be described with a simple mathematical model.

9. Dry matter intake

The nutritional value of herbage depends largely on the amount of digestible energy that the 
animal derives from consuming it [27]. In this application, we present a model for predicting 
true digestibility that relates directly to the energy concentration available to support mainte-
nance and production. How much energy the animal actually ingests, however, also depends 
on the amount of herbage consumed. Digestible energy intake is the product of dry matter 
intake and digestibility and is often limited for herbage diets.

There are many factors that influence the amount of herbage that is consumed by an animal. 
Some of these are related to the animal and its body size, plane of nutrition, and psychogenic fac-
tors that influence palatability [28]. There are chemostatic controls that regulate intake and tend 
to suppress it once the animal’s demand for energy has been satisfied [29]. Intake of diets that 
are predominantly herbage, however, often are regulated by physical distention of the diges-
tive tract. This latter mechanism is generally referred to as fill volume because it represents the 
quantity of undigested herbage than can be accommodated by the size of the digestive system.

The intake of indigestible fiber is often observed to be relatively constant across similar herb-
age diets that vary in digestibility suggesting a limit in the amount of indigestible material 

Figure 5. True digestion of forage dry matter during fermentation of alfalfa (●) and tall fescue (■). The values estimated 
by the line were calculated using Eq. (20). The point where each line intersects the ordinate represents the cell soluble 
concentration, which in Eq. (20) is considered to be completely digested. The overall picture that emerges is quite 
different from that where fiber digestion is considered in isolation. Data from Ref. [14].
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that an animal can consume [30]. As the digestibility of the diet increases for animals of simi-
lar size and nutritional status, the amount of dry matter that can be consumed also increases 
because there is less undigested material to retard its passage through the digestive system. 
Because of this, dry matter intake is often correlated to indigestible fiber concentration and a 
simple fill model can be used predict it:

  𝘋𝘋𝘋𝘋𝘋𝘋𝘋𝘋𝘋𝘋𝘋𝘋 =   𝘍𝘍𝘍𝘍 __  𝘊𝘊𝘊𝘊  𝘋𝘋𝘋𝘋  
   =   𝘍𝘍𝘍𝘍 _____ 1 − 𝘛𝘛𝘛𝘛𝘋𝘋𝘋𝘋    (21)

where F is a fill constant and has the same units as DMI. It represents the intake capacity for 
indigestible fiber. Intake is often expressed as a percent of animal body weight (% BW), so in 
this case, F would represent the daily intake capacity for indigestible fiber expressed as a per-
centage of body weight. The concentration of indigestible fiber then should be expressed as a 
decimal proportion of forage dry matter. It is possible to linearize this equation so that F can 
be estimated from experimental data but is easier just to calculate the average indigestible 
fiber intake across a range of forages with varying DMI and indigestible fiber concentrations.

In a brief survey of the literature Moore et al. [31] found that growing beef steers consumed 
between 0.4 and 0.6% of their body weight of indigestible fiber when fed diets consisting of warm-
season grasses. A graph showing predicted intake as a function of CI using a fill constant of 0.5 is 
presented in Figure 6. Using this relationship, the estimated DMI would be 3.4% BW for alfalfa 
and 2.2% BW for tall fescue evaluated in Section 7. These are realistic estimates and could be rea-
sonably accurate as long as the fill constant is similar for the class of animal consuming these diets.

It should be obvious that something as complex as DMI cannot be universally predicted using 
a simple model with one parameter. However, that is beside the point when using the model 

Figure 6. Predicted dry matter intake of warm-season grasses by growing beef steers using a fill constant of 0.5% of 
animal body weight (Eq. (21)). Adapted from Ref. [31].
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to develop strategies for improving forage quality. There should be no disagreement that for a 
given animal, there is a physical limit on how much indigestible dry matter they can consume. 
However, assuming that it is the same for all animals or even all animals within a specific class 
is probably unreasonable. This does not negate the utility of the concept for understanding 
how indigestible fiber affects DMI and nutritive value of herbage. The model is useful in that 
it demonstrates why modest improvements in true digestibility usually result in dispropor-
tionate increases in digestible energy intake [32].

10. Considerations

The value of using a simple model to describe biological responses is that it enables a bet-
ter understanding of the response. It is one thing to say that observed values are different, 
another to say how they are different, and still yet another to say why they are different. 
Fitting a model to the response creates the possibility of accomplishing all three outcomes. 
It is important to realize, however, that the parameters of some models that fit a response 
cannot be easily interpreted. The coefficients from a quadratic equation used to fit the data 
from Section 5 would be difficult to interpret relative to any biological meaning or signifi-
cance even though the model fits reasonably well (r2 = 0.81 and 0.97 for alfalfa and tall fes-
cue, respectively). Knowing that the digestion of fiber follows first-order kinetics is much 
more informative and the logical conclusions that can be made once this is accepted are quite 
useful.

The examples presented in this chapter demonstrate the utility of using simple mathemati-
cal models to explain nutritional aspects of herbivory. It should be understood that simple 
models cannot be expected to fully explain complex phenomena. There are too many factors 
involved in most biological systems to be able to do so. This does not mean that the models 
are not valid within the constraints they are used, but that they should not be generalized to 
other situations without validating their predictive performance in those situations.

Appendix

A1. Rumen degradable protein

Dataset

Bromegrass Switchgrass

CP RDP CP RDP

188.9 148.1 131.1 68.1

144.5 106.0 118.9 61.4

144.5 101.4 106.3 50.3

124.2 80.2 113.3 52.1
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SAS Code
proc reg;

 by species;

 model RDP = CP;

run;

SAS Output (abridged)

Bromegrass Switchgrass

CP RDP CP RDP

132.4 88.7 92.5 42.3

143.8 88.6 82.0 33.5

81.8 57.5 77.2 48.0

32.1 25.3 53.3 26.8

45.1 30.4 34.4 10.2

31.3 19.9 30.0 8.0

33.6 16.8 27.5 4.5

18.3 2.0

CP = crude protein concentration (g kg–1 DM); RDP = rumen degradable protein (g kg–1 DM).
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A2. Fiber digestion

Dataset

A2.1. Determining time intervals to include in regression

SAS Code

proc glm;

by species;

class h;

model NDF = h / ss3;

means h / lsd hovtest;

run;

SAS Output (abridged)

Alfalfa Tall fescue

h/Rep 1 2 3 4 1 2 3 4

0 293.21 296.7 297.1 306.2 642.3 617.5 639.4 604.9

3 276.6 291.3 274.4 276.6 637.2 615.1 632.4 603.0

6 237.2 254.9 242.7 257.7 623.3 605.0 608.7 594.9

9 208.1 218.9 205.4 214.3 603.8 593.9 581.3 571.3

12 194.7 195.8 190.6 207.4 555.1 561.3 551.5 544.3

16 177.1 180.2 168.9 182.6 461.2 489.4 471.8 467.1

24 169.9 170.6 155.4 156.8 394.8 366.7 373.0 367.2

36 151.2 146.3 152.7 165.5 307.5 326.1 345.2 320.1

48 146.9 144.6 152.2 154.0 299.9 307.7 316.4 277.9

60 145.3 142.9 147.6 154.4 260.0 285.1 281.3 264.5

72 142.8 141.5 143.3 153.4 241.2 264.6 249.8 257.9

96 148.3 147.8 151.4 154.3 219.0 243.1 238.3 228.6

120 137.4 136.8 141.5 150.2 200.9 236.9 207.7 201.3

1Values are neutral detergent fiber (NDF) concentration at h (g kg−1 DM).
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A2.2. Calculating rate constants using linear regression

SAS Code

Note that this procedure requires that time intervals where no digestion occurred have been 
deleted from the active data set, the indigestible fiber concentration ([CI]) has been subtracted from 
the fiber concentration ([C]t) remaining at each time point, and that this difference has been trans-
formed by taking the natural logarithm. This quantity is included in the model statement as lnCD.

proc reg;

by species;

model lnCD = h / lackfit;

run;

The lackfit option in the model statement requests that the residual variance be partitioned 
into lack of fit and pure error in order to test if the model describes the response.

SAS Output(abridged)
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Abstract

Milk production and milk components are of prime economic importance for dairy 
farmers. Although milk production depends largely on numerous dietary nutrients, 
energy and protein are most critical. Feed grains containing starch such as corn, barley, 
wheat, and sorghum as a primary source of energy are commonly fed to beef and dairy 
cattle to improve meat or milk productions. Feed grain needs to be processed prior to 
feed cattle to increase accessibility of the endosperm by microbial population in the 
rumen and the host enzyme in the intestine. Grain processing is done by the application 
of various combinations of heat, moisture, time and mechanical actions. This article out-
lines the effect of grain processing method and degree of processing on rate and extent 
of grain digestion in the digestive tract of cattle, and consequently on lactation perfor-
mance and cattle health. Methods of grinding, rolling and steam flaking are particularly 
discussed on their advantages and disadvantages. The optimal degree of processing 
can achieve a balance between maximizing the extent and controlling the rate of starch 
digestion in the rumen to maximize utilization and avoid digestive and metabolic dis-
turbances. A recent developed precision processing technique has been highlighted and 
discussed as well.

Keywords: grain, processing, grinding, steam-flaking, dairy cow

1. Introduction

It is well known that the diet fed to dairy cows is an important lever by which milk yield and 
milk composition could be modified. Although milk production is affected by numerous dietary 
nutrients, energy and protein are most critical. Feed grains containing starch such as corn, wheat, 
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barley, and sorghum, as a primary source of energy, are commonly fed to livestock to improve 
meat or milk productions [1]. Improving starch utilization may improve lactation performance 
in cows and reduce feed costs, especially when grain price is high [2]. Whole grain with an intact 
pericarp is largely or entirely resistant to digestion by ruminants because whole kernels are 
resistant to bacterial and host enzyme accessing to endosperm of grain kernel in the rumen and 
in the intestine, respectively [3, 4]. Therefore, cereal grains require processing to break the pro-
tective seed coat, and the fibrous hull in the case of barley and oats, and to improve grain digest-
ibility [5]. Grain can be processed by the application of various combinations of heat, moisture, 
time, and mechanical action. Nonthermal processes (roller and hammer mill) and thermal pro-
cesses (roasting, popping, micronizing, autoclaving, steam-flaking, steam pelleting, expanding, 
extruding, and toasting) could be used to manipulate rate of degradation and hence ruminal 
availability [6, 7]. The extent and rate of ruminal digestion of grain can be manipulated through 
processing [8]. The quality of processed grain can be affected by the application of various com-
binations of heat, moisture, time, and mechanical action [9]. These processing treatments alter 
kernel structure, thereby enhancing the release of starch granules from the protein matrix and 
disrupting their order during gelatinization; this, in turn, increases the accessibility of starch 
to microbes in the rumen and increases the susceptibility to enzyme activity [10]. Thus, grain 
processing can be a useful tool for optimizing lactating dairy cow production by synchronizing 
energy and protein to improve rumen microbial protein production. Steam-flaking is a more 
extensive processing system than dry- or steam-rolling [11]. Steam-flaking has been shown to 
increase the digestibility of starch by cattle fed corn- or sorghum grain-based diets over whole, 
ground, or dry-rolled grain [7]. In sorghum, steam-flaking has been found to increase ruminal 
starch digestion, as compared with dry-rolling or grinding [12]. Consistent increases in ruminal 
starch digestion have also been observed for steam-flaked corn, as compared with ground or 
dry-rolled corn [13]. Malcolm and Kiesling [14] reported that steam-flaking of barley tended 
to increase in situ rumen dry matter degradation. These experiments have shown that steam-
flaking increases the amount of starch fermented in the rumen and, also, enhances the intestinal 
digestibility of starch that escape the rumen degradation. Few studies have investigated the 
effects of steam-flaked barley (SFB) on its digestibility in the rumen and in the total digestive 
tract of lactating dairy cows. Increasing the extent of grain processing enhances ruminal starch 
digestion of grain [8]. Additionally, grinding is a conventional processing method used in grain 
processing for feeding dairy cattle in some countries like Iran because of its low cost, but ground 
barley is often dusty, thereby potentially reducing feed intake. This response is usually influ-
enced by either the extent of processing or flake density [13]. The objective of this chapter was to 
discuss the effects of grain processing methods with emphasizes on grinding and steam-flaking 
and on grain digestibility and lactation performance of dairy cows.

2. Starch in cereal grains

Cereal grains are rich in starch ranging from 40% in oats up to 80% of dry matter in rice, with 
the variation in starch content dependent on variety, climatic conditions, and agronomic prac-
tices [15]. Starch is synthesized into a form of rough spherical granules and, within each feed 
grain starch granule, multiple concentric semicrystalline and amorphous shells are present [1]. 
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Feed grain starch consists of amylose and amylopectin, as two major components [1, 5], which 
are present in different proportions in the starch granule of feed grains [1]. Cereal starches 
are typically composed of 25–28% amylose and 72–75% amylopectin. There are also waxy 
cultivars with very high amylopectin concentration (up to 100%) and high amylase (up to 
70% amylose) cultivars [5]. Starch of waxy barley varieties may be less digestible than normal 
barley due to the differences in chemical composition and starch structure. Starch granules 
isolated from different feed grains and other starch sources reveal characteristic morpholo-
gies, varying in shape [16], in molecular size [17], and in specific surface structure and porosity 
[18]. Also, it has been recognized that cultivars or varieties in feed grains vary in granule size 
distribution, suggesting a significant genetic control [19]. Other components of feed grains, 
including lipids, proteins, and minerals, are also associated with starch granules. Lipids and 
proteins are the most abundant nonstarch components in feed grains that may affect physical 
state and enzyme susceptibility of starch in livestock [20].

3. Role of grain processing in starch digestion

Whole grains with an intact pericarp are largely or entirely resistant to digestion by ruminants 
because whole kernels are resistant to bacterial attachment in the rumen [3, 4]. Unlike sheep, 
adult cattles have a limited capacity to masticate cereal grains; hence, it is essential to break the 
pericarp of the seed either through chemical or physical treatments [21]. In feed grains, germ 
and endosperm are surrounded by the pericarp, which is largely resistant to microbial attach-
ment [22]. Starch granules from corn grain are surrounded by a protein matrix in the endosperm 
[23], which influences digestion by microorganisms [24]. Feed grain endosperm encapsulated 
by protein matrix acts as a physical barrier to protect from enzymatic hydrolysis [25]. It has been 
shown that this protein matrix by blocking the absorption sites or by influencing enzyme bind-
ing may reduce the surface availability of starch to host enzyme and ruminal bacteria [25]. In 
addition, the results of several studies have shown that hydrophobic properties of grain protein 
matrix, associated with type and location of proteins, could be responsible for the differences 
in starch digestion between rapidly digested grains such as wheat, barley, and rice, and slowly 
digested grains such as maize and sorghum [2, 24]. Processing is necessary for feed grains to 
break the protective seed coat [3, 5] especially for the grains such as maize and sorghum [11], 
and the fibrous hull in case of barley and oats, to improve their digestibility in the digestive tract 
of animals [5]. Feed grain processing by grinding, rolling, pelleting, steam-rolling, or steam-
flaking breaks down the recalcitrant barriers such as the hull, pericarp, and protein matrix and 
allows microbial and host enzyme accessing to the starch within endosperm cells.

4. Impact of grain processing

Grain processing methods could be divided into two groups: (1) nonthermal processes such 
as roller and hammer mill and (2) thermal processes, which include dry processing (roasting, 
popping, and micronizing) and wet processing (autoclaving, steam-flaking, steam-pelleting, 
expanding, extruding, and toasting) [26]. Heat processing, however, has been associated with 
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increased efficiency of fermentative utilization by altering the protein matrix of the endosperm 
and the starch structure, thus allowing a better utilization by microbial enzymatic digestion 
[21]. Increasing the starch availability is the primary goal of grain processing. In addition, pro-
cessing may destroy mycotoxins and improve mixing characteristics to improve bunk man-
agement and thereby enhance animal performance [27]. The processes reduce the particle size 
of the grain, increasing the surface area available for microbial attachment and colonization; 
combined, these actions increase the rate and extent of starch digestion [22]. Starch gelatiniza-
tion, a process in which disaggregated amylose and amylopectin chains in a gelatinized starch 
paste reassociate to form more ordered structures, and dextrination, formation of dextrins 
(fragments of amylose and amylopectin molecules formed by heating dry starch in the pres-
ence of some moisture, acids, or salts) during processing of grains [28], improve accessibility 
of enzymes to the starch granules. It, in turn, may shift the site of digestion of protein and 
starch from the rumen to the intestine [6, 7], and consequently, it results in an improved sup-
ply of amino acids and glucose to animal metabolism [29]. Elevated glucose absorption repre-
sents one mechanism by which increased intestinal starch digestion might increase milk yield 
[30]. Increased net energy density of cereals is also beneficial because high-yield dairy cows 
often are unable to consume sufficient energy during early lactation to meet the requirements.

5. Grain starch digestion in digestive tract of dairy cows

Ruminants do not produce appreciable quantities of salivary amylase, and therefore, starch 
digestion in ruminants is initiated after ingestion and mastication of feed [1]. Dairy cattle con-
sume large amounts of starch (20–40% of diet DM) as a way to increase energy consumption 
in support of high milk production [31]. The optimum starch content of diets for lactating 
dairy cows is not well defined, but 24–26% starch (dry matter basis) has been suggested [32]. 
Total tract starch digestibility of dairy cows is highly variable and has a range of 70–100% [33]. 
Quantitatively, most of the starch digestion in ruminants [2] occurs in the rumen (55–85%) 
and the small intestine (15–25%) with indigestible starch fractions ranging from 0 to 20% of 
starch intake [2, 34]. The rate and extent of starch digestion in the rumen are determined by 
interrelations among several factors, including level of feed intake, source of dietary starch, 
diet composition, grain processing, chemical alterations (fermentation, gelatinization), grain 
passage rate, and degree of adaptation of rumen bacteria to dietary starch [35]. Digestion of 
starch in the rumen is facilitated symbiotically by ruminal bacteria with amylolytic capacity 
[35]. Attachment of bacteria to starch containing feed particles is a key step in bacterial fer-
mentation of starch in the rumen [1]. Although ruminal protozoa play a role in ruminal starch 
digestion through ingesting and digesting starch granules, eliminating protozoa by rumen 
defaunation can actually increase rate and extent of ruminal starch digestion [36], which sug-
gests that bacterial fermentation alone is sufficient in starch digestion in the rumen. In general, 
ruminal starch digestion can vary substantially, ranging from 40 to 80% in lactating dairy cows 
[2, 33]. Compared to beef cattle, the extent of ruminal starch digestion from maize grain is often 
lower for lactating dairy cows [34]. The high levels of feed intake, rapid rates of passage and 
minimal mastication of grain particles by lactating dairy cows are thought to be responsible for 
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the lower ruminal starch digestion [33, 34]. Approximately 50–90% of the postruminal flow of 
starch is digested in the small intestine [1, 3] by enzymatic hydrolysis of starch that provides 
energy in the form of glucose to the animal. The passage rate through the small intestine, 
surface exposure, and grain endosperm properties can alter the output of enzymatic starch 
hydrolysis in the small intestine [37]. In the large intestine, around 30–60% of the starch escap-
ing ruminal digestion and enzymatic hydrolysis can be digested via hind gut bacterial fermen-
tation [6] that is symbiotically providing energy in the form of volatile fatty acid.

6. Factors affecting grain starch digestion

The kinetics of starch digestion in livestock animals depend largely on two major factors: (1) 
the inherent starch architecture and related physicochemical properties and (2) the degree of 
processing feed grains prior to feeding that vary with methods used such as rolling, pelleting, 
flaking, extrusion, and expander processing as well as the processing condition setting up of 
each method [1]. Starches from various sources show different responses to the heat processing 
conditions. The starch structure can be modified by the application of such processing, thus 
some native physicochemical starch properties including starch granule morphology, crys-
tallinity, the amylose content, and the type of endosperm are potentially affected [38]. These 
native physicochemical properties have been recognized to influence the starch digestion of 
grains [38]. Feed grains fed to livestock are commonly processed through a grinder or a roller 
prior to feeding, and mechanical processing could be considered as one of the primary and less 
expensive methods to influence starch digestibility. In commercial sector, various processing 
equipments with variable screen sizes or mill settings are available to create wide distributions 
of grain particle sizes and to meet different requirements of animal feeding [39]. The effect of 
particle size distribution on starch digestion is primarily associated with the available surface 
area for microbial access and enzymatic hydrolysis [40]. The particle size of grains after pro-
cessing, even if not directly related to native physiochemical starch properties, also plays a role 
in determining the relative efficiency of starch digestion within grains [41]. Blasel et al. [41] 
reported a reduction in the degree of starch access by α-amylase of about 27 g/kg of starch for 
each 100 mm increase in particle size in ground maize grain. Also, it is reported a reduction in 
the rate of starch digestion of grounded feed grains through 3.0 mm compared with 0.8 mm 
opening screen after either 60 or 240 min of in vitro incubation [42]. In addition, it has been 
observed that there is an inverse square relationship between the enzymatic hydrolysis rates of 
pancreatic α-amylase and the increasing particle size in milled barley and sorghum grains [43].

6.1. Method of processing

The method of processing grain will depend on the type of grain and the specific feeding and 
management conditions. Small kernel grain, such as barley and wheat, is usually processed by 
dry-rolling, steam-rolling, or temper-rolling, while corn grain is often steam-flaked in cattle feed-
ing. Grain can also be treated with chemicals or enzymes to alter the rate and extent of nutrient 
degradation [26]. Mechanical processing by rolling of the grain cracks or crushes the fibrous hull 
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and pericarp to enable access of rumen microorganisms and enzymes to the internal endosperm 
and increases the surface area for attachment [22]. The addition of moisture in steam-rolling and 
temper-rolling may be advantageous over dry-rolling when the original grain is very dry (<10% 
moisture), of variable kernel size, rolled more extensively to maximize utilization, and fed with 
limited amount of forage. Steam-processed grain is exposed to steam at either atmospheric, low, or 
high pressure to increase grain moisture and temperature before the grain is rolled. Steam-flaking 
of grain is a more extensive process with longer steam conditioning times and thinner rolled 
flakes than steam-rolling. The combination of moisture, heat, and rolling causes gelatinization of 
the starch granules, i.e., swelling of granules as water is absorbed, disruption of the crystalline 
structure, dissolution of polysaccharides, and diffusion from ruptured granules. Steam-flaking of 
barley grain increased the in vitro amyloglucosidase, catalyzed release of glucose and the rate of 
starch degradation compared to dry-rolling of the grain [44]. However, the beneficial effects of 
starch gelatinization for barley may be less than for corn or sorghum grain because barley starch 
once it becomes accessible readily degraded by ruminal microorganisms [44].

6.2. Degree of processing

The optimal degree of grain processing is aimed at achieving a balance between maximizing 
the extent and controlling the rate of starch digestion in the rumen to increase utilization and 
avoid digestive and metabolic disturbances [5]. The degree of grain processing, also called the 
extent of processing, can significantly affect rate and extent of grain digestibility in the rumen 
or in the total digestive tract, thus affect feeding value and cattle performance as well as cattle 
health when the high-grain is fed. Overprocessed grain increases proportion of fine parti-
cles, reduces palatability, increases rate of grain digestion in the rumen, hence increases the 
incidence of digestive disorders such as rumen acidosis, bloat, laminitis, and liver abscesses 
[5]; whereas underprocessed grain reduces the starch availability for fermentation by rumen 
microbes [45]. The degree of grain processing has been widely used by cattle nutritionist to 
manipulate rate and extent of grain digestion in the rumen. Processing index was developed 
by our laboratory to quantify the degree of processing, and it is currently applied as a routine 
method by feed mill in grain processing for cattle feeding [4]. The processing index refers to 
the volume weight (g/L) of barley after processing expressed as a percentage of its volume 
weight before processing [4]. This index reflects the fact that the more extensively grain is pro-
cessed (i.e., the higher the degree of processing), the finer the particle will be, hence, the lower 
the volume weight will be, and consequently, the lower the processing index. Take barley 
grain as an example; the disadvantages of under- or overprocessing grain on the milk produc-
tion of dairy cattle were described in a study by Yang et al. [4]; barley grain was steam-rolled 
to four degrees with processing index of 81, 72, 64, and 55%, and milk production increased 
quadratically with degree of processing resulting, respectively, in increases of 0, 9.8, 20.3, and 
13.3% in milk yield. The reduced milk yield in dairy cows fed coarsely rolled barley grain 
compared to those fed more extensively processed barley was due to the combined effects 
of lower feed intake, lower nutrient digestibility, and a slower particle outflow rate from the 
rumen. We concluded that the optimum extent of barley processing for dairy cows fed diets 
supplying adequate fiber was a processing index of 64% to maximize milk yield without neg-
atively affecting milk fat percentage.
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6.3. Precision processing

Kernel uniformity of grains can vary considerably depending on variety, growing condi-
tions, disease, etc., in particular, grains with lower and higher volume weights are often 
blended commercially to achieve an intermediate volume weight that increases the market 
value of the grain [5], but it also increases the variability of kernel size. The poor kernel uni-
formity can contribute to inconsistent processing especially when the dry-rolling technique 
is used. We have developed the precision processing method [45–47] that refers to sepa-
rate fractions of uniform kernel size and then each fraction is processed with an optimum 
roller setting specific to the kernel size to ensure that all kernels are cracked [46]. For barley 
grain of variable kernel size and shape, precision processing enables greater control over 
the extent of processing compared with processing with the conventional one roller setting, 
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7. Effects of grain processing on dairy cow performance
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Compared with grinding, rolling processing generally reduces starch digestibility in the small 
intestine and in the total digestive tract of cattle [26]. Larsen et al. [48] in a review reported 
that reduction in ruminal starch digestion of grains was generally not compensated for by 
increasing the small intestinal starch digestion but was associated with increases of starch 
digestion in hindgut. Santos et al. [49] reported that dairy cows fed steam-flaked corn yielded 
daily 1.5 kg more milk than did cows fed rolled grain, also the yield of milk protein and per-
centages of lactose and solids that are nonfat increased compared with rolling processing. 
Similarly, compared with rolling, feeding steam-flaked corn and sorghum increased yields 
of milk, milk protein, and fat, and protein percentage of milk, which were likely due to the 
increased total tract digestibility of dry matter, crude protein, starch, and neutral detergent 
fiber [50]. It suggests that steam-flaking versus rolling improved the feeding value of corn 
for lactating cows by improving diet acceptability and digestibility of organic matter and 
increased the estimated net energy for lactation of corn. López-Soto et al. [51] indicated that 
compared to dry-rolled barley, steam-flaked barley increased ruminal digestion of organic 
matter and starch of diet, but decreased dry matter intake of lactating dairy cows. Our in 
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situ experiment [52] showed that ground barley versus steam-flaked barley increased organic 
matter disappearance (Figure 1) and increased the washable fraction (28.3 versus 21.4%), rate 
of potentially degradable fraction (0.10 versus 0.05 h−1), and effective degradability (60.6 ver-
sus 47.6%) of organic matter. In an in vivo study [53] using lactating dairy cows, we observed 
that the grinding versus steam-flaking barley grain did not affect dry matter intake (23.6 kg/
day), digestibility of dry matter in the total digestive tract (71.0%), milk yield (43.4 kg/day), 
milk components, rumen pH, and molar proportions of acetate, propionate, and butyrate. The 
lack of difference between grinding and flaking could be due to low grain inclusion rate and 
minimal difference in the particle size as barley was coarsely ground. In contrast, Eastridge et 
al. [54] reported that the finely ground corn decreased milk urea nitrogen content compared 
with coarsely ground corn, suggesting that finely ground corn provided more fermentable 
starch in the rumen, thus possibly improved bacterial capture of the nitrogen. However, the 
results on dry matter intake, milk production of lactating dairy cows by feeding steam-flaked 
corn versus ground corn are inconsistent [55–57]. In another study using lactating dairy cows, 
we found that grinding versus steam-flaking of barley affected dry matter intake, organic 
matter digestibility in the total digestive tract, and feed efficiency. The discrepancy among 
the studies could be due to differences in grain variety, particle size distribution of processed 
grain, inclusion rate of grain in the diets, which could affect the grain digestibility in the 
rumen and in the intestine, hence, impact feed intake and milk production of dairy cows 
(Figure 2).

Figure 1. Organic matter disappearance (%) of ground barley (GB) compared to steam-flaked barley (SFB).
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7.2. Effect of flake density

Flake density of grains affects grain digestibility and cow performance. It was suggested that 
optimal flake density was between 0.32 and 0.39 kg/L [58]. Zinn and Barajas [59] conducted an 
experiment to evaluate the influence of flake density on feeding value of a barley-corn blend 
fed to feedlot cattle, and observed an increase of ruminal digestibility of organic matter, starch, 
and protein, but a decrease of ruminal nitrogen efficiency with decreasing flake density. We 
found that decreasing the density of steam flaked barley from 0.30 to 0.26 kg/L increased rumi-
nal digestion of starch and ruminal propionate, but decreased dry matter intake and ruminal 
protein degradation. These results are expected since decreasing the density of processed barley 
indicated increased degree of processing, hence increased rumen starch digestibility (Figure 2), 
and consequently, decreased rumen pH (potential rumen acidosis), and decreased dry matter 
intake. In comparing with corn-based diet, dairy cows fed barley-based diets showed greater 
dietary energy due to improved ruminal microbial efficiency, greater total tract organic matter 
digestion, and lower ruminal acetate and methane production. However, dairy cows that were 
fed barley-based diets had lower ruminal pH, which was exacerbated as flake density decreased. 

Figure 2. Organic matter disappearance (%) of steam-flaked barley (SFB) with various processing indexes (%).
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Results showed 8% improvement in energy value of barley with steam-flaking [51]. Flaking bar-
ley too thinly would depress feed intake because of increase in rumen digestion and reduction 
in rumen pH [51]. Our study also showed that decreasing the density of steam-flaked barley 
from 390 to 340 to 290 g/L tended to linearly decrease dry matter intake, total solids percentage 
of milk, and linearly decreased milk urea nitrogen. Finely ground corn increased ruminal pro-
pionate concentration and decreased ruminal pH and acetate to propionate ratio, suggesting an 
increase of grain digestion in the rumen. Increasing density of steam-flaked corn increased total 
tract digestion of organic matter, neutral detergent fiber, starch, and digestible energy content 
of diet and increased milk efficiency [60]. It suggests that barley and corn should be processed 
at different density when it is steam flaked to maximize its digestibility, while to minimize its 
rumen health problem since barley is more rapidly digestible than corn in the rumen.

8. Conclusion and implication

Improvement and optimization of grain digestion in the rumen and the intestine is an impor-
tant research focus in cattle nutrition and feeding. Generally, site, extent, and rate of grain 
starch digestion in the digestive tracts of cattle are influenced by intrinsic and external fac-
tors that can be interrelated, hence they are not easily defined. Particle size reduction, starch 
gelatinization, retrogradation, and dextrination due to grain processing may shift the site of 
starch digestion from the rumen to the intestine, and thus it results in an improved supply of 
amino acids and glucose to animal. Steam-flaking grain increases the starch digested both in 
the rumen and in the intestine; this, in turn, increases the available energy for milk produc-
tion. Overall, both ground and steam-flaked grains could be fed dairy cows depending on the 
level of grain in diet, dietary composition, and economic cost of grain processing.

Feeding values differ among grain sources and processing methods used. Although the net 
energy value of grain usually is increased by more extensive flaking, regardless of grain 
source or processing, dairy cows can produce milk at similar rates, probably due to reduction 
in dry matter intake and lower passage rate of flaked grains compared with ground grains. 
This may support the concept that chemostatic factors generally control intake of low forage 
diets. For a specific grain and processing method, roughage source and moisture may mark-
edly influence rate of production and net energy value of the grain, probably due to bunk 
management, diet acceptability, chewing activity, and site and extent of starch digestion.
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Abstract

There is an increasing interest in how nested positive indirect interactions involving 
at least three species maintain community structure. Recent research shows that posi-
tive indirect effects can strongly influence community structure, organisation and func-
tioning. It is thus important to understand and identify positive indirect effects for the 
purpose of predicting system responses to certain perturbations. In order to investi-
gate indirect effects, experimental manipulations must be carried out within the entire 
framework of the community of interest. Hence, often due to logistical difficulties, indi-
rect effects, especially those that yield positive results, have been less studied. Here 
we present a synthesis of current information on patterns of positive indirect effects 
and review and compare recently conducted experimental studies in marine herbivores 
and algae.

Keywords: indirect, plant, cascade, habitat, facilitation

1. Introduction

In this chapter, we synthesise current information and case examples of defined patterns of 
positive indirect interactions in marine herbivores. These types of interactions occur when 
one species causes a change in a second species, which successively affects a third species and 
where at least one species is benefited and neither is harmed [1]. Herbivores in marine eco-
systems have the ability to drastically modify the biogenic structure of habitats. To date, most 
of the ecological literature on marine herbivory has focused on negative effects arising from 
the overharvest of predators or shifting environmental conditions, which can lead to a loss 
of structural habitat. This chapter highlights the diverse roles that herbivorous grazers can 
play in directly and indirectly enhancing species diversity. The importance of  multispecies 
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 interactions involving herbivores has recently been recognised. We highlight that greater 
survivorship of contributing species inside such associations, as well as behavioural habitat 
selection, is important in the establishment of such interactions and that food provision is 
an important driver in their maintenance in marine systems. This chapter concludes with an 
emphasis on the importance of understanding multispecies interactions in successful man-
agement of marine ecosystems. In order to accurately predict the impact of potential pertur-
bations and for mitigation of effects, future research should refocus on the entire ecosystem 
framework to capture potentially important positive indirect effects that might further define 
species relationships.

1.1. Positive interactions

The importance of positive interactions between species is increasingly acknowledged in 
contemporary ecological theory [1–3]. Such interactions occur between two or more species 
when at least one participant benefits and neither are harmed and take place, simply, as 
either commensal (+, 0) or mutual effects (+, +) [1, 2, 4, 5]. A species that has a positive effect 
on another is referred to as a facilitator [2, 6]. Facilitative or positive interactions tend to be 
most common in environments with high physical stress and/or where strong consumer 
pressure exists [3, 4]. Here, facilitators play a positive role by ameliorating environmental 
stress and by creating complex habitat that can lessen the effects of competition and/or pre-
dation [1]. Relationships between facilitators and associated organisms may be obligate or 
facultative, depending on the level of risk to survival for the associated species outside of the 
relationship [4].

1.2. Direct and indirect interactions

Interactions between species can be both direct and indirect, yielding both positive and neg-
ative results [7–9]. A direct effect occurs as a result of a physical interaction between two 
species [10] and includes processes such as predation, interference competition, inhibition 
of recruitment, inhibition of feeding, enhancement of recruitment and provision of habitat 
or shelter [8]. Indirect effects occur in multispecies assemblages when the action of one spe-
cies causes a change in a second species, subsequently impacting on a third species [11, 12]. 
This type of interaction includes processes such as keystone predation, tritrophic interactions, 
exploitation competition, apparent competition, indirect mutualism, indirect commensalism, 
habitat facilitation and associational resistance [13].

Indirect effects occur when a species is involved in a series of strong pairwise interactions that 
are not independent of other species [13]. Indirect effects generally occur in a system via two 
ways [13]. The first is referred to as an interaction chain where species C indirectly changes 
the abundance of species A by changing the abundance of an intermediary species, species B, 
which interacts with both [13]. The second is termed either interaction modification or higher 
order modification and occurs more commonly. It occurs when the abundance of species C 
changes, causing an indirect effect on the abundance of species A by affecting the interaction 
between species A and species B [13] (Figure 1).
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Indirect effects also arise through changes in a physical and/or chemical component of the 
environment, as well as through another species [14]. For example, the effects of nutrient 
addition to a plant-endophage-parasitoid trophic chain can result in two types of indirect 
effects [15]. Fertilised plants (Chromolaena squalid) produce larger flower heads that act as 
a shelter against endophageous insects [15], representing an interaction modification [16]. 
Concurrently, this fertilisation results in an increase in the nutritional quality of the plant, 
which in turn increases the quality of the endophages as hosts to parasites [15] representing an 
interaction chain [16]. A similar example involves fish foraging, which causes a direct increase 
in sedimentation. This in turn has an effect on the abundance of invertebrates consuming 
primary producers [17–19]. Chemical cues and chemical communication can also indirectly 
mediate behaviour and strongly affect community structure [20]. For example, when given a 
choice between different cue sources, fish (Lipophrys pholis) and crabs (Carcinus maenas) that 
consume snails (Littorina obtusata) are more attracted to algae (Ascophyllum nodosum) that have 
recently been grazed to algae that have not [21]. It is thought that this indirect effect may have 
evolved in algae as a mechanism for protection against attacking herbivores [20].

Indirect effects within ecosystems may have important implications. It is thus important to 
understand and identify such effects for the purpose of predicting system responses to cer-
tain perturbations [13]. For example, human-induced perturbations to environments, such as 
replacement of natural marine habitats with artificial structures such as piling, marinas and 
seawalls, can have extensive direct and indirect repercussions on the abundances of biota 
within the ecosystem, and it is important for us to be able to identify such processes [22]. 
Environmental impacts such the introduction, increase, reduction or extinction of species can 
have widespread repercussions for the rest of an ecosystem [23]. Categorisation of organisms 
into separate trophic levels according to their feeding preference provides a useful founda-
tion with which to understand ecological systems [23]. Relationships between producers and 
consumers can be examined in this way to determine which trophic level, if removed, may 
control community composition [24].

Detection of indirect effects is, however, sometimes more complex than this, as indirect effects 
can be masked as direct effects within manipulation experiments. For example, when avian 
predation pressure was experimentally manipulated within an intertidal community, both 
direct and indirect effects were found [25]. An increase in predatory gulls reduced the den-
sity of the limpet Lottia digitalis [10]. The seemingly direct effect of foraging gulls on limpet 

Figure 1. Two fundamental ways in which indirect effects can occur within an ecosystem (adapted from [13]).
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abundance was later found to be partial due to an indirect effect involving a change in the 
abundance of the cryptic goose barnacle (Pollicipes polymerus), which comprised the habitat in 
which the limpet (L. digitalis) preferentially colonised [10]. As a direct result of gull predation, 
the area covered by the cryptic goose barnacle was dramatically reduced, thus increasing the 
area covered by the habitat-forming mussel, Mytilus californianus. A reduction in the preferred 
cryptic habitat meant an increased risk of predation for L. digitalis and thus a reduction in 
its abundance [6]. This released the limpet L. strigatella from exploitative competition with 
L. digitalis, and thus an increase in the abundance of the former was observed [10]. Results 
of this experiment reveal that gull predation, in fact, indirectly decreases the abundance of 
the limpet L. digitalis, which in turn increases the abundance of the limpet L. strigatella, via a 
decrease in the preferred cryptic habitat of L. digitalis, causing a reduction in the strength of 
exploitative competition between the two species [10]. This example demonstrates the impor-
tance of long-term experimental manipulations that consider the full complexities of the com-
munity of interest, for the purpose of detecting the underlying indirect effects. It also shows 
that conclusions from short-term experimental manipulations that simplify systems to direct 
interactions between species pairs can give questionable results [25].

Many direct effects within marine communities have been investigated in detail. Indirect 
effects, however, especially those that yield positive results, are less studied [10, 11]. The 
majority of indirect effects have been inferred from manipulative experiments that were 
designed to test other interactions rather than having been tested directly (e.g., [8, 26]). This 
may be due to the logistic difficulties in observing indirect effects within the marine environ-
ment or the difficulty in distinguishing between the effects of indirect and direct processes 
within multispecies interactions [8, 11, 12]. Nevertheless, there is little doubt that positive 
indirect effects are more common than historically thought and a growing body of work has 
revealed the importance of such effects within marine communities. Whilst there are almost 
an infinite number of associations involving indirect interactions between organisms, this 
chapter focuses on the current trends and significance of positive indirect effects that have 
shown to be ecologically important within benthic marine communities.

1.3. Patterns of positive indirect interactions associated with marine herbivores 
within marine communities

1.3.1. Food webs and trophic cascades

Food webs are crucial elements of community ecology as they describe the flow of energy 
and materials from one trophic (consumer) level to another [7, 8, 24, 27–30]. Species interac-
tions within food webs are important when considering species demography and commu-
nity structure across different habitats [23, 24]. In several cases, removal or introduction of a 
predatory trophic level can cause a cascading effect on other trophic levels [7, 10, 24, 31–34]. 
Such trophic cascades are simple indirect effects that occur as a result of consumer-resource 
interactions [13]. The most studied and classic marine example is the north-eastern Pacific 
trophic cascade involving sea otters, sea urchins and kelp [32]. Revival of the sea otter Enhydra 
lutris population had positive indirect effects on the near-shore benthic community struc-
ture [32] via a decrease in sea urchin Strongylocentrotus polyacanthus herbivory, which in turn 
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caused an increase in kelp Laminaria spp. cover and habitat, as well as changes to the physical 
parameters of the environment (e.g., water flow, light penetration) [32, 35, 36].

The potential for human-induced trophic cascades has become more apparent in recent 
years [9, 34]. Introduction of ‘no take’ marine reserves has reduced the impacts of humans 
on predatory levels in specific areas, resulting in positive indirect effect within these marine 
communities than can be observed for the first time [37]. A reversal in community structure 
was observed within Leigh Marine Reserve in New Zealand as a result of the elimination of 
fishing since 1976 [37]. Herbivory and the density of sea urchins declined with an increase in 
predation, which in turn increased the biomass of primary producers and altered seaweed 
community structure [37]. When comparisons were made between the area within the reserve 
and the area adjacent to the reserve for the 4–6 m depth zone, a marked distinction could be 
made between urchin-induced barrens (areas devoid of kelp) as the dominant habitat outside 
the reserve and the complex kelp habitat that was dominant within the reserve [37].

Predator diversity can strengthen positive trophic cascades by further reducing herbivory 
and increasing plant biomass [38]. Interspecific competition among predators is considered 
pivotal in maintaining food web dynamics, community structure and ecosystem functioning 
within marine systems [38–40]. For instance, an increase in predator diversity is believed to 
increase the likelihood of keystone predation or facilitation within the predatory assemblage, 
thus enhancing the efficiency of prey consumption [41]. Predators can affect plant biomass 
through ‘density-mediated indirect interactions’ (DMII), by reducing herbivore abundances, 
or through ‘trait-mediated indirect interactions’ (TMII) by reducing parameters such as the 
foraging period of herbivores [42]. Interestingly, Bruno and O’Connor [34] found that inclu-
sion of omnivores in predator assemblages could reverse predicted positive indirect relation-
ships between predator diversity and plant biomass. Through direct consumption of algae, 
omnivores effectively by-passed the trophic cascade. Thus, the magnitude and direction of 
changes in this community structure were due to changes in predator diversity. Cascades can 
sometimes be difficult to predict due to the multiple counteracting interactions that occur, 
especially when more generalist feeders like omnivores are included [38]. A review by Duffy 
et al. [31] came to a similar conclusion. Whilst horizontal predator diversity has indirect effects 
on primary production, the strength and sign of such effects depend on the diversity of prey 
types consumed (omnivore versus predator) and of course prey behaviour [43].

1.3.2. Indirect mutualisms

Indirect mutualisms can be defined as the shared indirect positive effects that one species 
has on another [44, 45]. They occur when the benefit exceeds the cost for both participants 
within an interspecific interaction (+, +) [46]. Positive interactions within the marine environ-
ment, especially mutualisms, are surprisingly widespread and play a critical role in shaping 
ecosystems [5]. Indirect mutualisms can arise through a number of mechanisms but typically 
involve a consumer-resource interaction linked with competitive interactions and are more 
likely to occur if the competitive relationship between resource species is strong [13]. In the 
presence of a competitive hierarchy between resource species, the interaction may become a 
direct commensalism (+, 0) [47].
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Foundation species provide structure to the community and include groups such as kelp, coral 
and seagrass [5]. Mutualistic interactions frequently occur between foundation species and 
their residents whereby both resident and foundation species benefit [5]. This process, also 
known as indirect facilitation [1], will be discussed in more detail later in this chapter. Perhaps 
the most well-studied mutualistic interaction involving a foundation species within a marine 
community is that between corals and their photosynthetic dinoflagellate symbionts, zoo-
xanthellae [5]. Photosynthesis by zooxanthellae provides the coral host with carbohydrates, 
whilst the resident zooxanthellae receive nutrients via nitrogenous waste from the prey of 
their carnivorous coral host [5]. The carbohydrates are used by the coral for calcification and 
growth, allowing them to grow at a rapid rate, which is necessary for survival [5]. Whether 
such rapid growth will be enough to ensure coral survival in many regions under rapid sea 
level, change is still unknown. Survival of one of the most biologically diverse ecosystems in 
the world would certainly be severely compromised without this mutualistic interaction [5].

Corals persist in tropical environments due, in part, to the efficient grazing activity of herbi-
vores that prevent overgrowth by fouling algae [48]. Within temperate marine communities, 
however, fewer species of coral survive due to the competitive advantage that algae have over 
corals, where herbivory is less intense [48]. Contrary to this trend, the coral Oculina arbuscula 
persists in temperate waters off North Carolina despite the prevalence of macroalgae due to 
a mutualistic relationship with the omnivorous crab Mithrax forceps [46]. The coral harbours 
the crab, which consumes all types of algae and invertebrates inhabiting the coral. The crab 
uses the coral for protection from predators and gains a dietary advantage from the coral by 
consuming the lipid-rich coral mucus [48]. This mucus may also attract symbionts that further 
protect the coral from predation [48].

A negative consumer-resource interaction can flip to a positive interaction through changes to 
mutualistic effects [43]. Coralline algae, for example, are typically consumed by molluscs that 
scrape them from the rocks they inhabit with their hardened radulae [49]. Within the Belize 
Barrier Reef, approximately half of the diet of the herbivorous chiton, Chonoplax lata, is made 
up of its preferred coralline algal host Porolithon pachydermum [49]. Feeding by the chiton c 
burrows and excavates into the coralline algae, causing damage to the host [49]. When the 
chitons are experimentally removed, however, the coralline algae become extensively fouled 
by epiphytic algae, which attract deep biting by powerful herbivorous fish, including parrot 
fish. This form of herbivory causes substantially more damage to the coralline algae than that 
caused by the chiton [47]. Thus, removal of the chiton caused an increase in grazing dam-
age rather than a decrease. Herbivorous damselfish can form similar mutualisms with algae. 
By protecting their food source, less grazing activity occurs to the algal mats on which they 
feed [50]. As a result, these algal mats are far more species rich and occur in greater biomass 
than those subjected to all types of grazing [50]. In fact, when damselfish are experimentally 
removed, these algal mats are consumed entirely within hours [50, 51].

Mutualists in one ecological context may be adversaries in another ecological context [5]. 
Whilst indirect mutualism yields positive results by definition, this type of effect is often 
linked with negative interactions, such as exploitative competition [13]. When two compet-
ing species are considered in a community context, the effects of a nearby competitor can 

Herbivores140



Foundation species provide structure to the community and include groups such as kelp, coral 
and seagrass [5]. Mutualistic interactions frequently occur between foundation species and 
their residents whereby both resident and foundation species benefit [5]. This process, also 
known as indirect facilitation [1], will be discussed in more detail later in this chapter. Perhaps 
the most well-studied mutualistic interaction involving a foundation species within a marine 
community is that between corals and their photosynthetic dinoflagellate symbionts, zoo-
xanthellae [5]. Photosynthesis by zooxanthellae provides the coral host with carbohydrates, 
whilst the resident zooxanthellae receive nutrients via nitrogenous waste from the prey of 
their carnivorous coral host [5]. The carbohydrates are used by the coral for calcification and 
growth, allowing them to grow at a rapid rate, which is necessary for survival [5]. Whether 
such rapid growth will be enough to ensure coral survival in many regions under rapid sea 
level, change is still unknown. Survival of one of the most biologically diverse ecosystems in 
the world would certainly be severely compromised without this mutualistic interaction [5].

Corals persist in tropical environments due, in part, to the efficient grazing activity of herbi-
vores that prevent overgrowth by fouling algae [48]. Within temperate marine communities, 
however, fewer species of coral survive due to the competitive advantage that algae have over 
corals, where herbivory is less intense [48]. Contrary to this trend, the coral Oculina arbuscula 
persists in temperate waters off North Carolina despite the prevalence of macroalgae due to 
a mutualistic relationship with the omnivorous crab Mithrax forceps [46]. The coral harbours 
the crab, which consumes all types of algae and invertebrates inhabiting the coral. The crab 
uses the coral for protection from predators and gains a dietary advantage from the coral by 
consuming the lipid-rich coral mucus [48]. This mucus may also attract symbionts that further 
protect the coral from predation [48].

A negative consumer-resource interaction can flip to a positive interaction through changes to 
mutualistic effects [43]. Coralline algae, for example, are typically consumed by molluscs that 
scrape them from the rocks they inhabit with their hardened radulae [49]. Within the Belize 
Barrier Reef, approximately half of the diet of the herbivorous chiton, Chonoplax lata, is made 
up of its preferred coralline algal host Porolithon pachydermum [49]. Feeding by the chiton c 
burrows and excavates into the coralline algae, causing damage to the host [49]. When the 
chitons are experimentally removed, however, the coralline algae become extensively fouled 
by epiphytic algae, which attract deep biting by powerful herbivorous fish, including parrot 
fish. This form of herbivory causes substantially more damage to the coralline algae than that 
caused by the chiton [47]. Thus, removal of the chiton caused an increase in grazing dam-
age rather than a decrease. Herbivorous damselfish can form similar mutualisms with algae. 
By protecting their food source, less grazing activity occurs to the algal mats on which they 
feed [50]. As a result, these algal mats are far more species rich and occur in greater biomass 
than those subjected to all types of grazing [50]. In fact, when damselfish are experimentally 
removed, these algal mats are consumed entirely within hours [50, 51].

Mutualists in one ecological context may be adversaries in another ecological context [5]. 
Whilst indirect mutualism yields positive results by definition, this type of effect is often 
linked with negative interactions, such as exploitative competition [13]. When two compet-
ing species are considered in a community context, the effects of a nearby competitor can 
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 sometimes counterbalance the negative effects of competition by lessening physical stresses 
or preventing attacks by enemies [5]. A classic example is where the addition of a seastar 
within an intertidal community directly decreases the abundance of the resident mussels 
(Mytilus), which in turn makes space for competitively inferior sessile species [52]. A similar 
example is described by Wulff [53] whereby particular species of sponges grew better when 
surrounded by other species of sponges than when grown with conspecifics or when grown 
alone. This is thought to be due to a nearby competitor lessening the impacts of predation, 
acting as a positive trade-off to the negative effects of competition [5].

Mutualistic interactions have long been considered a coevolved trait, involving species that 
are coupled consistently in space and time; however, this is not always the case [5]. Some 
interactions that appear to have coevolved do not have an obvious coevolutionary history [54, 
55], suggesting that their occurrence may have arisen as an incidental benefit [56]. For exam-
ple, damselfish seek refuge from predators by hiding within branching coral [5]. The damsel-
fish benefits mutualistically the coral by providing nutrients whilst in hiding, via excretion, 
thus allowing the coral to grow at a faster rate [57]. Extensive branching on this type of coral 
is thought to have evolved in response to feeding and reproductive needs rather than to take 
up nutrients provided by the damselfish [5]. Similarly, growth of the brown encrusting alga 
Pseudolithoderma sp. is increased through uptake of ammonium by overlying live honeycomb 
barnacles (Chamaesipho columna) [58]. Occurrence of the alga on the barnacles is most likely 
due to a refuge from herbivory, and it is thought that the alga reduces the impact of desicca-
tion for the barnacles during low tides [58, 59].

1.3.3. Associational resistance

Associational resistance occurs when an organism takes refuge from predation by associating 
with a habitat-forming competitor (+, +) or (+, 0) [60]. Palatable marine plants, for example, 
are more vulnerable to herbivory when occurring alone, but herbivory is reduced and growth 
enhanced, when the same species grows interspersed with algae that are unpalatable to her-
bivores [61–63]. This is a facilitative-commensalistic (+, 0) example of associational resistance 
whereby the palatable plant has a clear benefit by association; however, the unpalatable plant 
neither benefits nor suffers [1]. Such an interaction can become antagonistic (+, −) if the palat-
able plant outgrows the unpalatable plant, making the unpalatable plant more attractive to 
herbivory [1]. In this instance the relationship could also be considered parasitic [1]. When the 
unpalatable plant remains dominant in the community, however, species growth and diver-
sity can increase significantly by providing a safe haven for the palatable species [63]. This 
example highlights the transient nature of some associations over time, such that interactions 
can flip from being positive to negative and potentially back again, given particular biotic and 
abiotic circumstances [63].

Mobile organisms, often herbivorous, can also take refuge from predation by association with 
seagrasses, kelps, corals and other sessile or less mobile organisms that provide structural 
and morphological defences [1]. Smaller marine invertebrates can shelter within the structur-
ally complex habitat formed by seagrass, kelp and corals for protection from predators using 
their host as both food and habitat [1]. Whilst structural complexity can play a large role in 
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 providing safe havens from predation, the chemical makeup of plants can also deter larger 
consumers [1]. Some marine invertebrates inhabit plants that contain noxious antipredator 
chemicals and feed on species other than their host [1]. In such situations the benefit of refuge 
is thought to outweigh the importance of the quality of the food. For example, the juvenile 
sea urchin Holopneustes purpurascens inhabits the chemically defended foliose red alga Delisea 
pulchra [64]. H. purpurascens exhibits a diel pattern of movement on its host plant. It remains 
wrapped within its host during the day, when predation is greatest, and is more exposed 
at night, for purposes thought to include nutritional gain, reproduction, avoidance of photo 
damage and microenvironmental variation associated with the host alga [65]. When H. pur-
purascens reaches a certain size, it moves to a new host plant, the kelp Ecklonia radiata, on which 
it feeds [64]. At this point in its life history, it is thought that the benefit of a more nutritious and 
easily accessible food source outweighs the benefit of refuge via a chemically noxious host [64].

The decorative behaviour of certain crab species with chemically defended plants is a similar 
scenario. The decorator crab Libinia dubia camouflages itself by covering its carapace with the 
chemically noxious brown alga Dictyota menstrualis [66]. The diterpene alcohol produced by 
the brown alga deters predators by making the alga unpalatable [66]. The diterpene alcohol 
also acts as a cue for the crab to commence decorative behaviour [66]. Studies have shown 
that without this behavioural adaptation, L. dubia would most likely become extinct [66]. It 
is thought that the relationship between the decorator crab L. dubia and the brown alga D. 
menstrualis may well be mutualistic, whereby the alga benefits though and through reduced 
herbivory via the consumption of amphipods by the crab [66] and gains nutritionally via crab 
excretion, as in the relationship between the brown alga Pseudolithoderma sp. and the barnacle 
Chamaesipho columna [58].

Associational resistance can also occur between invertebrates. For example, less mobile sea 
urchins (Parechinus angulosus) provide a stable habitat for juvenile abalone that are at risk of pre-
dation by crayfish [67]. Experimental removal of urchins indirectly affected recruiting abalone 
by causing an increase in sediment. McClintock and Janssen [68] document a similar occurrence 
whereby an amphipod increased its chances of survival by capturing a chemically defended 
pteropod, effectively exploiting the pteropod’s chemical defence for its own protection.

Associational resistance is sometimes considered facilitative when the species that provides 
the associational resistance is facilitated by the association. For example, an Antarctic sea 
urchin facilitates dispersal of chemically defended seaweeds that have become detached 
during storms [69]. The sea urchin exhibits a similar decorative behaviour where it collects 
reproductively viable individuals for camouflage to deter predation whilst also preventing 
the seaweed from being carried ashore or below the photic zone [69]. This example could also 
be defined as mutualistic.

1.3.4. Facilitation cascades

Facilitation cascade is another example of a positive indirect effect and is commonly observed 
in marine herbivores and macroalgae. Within a facilitation cascade, the basal habitat former 
facilitates an intermediate habitat former, which in turn facilitates a focal species. In marine 
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environments, where predation is often intense and waves and currents produce abiotically 
stressful conditions, positive interactions among species, such as facilitation cascades, are 
expected to play a particularly important role in the structure and organisation of ecological 
communities [1, 4, 6, 70, 71].

Marine benthic communities inhabit highly dynamic environments [72]. Storm surges, wave 
action, tides and currents, as well as biotic factors related to food web dynamics; all contribute 
to the dynamics of this environment [73]. Facilitator species within these systems include ben-
thic species such as kelps [24], seagrasses [74] and mangroves [75]. These mitigate environ-
mental stressors for associated species through substrate formation [76, 77]; enhancement of 
larval settlement [78]; provision of food [79]; shelter from physical forces such as wave action, 
tides and currents [80]; and refuge from predation [81]. These species often form large aggre-
gations whereby facilitation of generally smaller species, often herbivores, occurs through the 
creation of habitat heterogeneity [76].

Herbivores in marine ecosystems have the ability to drastically modify the biogenic struc-
ture of habitats. Sea urchins, for example, are major grazers in rocky reef ecosystems, often 
maintaining areas devoid of macroalgae, namely, ‘urchin barrens’ [82]. To date, most of the 
ecological literature has focused on the cascading negative effects of increasing herbivore 
abundance arising from the overharvest of their predators or shifting environmental condi-
tions, which can lead to a loss of structural habitat [32, 83–87]. However, some herbivores can 
have positive effects on particular associated species. These positive effects most likely occur 
at smaller scales than the negative effects associated with large-scale herbivory and often 
within facilitation cascades, whereby complex systems of direct and indirect pathways make 
them more difficult to uncover.

Perhaps the most common and simplest way that a herbivore can mediate a facilitation cas-
cade is by providing shelter for other small invertebrates [88–91]. In mangrove forests, for 
example, marine invertebrates such as sponges and barnacles are directly facilitated by the 
mangroves in which they inhabit and, in turn, indirectly facilitate the mangroves by pro-
viding physical barriers, thus protecting them from wood-boring isopods [92]. Within the 
lagoons of French Polynesia, gammarid amphipods and chaetopterid polychaetes induce the 
growth of branch-like ‘fingers’ on corals through nutrient provisioning, which in turn facili-
tate the abundance and diversity of fishes [93]. In intertidal cobblestone beaches, cordgrass 
beds provide habitat for mussels, which in turn create crevice space a shelter to an array of 
other marine invertebrates [77]. Thomsen [94] conceptualises a specific type of facilitation 
cascade, described as a ‘habitat cascade’. This type of interaction is characterised when a basal 
habitat former, typically a large primary producer, creates space for an intermediate habitat 
former to live, that in turn creates habitat for the focal organism.

One example of a habitat cascade mediated by a marine herbivore is that between the 
common kelp Ecklonia radiata, the sea urchin Holopneustes purpurascens and the gastropod 
Phasianotrochus eximius. Within this relationship, the intermediary species, the short-spined 
urchin, H. purpurascens, uses its tube feet to wrap itself in the laminae of the kelp [36, 64]. 
It also preferentially consumes the kelp [95]. The focal organism, the gastropod P. eximius, 
resides with H. purpurascens in the temporary shelter the urchin builds within the fronds of 
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the kelp [65]. The relationship is considered facultative, as P. eximius can survive in different 
types of habitats but is most abundant on E. radiata plants with H. purpurascens throughout 
the year [96]. Due to its small size, P. eximius is likely to be vulnerable to predation outside 
of its preferred complex habitat structure. The modified habitat in which both species exist is 
thought to benefit the sea urchin by providing it with a shelter from predation but also from 
abrasion by kelps and other objects ‘whipping’ by in the water due to adverse abiotic factors 
such as wave action, tides and currents [65].

Covering behaviour in other species of sea urchins has also been considered an adaptation 
to avoid surge [97]. The sea urchin Toxopneustes roseus covers itself in shell fragments and 
foliose algae in areas of high surge throughout the Gulf of California [97]. It is possible that 
H.  purpurascens has adapted in a similar way to T. roseus by covering itself to mitigate wave 
action within the exposed environment in which it inhabits [36]. It is highly likely, therefore, 
that P. eximius also benefits from inhabiting the shelter built by H. purpurascens.

Impacts on one species within a facilitation cascade can profoundly change the balance of the 
relationship. Recently, H. purpurascens in this region has been associated with the outbreak of 
a disease caused by the opportunistic pathogen Vibrio anguillarum [98]. The disease reduces 
the capacity of the urchin to wrap algae around itself and ultimately leads to death of the 
urchin. The disease is water-borne, and prevalence of the disease is exacerbated by increases 
in water temperature, such as those associated with climate change [98]. Whilst the impact 
of the urchin disease on the health and demography of both kelp and gastropod is currently 
unknown, it is highly likely that both may suffer through prolonged contact with diseased 
urchins. P. eximius may also face reduced availability of habitat formed by H. purpurascens 
should the abundance of urchins be dramatically impacted.

Plants often mediate facilitation cascades. These interactions typically occur in temporally 
separated, spatially separated or taxonomically distinct species [99–101]. Thomsen [94] inves-
tigated one particular example whereby small herbivorous marine invertebrates facilitate 
habitat for seaweeds, which in turn facilitate habitat for focal species of invertebrates and 
epiphytes. Other examples involve two levels of plant facilitation. For example, the seaweed 
Hormosira banksii provides habitat for the obligate epiphyte Notheia anomala, which in turn 
facilitates species richness and diversity of mobile invertebrates [102]. Similarly, temperate 
Australian mangrove forests facilitate free-living algae, which in turn facilitate a dense and 
diverse assemblage of epifaunal molluscs [103].

For small marine herbivores, associations with larger, habitat-forming herbivores can be 
driven by a range of environmental obstacles that need to be efficiently overcome to survive 
[104, 105]. These not only include the need for shelter but also finding a reliable and nutri-
tious food source and access to mates, the former two being generally considered the most 
important driving factors in habitat and/or host choice [79, 104–106]. Ideally, an individual 
will choose a habitat or host that provides all of these attributes [16].

By investigating both the direct and indirect effects of species interactions, often a seemingly 
simple association will be based on more complex foundations. For example, grazing sea 
urchins and gastropods are directly facilitated by mussel beds by feeding on attached algae; 
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the mussels are indirectly facilitated by the grazers that keep them free from algal growth 
and reduce the potential for mussel dislodgement by up to 30-fold [107]. Similarly, juvenile 
abalone that recruit to the underside of the sea urchin Parechinus angulosus [67] receive pro-
tection by the urchin but also provision of food via drift algae that the urchin captures on its 
spines for its own consumption [67]. Another example can be observed between the isopod 
Dulichia rhabdoplastis and sea urchin Strongylocentrotus franciscanus, which appears to be indi-
rectly mediated [108]. Within this relationship, the isopod builds strings of detritus made 
from its own faecal pellets that it connects to the spines of the sea urchin [108]. The strings are 
colonised by a rich layer of diatoms, which the isopod subsequently consumes [108]. Here, the 
sea urchin indirectly facilitates the isopod by providing it with a habitat that it uses to capture 
its prey [108]. This species may also benefit directly by using the spines of the sea urchin as 
refuge when needed.

Facilitation cascades are not exclusive to herbivores. An invasion by non-native bullfrogs has 
been facilitated by the coevolved non-native sunfish, where the sunfish increased bullfrog 
tadpole survival by consuming dragonfly nymphs that preyed on the tadpoles [109]. Such 
an interaction between two non-native species also has the potential to exacerbate impacts of 
species invasion [109].

2. Conclusion

Positive interactions involving marine herbivores and algae have been increasingly recog-
nised for their importance in the structure and functioning of ecosystems [94]. However, 
studies focusing on the role of negative species interactions in shaping ecosystems such 
as over harvest of predators or shifting environmental conditions, which can lead to loss 
of structural habitat, still far outweigh those focusing on the importance of positive effects 
[32, 83–87]. Herbivores in marine ecosystems have the ability to drastically modify the bio-
genic structure of habitats. Indirect effects add to the complexity with which ecosystems 
function and are intrinsically difficult to quantify, often requiring long-term and manipula-
tive experiments [101]. Whilst interest in indirect effects has recently grown, there is still a 
gap in our understanding of the roles that individual indirect effects have and their impor-
tance within many systems [16]. An understanding of positive interactions, and both the 
direct and indirect pathways of occurrence, is essential to predict accurately the impact 
of potential perturbations for successful management of ecosystems. Greater survivorship 
of contributing species inside such associations as well as behavioural habitat selection is 
important in the establishment of such interactions, and food provision is an important 
driver in their maintenance in marine systems. Whilst difficult, future research should focus 
on the entire framework of these ecosystems to capture potentially important cascading 
effects that might further define species relationships. Experiments should centre on the 
effects of feeding behaviour and the nutritional benefits of association, the role of preda-
tion and the risks herbivores face beyond the association as well as environmental stressors 
such as wave action and climate change on the survival of associates within and outside of 
preferred habitats.
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Throughout the past 50–100 years, human impacts on marine ecosystems (such as overfish-
ing) have resulted in a downturn in the abundance of species that prey on herbivores in some 
areas [110]. Within such areas this has caused an increase in the abundance of herbivorous 
species and in turn is likely to have had a positive effect on species that associate with sea 
urchins [111]. Recently, however, direct threats on herbivores by humans, such as harvesting 
for food [112], creating suboptimal conditions that, increased sedimentation [113] and ocean 
acidification [114] on local to regional scales, have increased, which in turn will negatively 
impact on the species with which the herbivores facilitate. This issue has been identified as 
particularly relevant to commercially harvested species that rely on herbivore for survival, 
such as the abalone H. midae, which depends on the sea urchin P. angulosus throughout its 
juvenile stage for both food and shelter in South Africa. Depletion of sea urchin stocks in 
this location has seen a decline in abalone recruits, which have had significant impacts on 
the abalone industry in this region [67]. This chapter highlights the diverse roles that her-
bivorous grazers play in directly and indirectly enhancing species diversity. Unfortunately, 
however, the relatively unstudied nature of many species interactions within the marine 
environment means that many of these types of associations may disappear before we 
have the opportunity to understand their importance within ecosystem functioning. With 
a greater level of understanding of the important roles that herbivores play within various 
marine ecosystems, the cascading effects as a result of threats to herbivores can be managed 
appropriately, for the purpose of maintaining future biodiversity.
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Abstract

The extent of herbivory in lizards is influenced by several factors. Plant tissues are more
difficult to digest than invertebrates due to the presence of cellulose. Thus, so many
lizards  exhibit  carnivorous  diet.  Nevertheless,  some  species  consume  vegetables.
Essentially herbivorous diet occurs in about 3% of lizards, while most omnivores add
plants in their diets. Omnivorous species tend to eat more fruits, flower, and nectar,
because they are easier to digest and provide more nutrients than leaves, which are rich
in cellulose. The main factors influencing the consumption of plant material are related
to the habitat of the species. Insular and arid environments favor the consumption of
plants because such locations have low amount of arthropods available and present
water scarcity. It is also possible to observe ontogenetic changes in the lizard's diet, in
such a way that young individuals consume only invertebrates, whereas the adults
supplement their diet with plant material. When consuming fruits and nectar, lizards
become potential dispersers and pollinators. In this sense, some studies have already
corroborated seed dispersal and pollination events by lizards. In islands where other
species are absent, these interactions are essential for the maintenance of communities.

Keywords: herbivory, lizard ecology, ontogenetic, seed dispersion, diet, omnivory

1. Introduction

Due to lower consumption of vegetables by lizards, often the groups are overlooked in studies
that discuss herbivory. However, it is important to discuss this matter in order to obtain a better
understanding with regard to lizards/plant interaction, inasmuch as there are determinants
physiological characteristics for the occurrence or absence of such interaction. Considering that
the plants compose the diet of lizards, it is worth emphasizing the ecological importance of this
relationship, which composes the trophic chain.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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A few species of living lizards currently present are essentially herbivores, especially when
compared with the extensive fauna of herbivorous reptiles of the Mesozoic [1]. Regarding diet,
most lizards consume small animals and rarely plant material. On the other hand, there are
omnivores species and some exclusively herbivores [2]. Accordingly, many factors can
influence the consumption of plants, such as seasonal availability of food items, digestibility,
and components from the consumed plants [3].

The nutrient assimilation capacity in herbivores is less than in omnivores, while such capacity
is lesser in omnivores than in carnivores [1]. The low nutrient assimilation capacity in lizards
reduces growth rates and reproductive capability, causing a reduction in egg production by
females [2, 4]. Thus, the consumption of plants can make them more susceptible to predation,
influencing in the adaptive radiation of the species.

2. Vegetables in composition of the lizard's diet

An herbivorous diet requires adaptations, physiological or behavioral, for the digestion of
cellulose. Such adaptations may be: specialized dentition, elongated intestines, colic valves,
intestinal flora, and thermoregulation to maintain high body temperature [5], inasmuch as gut
fermentation, which is necessary for plant digestion, requires prolonged periods of high body
temperature [6]. Every part that makes up a plant requires different adaptations for digestion
because the parts vary significantly in their structure and composition. Leaves and stems are
more difficult to digest than nectar, pollen, flowers, and fruits, due to the greater amount of
cellulose present.

The consumption of plant material by lizards is less frequent than in other groups, such as
mammals and birds. Many species consume vegetables, but they are considered omnivorous
(capable of metabolizing different food items) and the majority of their diet is composed of
small animals, consisting essentially of arthropods. Less than 3% of lizard species are consid‐
ered essentially herbivorous [1, 2, 4, 7]. Lizards are considered strictly herbivorous only if more
than 90% of its diet is composed of plant materials [3]. The ectothermy1 is one of the reasons
for the lower consumption of vegetables by the lizards, compared to mammals and birds,
insofar as the temperature variations according to the environment difficult digestion of these
materials. For the occurrence of the digestion of plant material, a long time of thermoregulation
is necessary, because at low temperatures the absorption of nutrients is compromised, reducing
the energetic efficiency. On the other hand, a long exposure time for thermoregulation increases
the risk of predation. As an example, it can be cited that the lizard Dipsosaurus dorsalis (Baird
and Girard, 1852), a herbivorous lizard from the desert, maintains higher temperatures than
other iguanids insectivorous lizards and is active for a long period of the day [8].

Regarding this issue, for some species, to increase the body temperature is not the main
mechanism used for digestion of plant material. The lizard Cnemidophorus murinus (Laurenti,

1 An ectothermic animal vary its body temperature according to the ambient temperature but control this variation by
behavioral methods. For example, the lizards remain exposed to the sun in the morning, and they hide from the sun
during the rest of the day in order to prevent overheating.
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1768) keeps the body temperature similar to other teiids lizards but it remains active much
longer to facilitate the digestion of plant [9], in that way the body temperature is maintained
constant at about 37°C, predominantly during the day [6].

Since plant tissues are more difficult to digest than animal tissue, lizards require mechanisms
that facilitate the digestion. Moreover, birds and mammals that are exclusively herbivores
have high energy efficiency due to temperature maintenance and digestive symbiotic
associations [4].

Then, it raises the following question: what are the factors that allow some species of lizards
feed on plants and not others? The first studies that have sought to elucidate this query,
consider the size of the animal as decisive in choosing the type of diet. Theoretically, harder
items need greater strength and efficiency in chewing, and to have a larger and more robust
head, allowing a stronger bite [10]. Campos, in a work about the lizards of Microlophus genus,
found differences in cranial morphology associated with their diet: species that consume plant
material have larger and wider skulls than the insectivorous ones. In this sense, large lizards
could employ greater strength in their jaws, producing a better grinding of the food. For a time,
it was assumed that only large lizards would be able to reduce plant material into digestible
portions [7]. Several recent studies have shown that smaller species are able to consume plant
material. Nevertheless, the adaptations which allow these species consume plants are lesser
known [5].

Besides the initial process of tissues breaking by chewing, for digestion of more resistant
materials, it is necessary a more elongated digestive tract and, the presence of symbiotic
relationships. More elongated intestines, as well as chewing ability, are related to the body size
of the animal. It is known that most herbivorous lizards belong to Iguanidae family. This is
one of the few groups of lizards known which have expertise to digest plant material. The
iguana intestine contains colic valves in order to increase the area of absorption and residence
time of food in the intestines as well as intestinal flora suitable for cellulose degradation [3].

In a manner contrary to the trend related to body size, Liolaemus lutzae (Mertens, 1938), a species
of small size, consumes large amounts of plant material, presenting evidence of capacity to cut
leaves to consume them [11]. The same author concluded that the consumption of leaves by
the species does not occur indiscriminately, inasmuch as the most common plant species in the
stomach contents are less frequent in the studied area, suggesting that there is selection of the
items to be consumed by their qualitative properties: amount of cellulose, sugars, fibers,
tannins, and other components of the plant.

Omnivores Lizards, which include plant materials in their diets, tend to consume the softer
parts of the plant, such as flowers and fruits containing large amounts of lipids, carbohydrates,
sugar, and protein [12].

The selection of certain plant parts is also observed in other species, such as Tropidurus torquatus
(Wied‐Neuwied, 1820), species of omnivorous diet which also consumes plant material, tends
to consume fruits, since they have a good digestibility [13]. Similarly, Tupinambis teguixin
(Linnaeus, 1758) in a population of eastern Chaco, Argentina, presented plant material as its
main diet composition (over 60%), in which most were fruits [14], even though it is a species
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of large size. Therefore, there is not an only factor, but a set of factors that influence the
herbivory in the lizards.

Leiocephalus carinatus (Gray, 1827), another omnivorous species, has on your diet 47% of plant
material. Kircher et al. [15] reported the use of Ipomoea pes‐caprae flowers by adults of the species,
in the Cayman Islands, Cuba.

2.1. Food preference in herbivorous and omnivorous lizards

Omnivorous species, as well as the herbivorous ones, can select parts of plants rich in nutrients
and low cellulose content to consume, according to their physiological demand or digestive
adaptations. Lizards that consume plant material in small quantities, or that do it occasionally,
choose parts easier to digest or that which do not require specific adaptations to digestion.
Lizards of omnivorous diet consume fruits and flowers intentionally when their preys are
scarce. Conversely, the consumption of fragments of plant material by carnivorous animals
occurs accidentally [3].

Some lizard species have food preferences according to the presence or absence of certain
components. Dicrodon guttulatum (Duméril and Bibron, 1839), from Teiidae family, prefers the
Prosopis pallida tree. Velásquez et al. [16], examining the D. guttulatum diet, in the P. pallida
absence, found predominantly leaves of Acacia sp. and fruits from Scutia spicata and Capparis
sp. In a study carried out by Leeuwen et al. [5] about the diet of the same lizard species in an
environment with P. pallida, it was detected mainly this plant species in stomach contents and
rarely other plants, even if they were available in the environment.

The presence of water in the fruit is also an important factor for consumption. Figueira et al.
[17], investigating the interaction between T. torquatus with Melocactus violaceus (Cactaceae)
reported the consumption of fruits always that they were available. These fruits have elevated
water content and low sugar levels, indicating that the plant can be important to supply the
need for water.

Although less frequent, some studies have looked for to understand how the lizards detect or
choose vegetables to be consumed. Vasconcellos‐Neto et al. [18], using models of artificial fruit,
concluded that T. torquatus consume fruits that have higher color contrast in relation to the
substrate or plant where they are, as well as they prefer conic fruits to other forms. It should
be noted that the species has accurate visual perception, used for catching prey. As previously
mentioned, T. torquatus consumes fruits of M. violaceus, which is a cactus whose fruits are
conical, colorful, and close to the ground. That fact supports the hypothesis that lizards can to
use visual perception to the fruit location and for identification of the ideal shape for the
extrusion process [17].

The chemical perception ability for plant identification is correlated with the evolution of
herbivory in Scleroglossa [3]. For Iguania lineage there are records of using of chemical samples
collected by language in D. dorsalis [19]. In iguanas, the chemical discrimination of food has a
strong correlation with the evolution of herbivory [20]. The use of chemical perception is
important in the consumption of plant material, as these food items are motionless, making
difficult the visual identification. Similarly, if different parts of the plant and different species
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have distinct compositions, the act of identifying the food before eating increases energy
efficiency and also may avoid the consumption of species with toxins [3].

Although small fruits tend to be more easily handled and eaten by frugivorous, studies with
lizards have not confirmed this trend. Rodríguez‐Pérez and Traveset [21] studied the interac‐
tion between Daphne rodriguezii, an endemic shrub from Menorca Island (in Spain), with the
lizard Podarcis lilfordi (Günther, 1874), which is its disperser. In such study the seeds size was
not an important factor for the selection of fruits, because seeds are not predictors of the amount
of pulp mass.

The chameleon Furcifer oustaleti (Mocquard, 1894) consume plant parts using different
mechanism of collection if compared with animal prey. The capture of arthropods occurs
through the projection of his tongue, while the consumption of fruit, for example, takes place
by direct collection of the jaws. The mechanism indicates that the individuals identify the food
item before consuming them and, since there is no need to capture vegetables items, the
chameleons opt for direct collection, saving energy spent on the tongue projection [22].

Benítez‐Malvido et al. [23] in an investigation about seed dispersal by Iguana iguana (Linnaeus,
1758), have observed that individuals of the species select the items from their diet, consuming
fleshy fruits. The reason is that fleshy fruits have higher amount of water, sugars and less
material of hard digestion. In the same study it was observed that puppies of I. iguana have
difficulty eating large fruits or coriaceous ones because of the reduced body size.

It is worth mentioning that the presence of flowers and fruits in the diet of lizards is strongly
influenced by the period in which the study was developed, due to seasonal availability of
these items [24]. For that reason, the relative importance of consumption of plant material is
dependent on the period of the sample, which limits discussions about the subject.

Some lizards choose to consume nectar or pollen in order to have a higher concentration of
nutrients. That enables individuals pollinate plants, since they visit different flowers. The
consumption of nectar for lizards is rarer, but there are some records. Although not common,
such interaction is important, as it allows for pollination events. And, since the consumption
occurs mainly on islands [25], environments that often lack pollinators, the lizards are
fundamental in the maintenance of communities.

Geckos of the Hoplodactylus genus, in New Zealand, consume pollen from native plant species
[26]. Geckos increase the consumption of flowers as enhance the viscous nectar (53% sugar).
P. lilfordi are also potential pollinators of flowers belonging to the Euphorbia dendroides species,
at island environments [27]. Furthermore, there are records of pollen consumption for the
lacertid lizards Gallotia simonyi (Steindachner, 1889), P. lilfordi, and Podarcis pityusensis (Bosca,
1883) and the gecko Rhacodactylus auriculatus (Bavay, 1869) [3, 27].

2.2. Environmental factors

Factors related to the habitat of species may have direct influence on the consumption of
vegetables by lizards, such as the availability of prey, aridity [3] and island environments [15].
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The evolution of plant consumption may be favored by habitat factors that reduce the
availability of prey [3]. It is observed on islands with low predation rates [4]. Another factor
that likely influences in vegetable consumption is the intraspecific competition. When the
density of the population increases, reducing the availability of prey, the feeding of alternative
items favors the maintenance of the species.

Herbivorous in lizards evolves more commonly in species that occur in small islands, and
appears to result from a lower abundance of arthropod preys available in these habitats [15].
An evidence is that when the diets of two populations of T. torquatus were compared, one
continental and another insular, they were the same. This is likely because the availability of
arthropods in both environments was similar [28].

In addition, as in islands, the species diversity is smaller, the occurrence of predators is reduced;
therefore, the risk of exposure to the sun for thermoregulation is also reduced. Considering
that, in that case, the lizards are able to maintain higher body temperatures, the energy
efficiency rises, becoming advantageous the consumption of vegetables.

Fossil records of Gallotia clade, a group of lacertid lizards that inhabit the Canary Islands, shows
that island environments are crucial in the development of herbivory, since even the individ‐
uals which are primitively of large body, the herbivory just has developed after the colonization
of the islands [29]. Before the colonization they were carnivores. This study highlights the effect
of abiotic factors on the ecology of the species.

However, all the evidence that island environments favor the development of herbivory are
hypothesis, they have not been tested [3].

There are evidences that an arid environment favors the development of herbivory because of
seasonal and unpredictable scarcity of prey. On the other hand, it is not possible to assess the
effect of this factor on diet in an isolated way, since many islands are arid, becoming impossible
to isolate the factors.

Anyway, the main factor directly related to the consumption of plants, predominantly in
omnivorous species, is the availability of prey. About 80% of species respond to that factor.

The availability of prey is so decisive for the establishment of populations of insectivorous
species that lizards of Liolaemidae family have a tendency to herbivory, related with the
climate, which is contrary to the other groups. Espinoza et al. [30], in an article concerning the
evolution of herbivory in individuals belonging to that family, concluded that vegetable
consumption is directly correlated with cold climates while most herbivores live in habitats
with hot and dry climate. Herbivorous tropical lizards (Iguana, Ctenosaura, and Amblyrhyn‐
chus) live in environments where the temperature remains high in most of the day.

2.3. Distribution of vegetable consumption by taxon

Living lizards are divided into two large lineages: the Iguania (e.g., iguanas and chameleons)
and Scleroglossa (all other lizards). These groups have pronounced differences in foraging
behavior: Iguania presents ambush foraging, consuming mainly insects, with some herbivores
and omnivores individuals, which is a behavior derived from ambush forage. On the other
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hand, Scleroglossa includes mostly individuals with active foraging, a few ambush foragers,
and a small amount of herbivores and omnivores [20].

The consumption of plant material occurs in the families of both lineages: Iguania and
Scleroglossa. In Iguania it is present in almost every family with known data. Except in
Chamaeleontidae and Crotaphytidae, the vegetable diet is of universal occurrence in Iguanidae
(occurs in all species) and frequent in the species of the Tropiduridae family. In Scleroglossa
the herbivory is absent in Pygopodidae, Eublepharidae, Gymnophthalmidae, Cordylidae, and
most families of Anguimorpha [3].

Despite the lack of known robust phylogenetic relationship in the lizards, which makes
difficult to trace the exact epoch that occurred the vegetable consumption evolution in these
reptiles, the discovered patterns allow to infer that such evolution happened in several periods
of their evolutionary tree.

In the following, some comments about the main families are presented, for which studies
have been carried out concerning herbivory.

2.3.1. Iguanidae

Most herbivorous lizards belong to the Iguanidae family. The majority of species are strictly
herbivorous. Others present ontogenetic changes, consuming plant material when they are
adults. This family also has folivorous feeders. It is worth remembering that some species have
their adaptations proper to the consumption of plant material, as previously mentioned.
Another fact is that the herbivory is present in the common ancestor of Iguanidae [3].

2.3.2. Tropiduridae

In Tropiduridae family, the consumption of plant material is well known. Most genera are
omnivores. And the degree of consumption varies considerably between genera and species.
Many studies have shown data about the Tropidurus genus, stating that its diet has ontoge‐
netic, seasonal and geographical variations [13, 31], as well as it reflects to local availability of
foods [28]. Liolaemus lutzae also presents ontogenetic change in its diet [11].

2.3.3. Agamidae

The Agamidae family, which comprises lizards known as Australian Water Dragon, has some
omnivores genera and only two herbivores genera while Hydrosaurus pustulosus is an exclu‐
sively folivorous species [3]. The other species that include plant material in their diet tend to
consume the parts easier to digest, such as fruit and leaves.

2.3.4. Gekkonidae

Many species of the Gekkonidae family consume small amounts of plant material. Some geckos
from New Zealand have omnivorous diet with consumption of different parts of the plant.
Wotton [24] described the diet of Mokopirirakau granulatus (Gray, 1985), while for Naultinus
grayii (Bell, 1843) it was reported by Whitaker [26].
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2.3.5. Teiidae

Most species of Teiidae family are carnivorous. The species considered omnivorous belong to
Cnemidophorus, Tupinambis [3] and Ameiva genera [32]. Tupinambis teguixin includes in its diet
all parts of the plant, with predominance of fruits [14].

2.4. Ontogenetic and seasonal variations in vegetable consumption

The diet of lizards presents variations in response to different factors. Some species show
changes between the sexes, possibly because of morphological differences, as in many species
the males have larger body size than females. Other studies have indicated the seasonal
variation in the diet. The species with such variation, in general, live in environments where
there is rainfall variation over the year. However, a large part of the diet variation in lizards is
explained by the availability of food in their living area. Considering that the main plant
components in the diet of lizards are fruits and flowers, it is expected a seasonal influence on
the diet [24].

There is still, in a long term, ontogenetic changes in the diet of lizards, when young
individuals have a different diet in comparison to the adults from the same species. This
fact occurs due to the difference in energetic demands during the growth of individuals.
Most lizards which are omnivorous and also consumes vegetables, as young they feed
basically on insects. Only I. iguana has an exclusively herbivorous diet, both in adults and
young ones [25].

The evidences of ontogenetic change in the consumption of vegetables can be observed if it is
considered the quantity of vegetables consumed or in relation to the plant parts that make up
the diet such as leaves, fruits, flowers, or nectar. Since each component has a different propor‐
tion of protein, water, fiber, glycides, and cellulose (the most difficult component to digest).
During the period, the demand for protein is higher thus, a diet plant‐based would not supply
the energy needs. Therefore, puppies tend to look for food items with higher amounts of
protein [3].

As adults, certain species begin to add larger amount of plant material in the diet. There
are several reasons for that. It may be the greater availability of these items, since in certain
environments, such as islands, the availability of arthropod is reduced; presence of water in
the fruits (in arid environments is an essential feature for maintaining the species metabo‐
lism); more facility of handling when compared to prey, inasmuch as in order to capturing
small invertebrates it is necessary a higher energetic spent than the consumption employed
only in collecting fruits. For example: reduced competition, as youth and adults consume
different food items, they will not compete for the same niche, and nutritional content.

The ontogenetic change in alimentation is well marked in omnivorous species despite being
also observed in essentially herbivorous species. Microlophus thoracicus (Tschudi, 1845), an
omnivorous species, presents ontogenetic change in its diet, consuming insects as juvenile,
adding vegetables when adult [10].
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Rocha [11] carried out a study about ontogenetic changes in L. lutzae diet in Barra do Baricá,
coast of Rio de Janeiro (Brazil). Despite its small size during adulthood (60–80 mm), nearly
half of the diet of the species was composed by vegetables material, and the presence of these
items increased according to increase of age and body size of the individuals. This is reinforced
by the fact that lizards with snout‐vent‐length (SVL) smaller than 38 mm consumed only
arthropods. Such trend was present in both sexes. However, males tend to consume more plant
material than females. The low availability of arthropods in beach environments and abundant
presence of shrubs make the ontogenetic change an advantage in terms of digestive efficiency.
Then, the species begin to explore new niche, limiting the consumption of arthropods by adults
in order to not competing intraspecifically with juveniles.

Populations of T. torquatus, which inhabiting the same environment previously mentioned,
have showed behavior similar to the L. lutzae, increasing gradually their diet with plant
material during growth, and when adult they have almost half of the diet consisting of plant
material [13]. The two papers, Rocha and Fialho et al., highlight the importance of environ‐
mental factors in the composition of the lizard's diet, leading the species to consume items that
theoretically would be disadvantageous due to the difficulty of digestion, but that are more
accessible.

In environments with seasonality marked by precipitation difference, as well as in tropical
environments with dry and rainy seasons (Barra de Maricá), the volume of rain is decisive
for the availability of arthropods and also for the plants cycle. Since the more rain the more
availability of arthropods. Thus, the diet will vary according to the availability of food in
each station. It should be noted also that both species (L. lutzae and T. torquatus) are omniv‐
orous, opportunistic predators and their diets reflect the availability of food items in the
habitat.

3. Lizards as a seed disperser

In order to consider an animal that consumes fruits as a disperser, it is necessary to validate
quantitative and qualitative factors. Quantitative factors depend on the number of seeds
consumed, while the qualitative ones depend on the location in which the seed is deposited
and the effect of the passage through the digestive tract on seed germination [33–35]. The
treatment that the seeds receive when they are consumed directly influences the capacity
and the speed of germination [21]. In the same way that the distribution pattern of seeds on
the microhabitats is a crucial aspect of the dispersion quality [36]. Inasmuch as different
microhabitats provide different conditions (illumination, humidity, substrate characteristics,
etc.), causing alterations in the rates of germination and seedling survival.

Similarly to the studies of herbivores, research about dispersion syndrome also focuses mainly
on birds and mammals. Studies concerning that syndrome in reptiles are less common [23].
However, this group plays an important role, especially species which inhabit arid environ‐
ments and islands.
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Information on seed dispersal by lizards are known for: geckos in New Zealand islands [24,
26]; lizards in various environments in Brazil [31, 37], in the Mexico (Benítez‐Malvido et al.),
in island of the Western Mediterranean [21, 38] and iguanas in the Galapagos Islands [39] and
dry forests of Costa Rica [40].

Many studies have shown a positive effect of the passage through the digestive tract of lizards
on the ingested seeds. However, this effect varies with the species consumed.

The environment analyzed by Wotton [24], an island in New Zealand where the gecko
Woodworthia maculatus lives (Gray, 1845), has reduced populations of birds and mammals that
may disperse the seeds, and compete by the consumption of the fruits. In this sense, the gecko
has fundamental importance for the maintenance of the local communities, due to its dispersal
potential.

The seed dispersal by lizards is peculiar because, even though being characterized by local
events or short distances, it has fundamental importance due to the tendency to eat fallen fruit,
inaccessible to other vertebrates like birds [24].

In a paper about seed dispersal by T. torquatus, Pietczak et al. [37] have found that the seeds
deposition of Chomelia obtusa (species consumed by the lizard at the studied site) usually occurs
in a short distance from the mother plant, around five meters. But, despite the fact that the
average dispersal distance is not too long, the species is benefited. The reason for this is that,
according to Chapman and Chapman [41], seeds dispersed even in short distances germinate
better than ones under the parent plant. The dispersion of seed in locations similar to that of
natural occurrence of the species indicates favorable conditions for the germination. In this
sense, Pietczak et al. verified that the population of T. torquatus studied merely remained in
the areas around a rocky outcrop, depositing the seeds on the edges and clefts of the rocks.
Therefore, the places where the lizard deposited the seeds favored the seed germination and
seedling development.

Rodríguez‐Pérez and Traveset [21], in a paper about the interaction of the bush D. rodriguezii
and its disperser, namely, the lizard P. lilfordi, stated that the passage through the digestive
tract neither increased nor decreased the germination capacity. Nevertheless, the passage
through the digestive tract appeared to have caused a reduction in size of the seed, with an
action on the coating thickness. Traveset [33] indicates that the reduction of the coating serves
as a scarifying process, increasing the permeability of the seed and thus favoring the germi‐
nation. However, such permeability was not evaluated in detail by Rodríguez‐Pérez and
Traveset.

Once again, regarding the work of Rodríguez‐Pérez and Traveset [21], it was observed that
seedlings of seeds deposited under the mother plant had lower survival rates compared to
the seeds dispersed. Accordingly, even though the passage through the digestive tract of
lizards does not significantly increase the germination rate, the deposition pattern of seeds
increases the viability of seedlings survival. Thus, the action of lizards is characterized as a
disperser. Another paper, studying the same disperser, has obtained similar conclusions, in
which the effect of ingestion had neutral results on germination rates, but the seed deposition
favored the development of seedling [38]. In this case in particular, since P. lilfordi é is the
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only disperser of D. rodriguezii, such interaction is essential for the maintenance of the
species.

4. Concluding remarks

There are some studies that explain the consumption of vegetables by lizards. For a while it
was considered the body size as a decisive factor for herbivory. It was thought that only large
lizards were able to consume plant material. More recent publications, with small‐ and
medium‐sized species, have shown that there are various reasons for some species consume
vegetables and others do not.

In relation to the anatomy, physiology and behavior of the species, it is necessary certain
adaptations to consume vegetables, such as: specialized dentition, elongated intestines, colic
valves, intestinal flora, and thermoregulation to maintain high body temperature. The Iguanas
are the lizards with the most elaborate adaptations to herbivory.

Many lizards which have omnivorous diet consume plant material. For such a species of
lizards, changes in their diet are strongly related to environmental factors. Vegetable con‐
sumption by lizards is more likely to occur in insular and arid environments, as well as in areas
with reduced predators. But the deciding factor associated with the addition of vegetable items
is the availability of prey. Insular and arid environments have lower availability of arthropods,
which is the main food item of most lizards. Nevertheless, more studies are needed to isolate
each of the following factors: insularity, aridity and availability of prey.

Environments with prey scarcity also favor the ontogenetic changes in the diet. If there are not
enough arthropods for population maintenance, it is more beneficial that youth individuals
maintain a diet richer in protein (arthropods) and adults change their diets for items with
higher availability (vegetables). Since many species of omnivorous diet do not present
physiological or anatomical adaptations to the digestion of plant tissue, they choose the parts
of the plants easier for the digestibility, like fruits, flowers, and nectar.

During the consuming of fruits and nectar, some lizard species can disperse seeds and pollinate
flowers. The main contribution of the lizards in the dispersal of seeds is on the deposition
pattern of seeds. More studies are needed in order to investigate the dispersion syndrome in
other species and draw a general profile of seed dispersal by lizards.

The pollination by lizards is rare, but very relevant, because the occurrence of such events is
carried out on islands. These environments may have reduced diversity of other animal groups
and are isolated. The interactions of the plants with lizards are fundamental to the maintenance
of species on islands.

Therefore, the research conducted so far about herbivory by lizards have shown interesting
results, but many hypotheses have yet to be formulated and tested.
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