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A broad range of chemical plant defenses against herbivores
has been studied extensively under laboratory conditions. In
many of these cases there is still little understanding of their
relevance in nature. In natural systems, functional analyses of
plant traits are often complicated by an extreme variability, which
affects the interaction with higher trophic levels. Successful
analyses require consideration of the numerous sources of
variation that potentially affect the plant trait of interest. In our
recent study on wild lima bean (Phaseolus lunatus L.) in South
Mexico, we applied an integrative approach combining analyses
for quantitative correlations of cyanogenic potential (HCNp; the
maximum amount of cyanide that can be released from a given
tissue) and herbivory in the field with subsequent feeding trials
under controlled conditions. This approach allowed us to causally explain the consequences of quantitative variation of HCNp
on herbivore-plant interactions in nature and highlights the
importance of combining data obtained in natural systems with
analyses under controlled conditions.
Analyzing plant defenses against herbivores in nature is often
complicated by an extreme variability in multiple factors. Plant
populations generally show high genetic variability resulting in
substantial intraspecific variation of plant traits.1 In addition to
genotypic variability, phenotypic plasticity of plants is a source of
variation.2 At the level of individual plants, expression of defensive traits strongly depends on plant organ and ontogeny of plants
or plant parts. Within an individual plant, it is quite common for
reproductive structures and young leaves to be better chemically
defended than older leaf tissues. To explain these within-plant
variations of defenses, the optimal defense hypothesis (ODH) was
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formulated. Concerning the variability of chemical defenses of
leaves, the ODH predicts that within the total foliage of a plant,
young leaves make a larger contribution to plant fitness than
old leaves as they have a higher potential photosynthetic value
resulting from a longer expected life-time.3-5 In addition, younger
leaves are often more nutritious and thus more attractive to herbivores6 and should consequently be better defended.7 In this line,
the basic assumption of the ODH is that three main factors—cost
of defense, risk of attack and value of the respective plant organ—
determine the investment in defensive secondary metabolites.8,9
Thus, the higher the risk of a given plant tissue to be consumed
by herbivores and the higher its value for plant fitness, the more
energy should be allocated to its defense.10,11 Beyond genotypic
and ontogenetic variability of a given defense, potential co-variation with other defensive or nutritive traits expressed by the same
plant individual can strongly affect its efficiency as defense against
herbivores.12,13 In addition to these endogenous sources of defensive variability, the expression of plant traits strongly depends on
multiple external factors such as temperature or availability of
plant nutrients, water or light (Fig. 1).14 At the same time, the
outcome of herbivore-plant interactions is crucially determined
by biotic interactions. Plant interactions with mutualistic microorganisms such as Rhizobia, mycorrhiza and above-ground fungal
endophytes as well as tri-trophic interactions with predators and
parasitoids of herbivores can all strongly impact plant fitness.15
Variability in herbivore-plant interactions can also be associated
with herbivore variation. Different attackers of a particular plant
species might be affected in different ways by toxins in food plants
(Fig. 1). The efficiency of a specific defensive compound can also
depend on the feeding mode, i.e., sucking or chewing, as well as
on the degree of specialization of the herbivore to the respective
plant.16 Defenses mediated by secondary plant compounds are
generally believed not to affect specialist herbivores, because of
their capacity to tolerate or to detoxify defensive compounds of
their hosts by behavioral or physiological adaptations.17-20 In this
context, the specialist herbivore paradigm predicts that adapted
herbivores are less affected by a given chemical defense than
generalists,21,22 although exceptions have been noted.23-25
While it is important to consider these numerous sources of
variation affecting the outcome of herbivore-plant interactions
when designing functional studies, a significant fraction of the
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Figure 1. Factors influencing variability of plant defenses. Plant defensive traits are affected by various endogenous and external factors. Endogenous
factors comprise plant genotype and ontogeny of plants or plant parts. External factors can be categorized as abiotic or biotic. Important abiotic factors
that can influence plant defenses are light exposure, temperature, soil salinity, as well as water and nutrient availability. Biotic factors that can have an
effect on plant defense are interspecific interaction with Rhizobia (in the case of legumes), mycorrhizal and endophytic fungi, pathogens as well as the
interaction with conspecifics or different plant species.

variability in natural systems will always remain unidentified.
Consequently, approaches combining field observations with
experiments under controlled conditions provide a powerful
tool to uncover functional interactions between plants and their
multiple antagonists in nature.
In a recent study, we analyzed the importance of wild lima
bean’s cyanogenesis—i.e., the release of toxic hydrogen cyanide
from preformed precursors in response to cell damage—as plant
defense at a natural site in South Mexico.25 Although cyanogenesis
is generally considered an efficient direct defense against herbivores, in numerous studies plant cyanide production had little or
no effect on herbivores.26-28 One would like to think that most
of these inconsistencies in cyanogenesis-based herbivore defense
efficiency could be explained by one or more sources of variation
mentioned above. Nevertheless, field studies analyzing the action
of plant cyanogenesis on a quantitative basis have been scarce. In
our study, a two-step approach was used to gain insight into the
744

function of cyanogenesis in nature.25 First, cyanide concentration
and herbivore damage were quantified by measuring removed leaf
area of individual leaves derived from different individual plants
while considering microclimate conditions. Significant negative
correlations between cyanogenesis and leaf damage were observed.
Second, since existing correlations do not necessarily indicate
causal associations, we conducted consecutive feeding experiments
under controlled conditions. To consider natural variability of
lima beans’ cyanogenesis observed in nature in our analysis, we
prepared clones from field-grown plants with different but defined
cyanogenic features. These clonal plants showed high constancy of
cyanogenic traits compared to their respective mother plants and
thus, could be used in comparative analyses. Every effort was made
to duplicate natural conditions and so herbivore species selected
for feeding trials represented those identified in the field as the
most important plant consumers at the respective site (pers. observ.).
Feeding trials supported our hypothesis that cyanogenesis has
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quantitative effects on herbivore behavior in nature and explained
the negative correlation of lima bean’s cyanogenesis and herbivory
observed in the field.
Analytical approaches combining field observations with
controlled experiments help to explain natural patterns and may
represent a powerful methodological approach for functional
analyses of herbivore-plant interactions.

28. Glander KE, Wright PC, Seigler DS, Radrianasolo V, Randrianasolo B. Consumption of
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