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Abstract
Herbivore diet selection is influenced by plant quality and availability. For browsing and
mixed-feeding herbivores, such as elephants, which consume trees and shrubs, plant quality is
influenced by the concentrations of crude protein, fibre, and plant secondary metabolites
(PSMs). To date, the driving factors behind elephant diet selection have not been well
understood. The broad aim of this study was to better understand how pre-ingestive cues such
as volatile organic compounds (VOCs) and postingestive cues such as the effects of plant
secondary metabolites (PSMs) influenced the foraging behaviour of African elephants. I also
examined the salivary tannin-binding proteins of elephants and how these influenced carrying
capacities. I found that elephants were able to differentiate between plant odours in the form
of VOCs across multiple spatial scales. This could help elephants to reduce their search time
while foraging across a landscape. I also found that these pre-ingestive cues were a better
indicator of diet preference than the tested postingestive cues such as digestibility, crude
protein, tannins (a type of total polyphenol) and the ratio of palatable: unpalatable indices.
The VOCs in preferred plant species had significantly lower concentrations and diversity of
PSMs than avoided species, particularly with respect to monoterpenes, a known antiherbivory VOC. In contrast, avoided plant species were more digestible and had lower levels
of polyphenols and tannins. Ultimately, I found that terpenes play a stronger role in elephant
diet choice than phenolics (such as tannins) and other postingestive feedback measures. This
is likely because terpenes are a pre-ingestive cue that also incur postingestive costs, which the
elephants can use prior to making foraging decisions, unlike other postingestive feedback
measures. While it seems counterintuitive that preferred plants have high concentrations of
tannins, which reduces the amount of crude protein available, I found that elephants have
salivary tannin-binding proteins, which neutralize the influences of tannins by an average of
75%. This neutralization influences the amount of available crude protein, which would, in
turn, influence the carrying-capacity for elephants. I constructed an optimal-foraging model
for carrying capacity that incorporated the negative effects of tannins and the neutralization of
these chemicals by the tannin-binding affinity of elephant saliva. I also included diet breadth
and dietary contribution of browsed species, browse quality, and the available standing crop
of browsed species. As a result, my model produced more plausible estimates of elephant
carrying capacity than conventional standing-crop models.
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Thesis aims
The broad aim of my PhD was to better understand how volatile organic compounds (VOCs),
plant secondary metabolites (PSMs), and salivary tannin-binding proteins influenced the
foraging behaviour of African elephants (Loxodonta africana). In addition, I determined how
the combination of several of these factors influenced elephant carrying capacities. My four
main data chapters focused on the following objectives: (1) to determine if elephants use plant
odour to make foraging decisions, (2) to establish to what extent postingestive feedback
measures and pre-ingestive cues of available plants indicate elephant diet choice, (3) to
explore the tannin-binding affinity of elephant saliva to understand how the presence of
salivary tannin-binding proteins explains elephant diet choice, and (4) to build a carryingcapacity model that incorporates both dietary preferences and the ability of elephants to semineutralize tannins that they eat via salivary tannin-binding proteins.

Thesis layout and overview
All four of my data chapters are written as scientific papers, one of which has been published
in Ecological Modelling (Chapter 5). Because of this, I have written these chapters using the
pronoun “we” instead of “I”. However, all the writing is my personal work, with my
supervisors providing advice and editing only. Because each data chapter is written as a
scientific paper, I have put a reference list, which is formatted for the journal Functional
Ecology, at the end of each chapter. The only exception is in Chapter 5, which has its own
reference list in the style of Ecological Modelling, because it has already been published
there.
My thesis is comprised of six chapters: a literature review, four data chapters, and a
conclusions chapter. Due to the structure and content of my data chapters, some repetition is
inevitable, particularly in the Methods sections and reference lists. My literature review
introduces aspects of foraging theory, plant secondary metabolites (PSMs), the mechanisms
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that herbivores use to cope with PSMs, and relevant details about my study species, the
African elephant.
My first data chapter explores the role of plant odour cues for foraging elephants. Prior
studies have suggested the importance of odour cues for foraging mammalian herbivores
(Bedoya-Pérez et al. 2014; Stutz et al. 2015; Stutz et al. 2016b), but no study has established
whether elephants use odour to make foraging decisions across multiple spatial scales. To do
this, I identified whether elephants use olfactory cues in the form of volatile organic
compounds (VOCs) emitted from the plants in their environment to make feeding decisions,
and the spatial scale they used to make these decisions. I showed that elephants select their
preferred plant species across large and small spatial scales, potentially allowing elephants to
reduce their search time by allowing them to target preferred plant species both within a
feeding station and between patches.
My second data chapter focuses on the content of the odour cues emitted from
preferred and avoided plant species. Previous attempts to determine what drives browser diet
selection have typically focused on postingestive feedback measures (e.g. crude protein,
digestibility, total polyphenols, including tannins: Pellew 1984; Foguekem et al. 2011; Ulappa
et al. 2014), which are all aspects of vegetation that can only be assessed by herbivores after
they commit to eating a particular item (Illius & Gordon 1993; Provenza 1995). An
alternative, and potentially more effective, method is to use pre-ingestive cues in the form of
VOCs emitted from plants. To determine the extent to which postingestive feedback measures
and pre-ingestive cues predict elephant diet choices, I used a number of laboratory analyses
on plant samples collected from the field. For the postingestive feedback measures, I
determined the crude protein, digestibility, and total polyphenol (including tannins)
concentrations of preferred and avoided plant species. For the pre-ingestive cues, I used a Gas
Chromatograph-Mass Spectrometer (GC-MS) to identify VOCs using odour samples
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collected in the field. I found that terpenes play a stronger role in elephant diet choice than
phenolics (such as tannins) and other postingestive feedback measures, which is likely
because terpenes are a pre-ingestive cue that also incur postingestive costs. Thus, elephants
can use them as a cue prior to making foraging decisions, unlike other postingestive feedback
measures. It is, however, possible that the elephants had linked olfactory cues of the different
plants to postingestive feedback via conditioned learning prior to my study.
My third data chapter focuses on the tannin-binding affinity of elephant saliva and how
this may help elephants cope with tannins. Non-ruminant, large-bodied herbivores may be
forced to eat low-quality food to sustain their metabolic requirements (Bell 1969; Geist 1974;
Jarman 1974). Because tannins reduce plant quality by decreasing the amount of available
protein that herbivores can absorb, the presence of salivary tannin-binding proteins may allow
herbivores greater access to the protein in their forage items. I found that elephants were able
to reduce the activity of tannins using tannin-binding proteins in their saliva. This means that
the estimated amount of available protein in browse material is higher than if the effects of
tannins alone were included, which ultimately influences the carrying capacity of an area.
For my fourth data chapter, I constructed a carrying-capacity model for elephants based
on Hobbs and Swift’s (1985) carrying-capacity model of mammalian herbivores. Very few
models have incorporated tannins to explore their effects on carrying capacity (Windels &
Hewitt 2011). I used the tannin-binding affinity of elephant saliva as well as other factors
including crude protein content, tannin content, and available biomass. This chapter has been
published in Ecological Modelling (Volume 332, 24 July 2016, Pages 8–18). Finally, in my
conclusions chapter (Chapter 6), I synthesize the results from the previous chapters and
suggest future directions for studies.
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Chapter One
Literature review
Foraging ecology
Food items are not homogeneously distributed throughout a landscape (Shipley 2007; Bell
2012). Moreover, nutrient availability varies spatially, temporally, across plant species, and
even within a plant species (Mattson 1980). As a result, variability of available nutrients can
pose a foraging challenge for herbivores. Thus, herbivores should make foraging decisions
that allow them to meet their energetic requirements and maximise their fitness despite
temporal and nutritional variation in food quality and availability. This can be an acute
problem for large mammalian herbivores, especially those with an inefficient digestive system
such as elephants, because they need to spend much of their day feeding (Demment & Van
Soest 1985).
In an effort to understand how animals make foraging decisions within their
environment, Optimal Foraging Theory models (OFT) were developed (Pyke et al. 1977;
Stephens & Krebs 1986). To reduce energy loss, animals should make informed decisions
about how and where to feed (Pyke et al. 1977). Moving from patch to patch at random likely
would not yield as high an energy intake as moving among targeted patches that are
composed of nutrient-rich, preferred food items (Charnov 1976). The Marginal Value
Theorem, which is part of OFT, predicts optimal residence times at a given patch (Charnov
1976). This theorem suggests that foragers should employ a feeding strategy that maximises
gain per unit time where resources decrease with time (Charnov 1976). However, for
herbivores to do this, they need to use a certain currency (e.g. most high-quality food per unit
time) and have an intimate knowledge of their environment in terms of this currency. As a
result, herbivores must consider how long they should forage at a given patch, before
expending energy and spending time searching for a new one (Charnov 1976; Klaassen et al.
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2006). When making foraging decisions at spatial scales beyond an individual’s body length,
it is imperative that the individual forages in the most energy-efficient as well as nutritionally
maximising manner to reduce energy wastage and increase fitness (Pyke et al. 1977; Houston
& McNamara 2014).
Although energy consideration is important for herbivores, they have multiple
requirements beyond energy. Thus, there have been numerous models formed based on a
multi-currency framework to gain a better understanding of these requirements and how
herbivores make foraging decisions based on them (Sterner & Elser 2002; Elser 2006;
Raubenheimer et al. 2009). Hobbs and Swift’s 1985 model for carrying-capacities of
herbivores raises the point that herbivores do not use all resources similarly and that forage
items must be explicitly incorporated into models. Additional models were then formed that
were also diet-specific, such as the Geometric Framework (GF) approach. This approach
graphically models the main relationships among important variables in nutritional ecology
based on the logic of state–space geometry (Raubenheimer et al. 2009). According to this
logic, important variables are expressed and related to each other within a geometric space
defined by two or more relevant food components (Raubenheimer et al. 2009). Other models,
such as the Ecological Stoichiometry approach, have been formed to examine the balance
between multiple chemical elements and energy in ecological interactions (Elser 2006).

Factors influencing diet selection
Herbivores make dietary selections on the basis of palatability and acceptability (Heady
1964; Mentis & Tainton 1981; Owen-Smith & Cooper 1987). Palatability is the preference
with which an item is consumed (GRSC 1989) determined by inherent features of the item
itself (e.g. digestibility, nutrient levels, plant defence mechanisms) (Trollope et al. 1990),
whereas acceptability is the overall attractiveness of an item to an animal (Tainton 1999).
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For mammalian herbivores, it is important to gain information about the quality and
availability of plants in their environment to determine the plant’s palatability and
acceptability. Herbivores can obtain this information using several methods, including visual
examination of available plants, taste-testing, learning from relatives and peers, and assessing
the olfactory cues emitted from plants (Krueger et al. 1974; Thorhallsdottir et al. 1990; Stutz
et al. 2016b).

Plant chemical defences
Many species of plants have secondary metabolites (PSMs, also called secondary compounds
because they are not used for photosynthesis (primary compounds)) which deter herbivory,
usually by disrupting key biochemical processes in cells within the herbivore (McArthur et al.
1991; Shimada 2006; Kohl et al. 2015). Secondary metabolites are primarily found in woody
plants (Rhoades & Cates 1976), and thus browsers and mixed-feeders are more affected than
pure grazers. There are a wide array of PSMs, but some of the most well-known and
documented PSMs for their disruptive properties for mammalian herbivores are tannins and
monoterpenes (Shimada 2006; Barbehenn & Constabel 2011; Kohl et al. 2015).
There are two major types of tannins: condensed and hydrolysable, of which there are
several subcategories (Salminen & Karonen 2011). Condensed tannins are compounds made
of flavans linked by tight C-C bonds that are difficult to break apart, while hydrolysable
tannins are esters of polyols, as well as phenolic acids, that are easily decomposed (Shimada
2006). Tannins have numerous negative side effects including reducing digestibility and
effective protein intake (Robbins et al. 1987; Shimada & Saitoh 2003), and even, in more
extreme cases, liver and kidney failure (Fowler & Richards 1965), endogenous nitrogen loss
(Blytt et al. 1988; Shimada & Saitoh 2003), damage to the gastrointestinal mucosa (Blytt et
al. 1988), and acute toxicity (Shimada 2006).
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Monoterpenes are part of the terpenoid class of chemicals, which is the largest
chemical class, comprised of 15-20,000 terpenoids (Harborne 1991). Monoterpenes are very
numerous with more than 1000 individual monoterpenes identified (Seigler 1998).
Monoterpenes have been documented in a wide range of plant species from algae to monocots
and dicots (Seigler 1998) and are well documented for having anti-herbivory properties
(Harborne 1991; Duncan et al. 1994; Vourc'h et al. 2002; Shipley et al. 2012; Frye et al.
2013; Ulappa et al. 2014; Kohl et al. 2015). Monoterpenes have been found to inhibit
digestive enzymes (Kohl et al. 2015) and compromise energy budgets of mammals (Sorensen
et al. 2005). Furthermore, monoterpenes are volatile organic compounds (VOCs) that are
often very fragrant (Harborne 1991). VOCs are compounds that easily evaporate due to their
light weight (between 100-200 amu) and high vapour pressure (Schoonhoven et al. 2005),
which makes them easy to detect via olfaction (Harborne 1991). Moreover, herbivores are
known to use odour cues to make dietary selections in an effort to avoid ingesting
monoterpenes (Vourc'h et al. 2002; Frye et al. 2013; Nobler 2016).
To cope with PSMs, mammalian herbivores can either behaviourally reduce their
intake by eating a mixed diet and/or by cyclic or intermittent ingestion, or by avoiding
consumption of specific PSMs (Bernays et al. 1994; Villalba et al. 2004; Provenza et al.
2007). Behavioural avoidance can be driven by dietary learning and conditioned flavour
aversions. Dietary learning, occurs when information is obtained via personal experience, or
by learning from family members, regarding which plant species to consume or avoid (Bryant
et al. 1991; Bates et al. 2008; Hart et al. 2008). Often young individuals watch and learn what
food items to eat or avoid from older conspecifics (Provenza 1994). For example, lambs have
exhibited learning in reference to their dietary selection (Mirza & Provenza 1990).
Thorhallisdottir et al. (1990) found that lambs made dietary selections based on both their
own trial and error as well as from watching the diet selection of their mother. Conditioned
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flavour aversion, which occurs when an herbivore associates the flavour of a certain plant
with postingestive costs, has been demonstrated in numerous herbivore species (Provenza et
al. 1990; Lawler et al. 1999). Provenza et al. (1990) found that goats learn to avoid
blackbrush twigs because they contain high levels of condensed tannins. Additionally,
brushtail possums (Trichosurus vulpecula) have learned to avoid consuming specific
Eucalyptus plants because of elevated levels of diformylphloroglucinol compounds (DFPCs)
(Lawler et al. 1999). Although the compounds are not directly detectable becasue they are not
volatile, the possums have learned that the DFPC levels are correlated with certain volatile
terpenes, which they can use as a cue to make diet selections (Lawler et al. 1999).
Herbivores can also use physiological mechanisms to neutralize the impacts of these
compounds (Freeland & Janzen 1974). Arguably, the simplest way that mammalian
herbivores can handle secondary compounds is by changing their feeding strategy to avoid
species or plant parts that contain elevated levels of PSM. However, the ubiquitous
distribution of PSMs makes this difficult.
Herbivores have evolved a range of physiological mechanisms to cope with PSMs in
their diets (Freeland & Janzen 1974; McArthur et al. 1991; Launchbaugh et al. 2001).
Tannins, most notably, form precipitates with tannin-binding proteins in the saliva of many
mammalian species (Mehansho et al. 1987a; Shimada 2006; Schmitt et al. 2016). When
salivary tannin-binding proteins bind to tannins, they form protein precipitates. Bound tannins
can then pass through the digestive system without deleterious effects (Shimada 2006).
Numerous studies have revealed the existence of tannin-binding proteins in saliva
across a wide array of omnivorous and herbivorous species of mammals that frequently
encounter these items in their diets. These include ruminants (Austin et al. 1989; Juntheikki
1996; Schmitt et al. 2016), rodents and lagomorphs (Spielman & Bennick 1989; Mole et al.
1990; McArthur et al. 1995) and primates (Wrangham & Waterman 1981; Oppenheim et al.
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1985; Ann & Lin 1993), including humans (Bennick & Connell 1971; Bacon & Rhodes
1998). Several studies have demonstrated that the production of tannin-binding proteins in
some herbivore species is inducible (i.e. greater production when needed) (Mehansho et al.
1985; Mehansho et al. 1987b; Clauss et al. 2005a). Inducibility of salivary tannin-binding
proteins suggests that these herbivore species are able to cope with changes in their
environment with regard to plant quality/defences by either incorporating species with higher
level of PSMs or individual plants of the same species that have higher PSM levels. This
means that salivary tannin-binding proteins may play a large role in mammalian herbivore
foraging ecology.

Chemical analyses
To gain an estimate of plant quality, one can use a number of chemical assays to determine
various measures of forage quality including crude protein, digestibility, and the
concentration of various PSMs. These assays can either provide a general or very specific
picture of plant quality and are not necessarily perfect. There are numerous assays that are
directed towards more general measures of plant quality such as the use of 6.25 as a factor
to convert total nitrogen (N) to % crude protein (Van Soest 1994). This technique, which
gives a general estimate of crude protein content, is not ideal because the factor is not
universally applicable to all plant species (McArt et al. 2009; Windels & Hewitt 2011). To
gain a more accurate estimate of available N, one could use an analysis for digestible N (as
per (Wallis et al. 2010). Furthermore, the field of tannin analysis has expanded
dramatically in recent years, with a large number of tannin-specific protocols available as
well as better ways to estimate the actual anti-nutritional value of tannins (Barbehenn &
Constabel 2011; Salminen & Karonen 2011). Dietary tannins distort the relationship
between total protein and available protein (Windels & Hewitt 2011). Thus, one could also
take this relationship into account to determine a more precise measure of available protein
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(Robbins et al. 1987). Another general assay used frequently is that for total polyphenols
(e.g. the Prussian Blue Analyses). Although these assays provide an estimate of the
concentration of total polyphenols present in plant samples, they do not identify specific
compounds. This is problematic because the profile of phenolic compounds in one plant
species is unlikely to be the same as those in any other species. One could use more
advanced technology such as liquid chromatography–mass spectrometry (LC-MS) to
identify and quantify the individual compounds within vegetation (Rohloff 2015).
However, despite these recent advances, I used the general approaches for estimating crude
protein and tannins due to logistical constraints. It is important to note that using general
chemical assays can be limiting. Future research should consider using more detailed
analyses.

Olfaction
One cue that herbivores may use when making foraging decisions is the smell of the different
plant species (Bell 2012). For terrestrial animals, odour molecules travel through the air and
contact with their chemoreceptors, which in turn stimulate the receptors (Eisenberg &
Kleiman 1972). These odour molecules are made up of volatile organic compounds (VOCs).
Both mammals and insects are known to use VOCs in their environment for a range of
purposes such as communication, detection of prey items, detection of predators, and to find
locations to oviposit (Geervliet et al. 1998; Kluever et al. 2009; Mitko et al. 2016). However,
for herbivorous mammals, olfaction has been primarily identified as a mechanism by which
herbivores can locate and select which plant species to eat (Bedoya-Pérez et al. 2014; Stutz et
al. 2016a; Stutz et al. 2016b).
Herbivores are able to use olfaction in plant choice because plants emit odours in the
form of VOCs, many of which are green-leaf volatiles (Dudareva et al. 2004) as well as many
plant secondary metabolites (PSMs) (Peñuelas & Llusià 2004). Plant VOCs can be released

26
from different parts of the plant (e.g. leaf, stem, or inflorescence) and can have different
intentions (i.e. attractant vs. deterrent) (Tholl et al. 2006). For example, VOCs released from
the inflorescence can attract pollinators (Pichersky & Gershenzon 2002; Shuttleworth &
Johnson 2009; Johnson et al. 2011). Alternatively, injured or damaged plants can emit VOCs
that deter further damage from herbivores or pathogens as well as signal to nearby plants
about potential impending damage (Engelberth et al. 2004). Additionally, unlike tannins,
PSM VOCs can be detected prior to committing to consumption of a plant (Tholl et al. 2006).
Similar to tannins, certain PSM VOCs, such as terpenes (e.g. monoterpenes and
sesquiterpenes), are more effective as herbivory deterrents with increasing concentrations
(Courtois et al. 2012). A basal level of certain terpenes and tannins can be acceptable to
herbivores in their diets (Cooper & Owen-Smith 1985; Shipley et al. 2012; Camp et al. 2015).
However, there will be a threshold at which the concentrations of these chemicals become too
high for the herbivore, and it will ultimately avoid feeding on these plants (Cooper et al.
1988; Shipley et al. 2012; Camp et al. 2015). As a result, herbivores may use differences in
scent profiles to avoid individual plants that contain high PSM levels (Peñuelas & Llusià
2004; Frye et al. 2013).
An additional advantage of olfaction is that plant odour can be detected from much
greater distances than visual cues, as well as through visually obstructing barriers, because
odour can travel well beyond the sight line of the odour-producing plant (Bell 2012; Stutz et
al. 2015; Stutz et al. 2016b). While odour has the potential to be directed by the wind, and can
be affected by temperature and light (Niinemets et al. 2004), it could still be a useful tool for
herbivores to detect preferred plant species across multiple spatial scales (Bell 2012).
Increasingly, research has suggested that herbivorous mammals can use the VOCs emitted
from plants to make foraging decisions (Bedoya-Pérez et al. 2014; Stutz et al. 2015; Stutz et
al. 2016a). However, the degree and scale to which mammalian herbivores use odours when
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foraging is still largely unknown (Provenza & Balph 1987; Pietrzykowski et al. 2003;
Bedoya-Pérez et al. 2014).

The African elephant
The African Elephant, Loxodonta africana, is the largest extant terrestrial mammal, weighing
between 3000 kg (females) to 7000 kg (males) (Skinner & Chimimba 2005). They are native
to most of sub-Saharan Africa and occur in a wide range of habitats with differing vegetation
types (Skinner & Chimimba 2005). Both African and Asian elephants (Elephas maximus)
have been found to use olfaction in controlled experimental trials (Plotnik et al. 2014; Miller
et al. 2015). In the case of African elephants, a recent study suggested that their sense of smell
is ~2 times greater than the domestic dog (Canis lupus) (Miller et al. 2015). For example,
African elephants are able to detect 2,4,6-Trinitrotoluene (TNT), which is an explosive
compound that is difficult to detect via olfaction due to poor volatilization, suggesting that
African elephants have a high olfactory acuity (Miller et al. 2015). While Miller et al.’s
(2015) study suggests that African elephants have a very sensitive sense of smell, to my
knowledge, no study has explored their senses of smell under natural conditions, or on natural
food plants.
Elephants are hindgut fermenters, which forces them to ingest greater amounts of lowquality high-fibre food than ruminants because fibre does not limit passage rate and retard
daily intake (Demment & Van Soest 1985; Clauss et al. 2003). For elephants, the necessity to
eat more is even higher than expected due to its body size, which is due to the low digestive
efficiency that elephants achieve (Müller et al. 2013). Elephants show several physiological
adaptations for digestion, including a decreased digestion time (i.e. faster passage rate of
food) due to a shorter gastro-intestinal tract for faster throughput of plant matter, a reduced
caecum, and a wider small intestine and colon than theoretically expected (Clauss et al. 2003).
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Additionally, African elephants have a very limited ability to alter intake level to change
digestion retention time (Clauss et al. 2007). These traits result in a faster passage rate but
yield a lower nutritional gain (Clauss et al. 2003; Clauss et al. 2005b). These features allow
elephants to use a wider range of forage items than ruminants (Owen-Smith & Chafota 2012).
Another factor that influences elephant diet selection is their body size. Body size
influences mass-specific metabolic requirements (Kleiber 1947; Owen-Smith 1988), which
results in larger animals requiring less energy per unit body mass than smaller animals. This
means that larger animals can tolerate lower quality foods than smaller animals (Bell 1969;
Jarman 1974), allowing them to feed on a wide range of food items. This relationship between
body mass and digestive efficiency of herbivores is known as the Jarman-Bell principle (Geist
1974). As predicted by this principle (Bell 1969; Geist 1974; Jarman 1974), African elephants
should be able to maintain their fitness by being non-selective and eating low-quality foods.
Elephants are classified as mixed-feeders (Codron et al. 2006; Owen-Smith & Chafota 2012)
and have a very wide dietary breadth that incorporates grasses as well as browse such as
leaves of trees and shrubs and high-fibre forage such as twigs, bark, and roots (Bax &
Sheldrick 1963; Cerling et al. 1999; Owen-Smith & Chafota 2012). However, the relative
contribution of grass and browse to their diets varies both temporally as well as regionally
(Owen-Smith 1988; van der Merwe et al. 1988; Codron et al. 2006). In some areas, elephants
are reported to eat a diet comprised mostly of grass (Buss 1961), while other studies report
that elephants heavily utilize grass after heavy rains (De Boer et al. 2000) and browse during
the dry season when grass quality is poorest (Codron et al. 2006). Contrary to theoretical
assumptions about elephant diets, recent findings suggest that elephants are more selective
than once thought. For example, a number of studies have shown that elephants forage
selectively and favour certain plant species over others (Owen-Smith & Chafota 2012;
Shrader et al. 2012; Muller 2013; Ward et al. 2016). In particular, elephants have been shown
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to minimize their intake of polyphenols and, particularly, tannins (Owen-Smith & Chafota
2012; Shrader et al. 2012; Muller 2013).
Because of their high total metabolic requirements due to their large body size,
elephants eat between 100-200 kg of wet-matter vegetation per day (Wyatt & Eltringham
1974; Guy 1976). In addition to the large quantities of vegetation that they consume, they can
also be destructive foragers (Ben-Shahar 1993; Conybeare 2004; Kerley & Landman 2006;
Valeix et al. 2011). Elephants frequently knock down, up-root, or otherwise damage trees
(Ben-Shahar 1993; Conybeare 2004; Kerley & Landman 2006; Valeix et al. 2011). Thus,
within reserves, elephants can have negative impacts on vegetation structure and biodiversity
(Kerley & Landman 2006). Because of the large impact that elephants have on shaping the
structure and community composition of the vegetation in their environments, elephants have
been labelled as ecosystem engineers (Jones et al. 1994; Valeix et al. 2011).
Southern African countries have a large number of reserves to preserve biodiversity
across a range of biomes (Scholes & Biggs 2005). These reserves are usually fenced to
minimize the potential danger to people and farmland caused by wild animals, and to reduce
illegal entry of people (such as for poaching). Consequently, these countries face a unique
problem of trying to manage expanding elephant populations within confined areas that are
often small (Owen-Smith et al. 2006). As a result of living in a closed system, to minimize
problems caused by inbreeding and to reduce negative impacts on the vegetation, elephant
populations in southern Africa have often been removed and relocated to a number of reserves
across Africa, albeit with varying degrees of success. A more drastic management technique
to control elephant populations is culling. Historically, culling was the only viable option for
controlling expanding populations (Buechner et al. 1963; Glover 1963). Typically, when
culling elephants, the entire family herd is eliminated because of their complex social
structure (Thomson 2003; Slotow et al. 2008). An alternative technique to control elephant
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populations is the use of contraceptives (Pimm & van Aarde 2001; Kerley & Shrader 2007).
A key difference between culling and using contraceptives on population management of
elephants is that contraceptives do not have an immediate effect on reducing a current
population size. Many elephant-based management decisions regarding culling, removal of
individuals, and the administration of contraceptives are based on stocking-rate estimates
(Slotow et al. 2005). Estimating an ecologically accurate carrying capacity for an area is
critical for a sustainable management of a species (Leopold 1933; Morellet et al. 2007; Kuzyk
et al. 2009). However, models of carrying capacity that incorporate appropriate key variables
are lacking for elephant populations.
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Chapter Two
African elephants use olfactory cues emitted from plants when making
foraging decisions
Abstract
There are many decisions that mammalian herbivores need to make when foraging, including
what plants to eat and which patches to visit. The mechanisms that they could employ include
visual examination, direct sampling of the vegetation, and/or olfactory (odour) cues emitted
from the vegetation. However, the importance of olfactory cues for foraging mammals
remains poorly understood and the aim of our study was thus to identify whether elephants
use olfactory cues to make feeding decisions. Moreover, if they did, were these cues (i.e.
odour) only obtained when the elephants were next to the plant, or could they be detected
prior to arriving at the plant (i.e. to make patch choice decisions)? To do this, we used scentbased choice experiments between various preferred and non-preferred plants across two
spatial scales. We also used coupled gas chromatography-mass spectrometry (GC-MS)
analysis of headspace extracts to explore the variation in volatile organic compounds (VOCs)
that were emitted by the different plant species. At the smaller, feeding-station scale, the
elephants could make a selection by only moving their trunks, while at the larger betweenpatch scale, we used a Y-maze to allow the elephants to move towards the patch they
selected. We found that elephants select their preferred plant species across both spatial
scales. Moreover, VOC combinations of any two preferred plant species were typically
similar in odour, while the odours of the preferred and avoided combinations, and avoided
and avoided combinations were usually very different. The ability to differentiate between
plant odours allows elephants to reduce their search time by allowing them to target preferred
plant species both within a feeding station and between patches. Our results show that
olfactory cues likely play an important role in driving herbivore foraging decisions across
multiple spatial scales.

Key words: Diet selection, foraging, odour, search time, spatial scale, volatile organic
compounds, Y-maze
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Introduction
Mammalian herbivores make a vast number of foraging decisions across a broad range of
spatial scales (Senft et al. 1987). At a small scale, these herbivores can take thousands of bites
per day (Illius & Gordon 1990). At larger scales, they can move across a number of plant
communities on a daily basis (Senft et al. 1987), and strategically move around their
environment on a seasonal basis (Shrader et al. 2012). Thus, herbivores are faced with a
dynamic foraging environment, which they need to navigate effectively. Ultimately, both
small and large-scale movements across the landscape are driven by foraging decisions, with
the final goal of maximising nutritional intake rates (Senft et al. 1987; Shipley 2007; OwenSmith et al. 2010; Morgan et al. 2016). However, a key question that remains unanswered is,
what cues do they use to make foraging decisions at these different scales?
A challenge that herbivores face is that they rarely, if ever, know the distribution or
quality of available resources, particularly in changing environments (Ward 1992; Wilmshurst
et al. 1995; Klaassen et al. 2006; Ward 2010). For example, at both small and large scales, the
abundance and distribution of resources varies spatially and temporally. Plant species and
individuals within a species can vary in nutritional composition and defence investment.
Nutritional composition can be beneficial (e.g. crude protein, digestibility) and detrimental
(e.g. fibre, lignin), while investment in defences can be chemical (e.g. secondary metabolites,
such as tannins, terpenes and alkaloids) (Freeland & Janzen 1974; Rhoades 1979; Belovsky &
Schmitz 1994; Bell 2012; Bennett et al. 2015) or physical (Young 1987; Ward et al. 2012;
Barton 2015; Kariñho-Betancourt et al. 2015). These differences are frequently correlated
with the dietary preference of a plant species (Cooper & Owen-Smith 1985; Barton &
Koricheva 2010; Shrader et al. 2012). Thus, preference can be linked with quality (Shrader et
al. 2012).
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Herbivores have to locate preferred resources, which can be costly. Moving from
patch to patch at random would likely increase search time and energy loss associated with
travelling between patches (Charnov 1976; Owen-Smith et al. 2010). Thus, herbivores need
to make informed decisions about how and where to feed. Moreover, they should forage in a
manner that maximises their nutritional intake, and minimizes travel costs (Pyke et al. 1977;
Owen-Smith et al. 2010; Houston & McNamara 2014). However, when faced with imperfect
knowledge about the abundance and distribution of resources, what mechanisms do
herbivores use to reduce search time and thus improve foraging choices and ultimately energy
gain?
One way they could do this is by continuously sampling forage to update information
on nutritional quality (Krebs & McCleery 1984; Ruedenauer et al. 2016). However, to obtain
adequate information on a wide range of plant species, herbivores would need to sample large
portions of the landscape throughout the year, which could result in increased travel costs. A
second option, would be to use visual cues. However, there are several issues associated with
this, including variation in visual acuity and colour detection among herbivore species (Entsu
et al. 1992; Piggins & Phillips 1996; Jacobs et al. 1998) that may limit success in making
dietary selections (Rutter et al. 2004). An additional issue is that visual cues can be easily
obstructed by objects in the landscape, such as a preferred plant growing among a number of
less preferred plants (Stutz et al. 2015).
Another option is for herbivores to use odours (volatile organic compounds) emitted
by plants (Illius & Gordon 1993; Baluska & Ninkovic 2010). Insects use olfactory cues to
forage and to find locations to oviposit (Geervliet et al. 1998; Raguso 2008; Mitko et al.
2016). However, the degree to which mammalian herbivores use odours when foraging is
largely unknown (Provenza & Balph 1987; Pietrzykowski et al. 2003; Bedoya-Pérez et al.
2014). Green leaves produce a variety of different volatiles including various aliphatics
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(especially green leaf volatiles) and terpenoids (including both monoterpenes and
sesquiterpenes) (Peñuelas & Llusià 2004). These are known to play various roles in plant
signalling and plant defence but their importance for interactions with mammalian herbivores
are not well explored (Bedoya-Pérez et al. 2014). Furthermore, plant odours could be linked
to preference for a particular item as a result of a conditioned response to past postingestive
consequences (Villalba et al. 2015). For example, several studies have found that mammalian
herbivores have learned to avoid certain plants due to negative postingestive feedback
stemming from plant secondary metabolites (PSMs) (Provenza & Balph 1987; Provenza et al.
1990; Kyriazakis et al. 1998; Bedoya-Pérez et al. 2014).
Due to the nature of VOCs that comprise odour profiles, plant odour likely can be
detected from much greater distances than visual cues and can pass through visually
obstructing barriers (Bell 2012; Stutz et al. 2015). While odour has the potential to be directed
by the wind, and can be affected by temperature and light (Niinemets et al. 2004), it can still
be a useful tool for herbivores to detect preferred plant species across multiple spatial scales
(Bell 2012). For example, herbivores could use odours to make informed foraging choices
about the location and availability of preferred food items. Because these odours can emanate
from distant patches, use of plant odours by herbivores could reduce search time and energy
expenditure while foraging.
To explore the degree to which herbivores may use plant odours to make foraging
decisions across different spatial scales, we focused on the foraging of African elephants
(Loxodonta africana). Due to their large body size, elephants have very high absolute
nutritional requirements, necessitating a large number of foraging decisions within a day.
Although they can tolerate a certain degree of low-quality vegetation, studies have indicated
that they are extremely selective foragers (Owen-Smith & Chafota 2012; Pretorius et al.
2012). Elephants, like many other herbivores, forage in an environment where resources are
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often clustered in patches (Cohen et al. 1999; De Knegt et al. 2008; Crane et al. 2016). As a
result, they have to search and move through areas of low food availability, expending energy
without gaining energy, to reach areas of higher resource availability. To forage in a
nutritionally maximising and energetically efficient manner, elephants would need to make
foraging decisions that reduce search time for preferred food items within and between these
clusters. Due to their keen sense of smell (Miller et al. 2015), we predicted that elephants are
able to use plant odours to make foraging decisions. Furthermore, we predicted that the
combination of plant species presented to elephants, as well as the difference in preference
rank between plant species, would influence the elephant’s foraging choice. We tested these
predictions in a choice experiment across a fine spatial scale, mimicking foraging decisions
within a feeding station. In addition, we tested the use of plant odour by elephants at a larger
spatial scale. To do this, we used a Y-maze, which allowed us to determine if an elephant
could make between patch foraging decisions using plant odours at a distance beyond their
body length.

Methods
All aspects of this experiment were approved by the institutional animal ethics committee
(Reference number: AREC/106/015). To explore the role that odour plays in the foraging
decisions of African elephants, we conducted two experiments. The first tested whether
elephants used odour to make foraging decisions at the feeding-station scale (<0.5 m), and the
second tested whether they use it at a larger spatial scale (5 m), which we considered to be
equivalent to decisions made between two patches. Both experiments eliminated eyesight and
touch as variables driving elephant foraging decisions and focused solely on scent.
All research was completed during August 2015 at the Adventures with Elephants
facility near Bela Bela, Limpopo Province, South Africa. We used five semi-tame sub-adult
individuals between 15-20 years old (three females, two males) for the feeding-station
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experiment, and three of these same individuals (one female, two males) for the betweenpatches experiment. We only used three individuals for the between-patch experiment
because two of the elephants were unwilling to walk into the Y-maze. For both of these
experiments, we were only interested in whether elephants used odour to make foraging
decisions. Thus, we did not include sex as a variable in our analyses.

Plant species
We used 12 woody plant species in our scent-based experiments (see below). These species
comprised 75% of the elephants’ diets at our study site and were categorized as preferred or
avoided using an acceptability index (see below) (Owen-Smith & Cooper 1987). To form the
acceptability index, we followed the semi-tame, free-ranging elephants in their native
habitats, ~50 m behind along feeding paths, while they foraged. Along each path, we used a
belt transect that was 50 m long x 10 m wide (i.e. 5 m on either side of the feeding path,
n=100). We chose a width of 5 m because this is the reach of a foraging elephant’s trunk
(Shrader et al. 2012). Along each path, we recorded the abundance of every plant species
present as well as the number of times a given plant species was consumed by an elephant
along the transect.
To generate the acceptability index (AI) of a species, the number of times a particular
plant species was eaten was divided by the proportional abundance of that plant species in the
same area (Owen-Smith & Cooper 1987). After compiling an index for every plant species
present, we then identified the plant species that were preferred (i.e. most selected
proportional to its abundance), principal (selected overall most frequently – a function of
acceptability and abundance), or avoided (rarely eaten in relation to its abundance). Preferred
plant species had AIs of >0.5 and avoided plant species had AIs below 0.3. Principal plant
species were eaten the most frequently of all species encountered and had AIs ranging
between 0.28-0.5. For our study, we focused on the six most-eaten plant species that
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comprised ~75% of the elephants’ diets (preferred and principal) (Pappea capensis
Sapindaceae, Dombeya rotundifolia Malvaceae, Terminalia sericea Combretaceae,
Combretum zeyheri Combretaceae, Grewia monticola Malvaceae, and Euclea crispa
Ebenaceae), and the five most avoided (Vitex rehmannii Lamiaceae, Searsia pyroides
Anacardiaceae, Searsia lancea Anacardiaceae, Euclea undulata Ebenaceae, and Olea
europaea Oleaceae), as well as a novel favourite, the combretum mistletoe (Viscum
combreticola Santalaceae). This mistletoe was often out of reach for the elephants, and thus
difficult to access. However, it was the most favoured species present at the study site
(Appendix I, Table Ai.1).

Plant odour
To verify that the odour profiles of the plants were different, we collected odour samples from
vegetative parts (leaves and stems only) of each species used in the experiments (n = 8
individual plants sampled per species). Volatile organic compounds (VOCs), were collected
from each plant species using dynamic-headspace extraction methods (Tholl 2006). This was
done by enclosing a branch in a polyacetate bag (NaloPhan®, Kalle, Germany) and sucking air
from the bag for 3 h through a small cartridge filled with 1 mg each of Tenax® TA (60/80)
(SupelcoTM; Bellefonte, PA, USA) and Carbotrap® B (20-40 mesh) (Sigma-Aldrich Co.; St
Louis, MO, USA) using a PAS500 Personal Air Sampler (Spectrex, Redwood City,
California). Control samples were collected for the same duration from empty polyacetate
bags and used to identify environmental contaminants.
Volatiles were analysed by gas chromatography-mass spectrometry (GC-MS) using a
Varian (Palo Alto, CA) CP3800 gas chromatograph (fitted with a Varian 1079 injector with a
ChromatoProbe thermal desorption device) coupled to a Varian 1200 quadrupole mass
spectrometer. A polar (Bruker BR-Swax) capillary column was used. A detailed description
of these methods is presented in Shuttleworth & Johnson (2009). Compounds were identified
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using the NIST 2011 mass spectral library. In most cases, identifications were confirmed by
comparison of retention times with published retention indices (Kovats) and/or injection of
synthetic standards (for a complete table of VOCs identified, see Appendix II, Table Aii.1).
Absolute amounts of volatiles emitted were estimated by comparison of peak areas from
samples with peak areas obtained from injection of a known amount of methyl benzoate
(injected and run under identical conditions to samples) (Shuttleworth 2016). We have
previously established that, for our analytical apparatus, methyl benzoate yields a peak area:
nanogram (ng) relationship that is close to the average obtained from 200 compounds from
various compound classes.

Feeding-station experiment
In the feeding-station experiment, we determined whether the elephants preferred or avoided
plant species in the rank order that they selected them in the field. We conducted a scentbased choice experiment using two identical ~120 L plastic bins placed side-by-side
(Appendix I, Figure Ai:1A). Each bin contained a branch from a single tree species. To ensure
that only olfactory cues were available to the elephants, we inserted a PVC board into the side
of each bin ~10 cm from the top rim. This prevented the elephants from touching and seeing
what was in each bin. The PVC board slid across the opening of the bin and fitted tightly
around the edges of the interior of each bin (see Appendix I, Figure Ai:1). The board could be
slid open once the elephants made their selection to allow the elephant to consume the item.
To allow odour to waft out from inside the bin, we drilled ~200 small holes (1 cm diameter)
through the PVC board.
To provide odours for the elephants to select between, we concealed a clipping of a
favoured and/or avoided plant species harvested from the surrounding savanna inside each
bin. We clipped branches to the equivalent size of an elephant’s “small” trunkful (~35 g, see
Schmitt et al. 2016) to standardize size across all trials. The clipped end of the plant was
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coated with Vaseline® to prevent emission of excess damage volatiles from the cut (Finnerty
& McArthur unpublished data). We tested 11 species of plants (six preferred and five
avoided) in a full factorial design with all 11 plant species being tested against each other, but
not against themselves. This resulted in 55 combinations. Furthermore, we also included the
combretum mistletoe (Viscum combreticola), which we tested against the least (Olea
europaea) and second-least (Euclea undulata) preferred plant species. This resulted in 57
combinations in total.
To ensure that the elephant did not observe the experimental set-up, a professional
handler instructed the elephants to face away (180o) from the testing arena. Once we had
placed the plant clippings inside each bin, we placed the bins side-by-side with the opening to
the PVC grid facing away from where the elephant was standing. Once established, the
elephants were then instructed to turn, face forward, and to “smell” the bins. At this point, the
elephant would step up to the bins and place their trunks on each PVC board and inhale the
odours from each patch (Appendix I, FigureAi:1B). After sniffing both bins, the elephants
were instructed to remove their trunks. We then instructed the elephants to “choose”, at which
point they placed their trunk in the bin they preferred. To reinforce the choice, we gave the
elephants the clipping to eat from inside of the bin they selected. The bin that was not chosen
was removed and the elephant was not allowed to see or eat the clipping within. This
procedure was repeated five times consecutively for every elephant for each combination (we
accounted for this serial correlation in our statistical analyses, see below). The position of
each plant species, as well as the handler holding each bin, was randomized throughout the
experiment by use of a random number generator. In addition, we cleaned the bins using
water and a clean cloth prior to changing the plant species hidden inside to remove any
residual odour. For photographic representation of the experiment see Appendix I, Figure
Ai:1A.
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Between-patch experiment
We focused our between-patch selection experiment on only the preferred versus avoided
combinations. From this experiment we aimed to determine: (1) whether the elephants
showed significant selection for the more preferred option across all combinations, and (2) to
determine whether difference in rank between the two plant species influenced selection.
To do this, we used a Y-maze approach where elephants had to make a choice
between two plant species over a 5 m distance. To further explore the preferred versus
avoided category we tested the following combinations: (1) the most preferred species
(Pappea capensis) versus the most avoided (Olea europaea), (2) the most preferred species
(Pappea capensis) versus the second-most avoided (Euclea undulata), (3) the novel mostpreferred species (Viscum combreticola) versus the most avoided (Olea europaea), (4) the
novel most-preferred species (Viscum combreticola) versus the second-most avoided (Euclea
undulata), (5) the lowest ranked of the preferred species (Euclea crispa) versus the most
avoided species (Olea europaea), and (6) the lowest ranked of the preferred species (Euclea
crispa) versus the highest ranked of the avoided species (Vitex rehmannii).
For this experiment, we built a Y-maze large enough for a bull elephant to walk
through (for schematic, see Appendix I, Figure Ai:2). The height of the maze was 2.5 m, and
the walkways were 2.5 m wide, which was > 1 m wider than the elephants used in our study.
The entrance into the Y was 1.5 m long, and each arm was 4 m in length. Because the
elephants had to be able to get out of the Y-maze, we left the end of each arm open, but
included a small chamber that housed the small trunkful of the food item (which the elephant
could not see) off the side end of each arm. To ensure the elephants were able to smell the
plant samples from the start of the maze, we placed a fan in each of the chambers behind the
plants, which blew the plant odours down each arm of the Y-maze.
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At the start of the experiment, we instructed each elephant to stand at the start of the
maze and smell down each arm (Appendix I, Figure Ai:2). After the elephants smelled each
arm of the Y-maze for ~10 s, the animals were instructed by their handlers to “choose”. At
that point, they walked down one arm of the Y-maze and were able to consume the plant
sample in the small chamber at the end of the arm. To avoid bias and odour contamination, all
observers and handlers stood directly behind the elephant, and no person walked through the
arms of the Y-maze, or stood at the end of the Y-maze. We repeated this experiment 10 times
per individual elephant per combination. We used a random number generator to randomize
the side we placed each plant species. To ensure that there was no failure due to the
dissipation of the plant odours, we only conducted Y-maze trials on windless mornings.

Statistical methods
Plant odour
We used a pairwise one-way ANOSIM randomization test (Anderson 2001) to examine
differences in odour between the 57 combinations of the preferred and avoided plant species.
ANOSIM calculates the test statistic R, which is a relative measure of the separation between
previously deﬁned groups (e.g. preferred vs. avoided plant species), based on differences of
mean rank similarities between and within groups. R can range between 0 and 1, with 0
indicating completely random groupings (i.e. preferred and avoided plants do not exhibit
different odours) and 1 indicating that samples within groups (e.g. preferred vs. avoided
species) are more different from each other than to any sample from a different group (i.e.
preferred and avoided plants exhibit different odours) (Clark et al. 2007). We used 10,000
random permutations of the grouping vector (preferred vs. avoided) based on Euclidean
distances to obtain an empirical distribution of R under the null hypothesis to establish
significance using Primer v. 6 (Anderson 2001).
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Behavioural choice
Both the species-choice and the between-patch selection experiments involved a series of
binary choices (i.e. two bins, or each arm of the Y-maze). Because we used the same
elephants within each of our experiments, we treated individuals as the subjects for repeated
measures in generalized estimating equations (GEEs). We used GEEs because of potential
non-independence of our data, which could stem from an individual possibly remembering
previous trials. The model incorporated an exchangeable correlation matrix, and binomial
error distribution with a logit link function. To analyze significance, we used score statistics
because it is better suited for smaller sample sizes (Self & Mauritsen 1988). We then backtransformed data from the logit-scale for graphical representation. This back-transformation
resulted in asymmetrical confidence intervals (CIs).
To determine if the elephants differentiated between the plant species at the feedingstation scale (i.e. bin experiment) based on plant odour, we analysed the proportion of choices
made by the elephants for the more preferred plant species as described in our acceptability
index. We used means and their 95% CIs to establish whether the elephants’ preference
between the plant species differed from the expected 50% distribution under random selection
for each plant available. For the feeding-station scale (bin experiment), we used GEEs to
determine (1) whether the elephants showed significant preference for the more preferred
option across all combinations of the different plants that elephants encountered, (2) to assess
the role that combination type (i.e. two preferred species, two avoided species, or one
preferred and one avoided species) played in diet choice, and (3) to determine whether
difference in rank between the two plant species (calculated from the acceptability indices)
influenced diet choice.
We used elephant choice as the Boolean response variable. When species were from
the same category (preferred vs. preferred, or avoided vs. avoided), we established preference
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based on the acceptability index as outlined above. In separate GEEs, we tested the factors of
combination (i.e. which species comprise a combination), combination type (i.e. two preferred
species tested against each other, two avoided species tested against each other, or one
preferred and one avoided species tested against each other), and difference in rank as
independent variables with choice as the response variable. We could not run an interaction
effect between combination type and difference in rank because not all combinations used all
possible differences in rank (e.g. two preferred/avoided options can never be a rank difference
of >7, whereas preferred vs. avoided can range from 1–13).
To explore whether elephants use scent to make foraging decisions between patches
(i.e. using the Y-maze), we used GEEs to determine (1) whether the elephants showed
significant preference for the more preferred plant species across all combinations, and (2) to
determine whether difference in rank between to the two plant species influenced diet choice.
All combinations in this experiment comprised one preferred species and one avoided species,
so we did not explore the influence of combination type for this experiment. We used
elephant choice as the Boolean response variable. In separate models, we tested the factors of
combination (i.e. which plant species comprise a combination), and difference in rank.

Results
Plant odour
When we examined the composition of the volatile organic compounds (i.e. odour profiles)
from each plant species, we were able to establish that each species had a detectable and
unique odour. The actual scent data (specific VOCs) are not presented here, only a measure of
the similarity between plant species’ odour profiles. Results from our pairwise ANOSIM
indicate that all pairs of plant species had significantly different odour profiles, although some
pairs exhibited low R values, suggesting that differences were less clear in these combinations
(Appendix I, Table Ai.2). Thus, elephants could potentially differentiate between plant
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species by odour alone. Interestingly, pairwise comparisons between the odours of preferred
plant species yielded low R values, while comparisons of the odour of preferred species with
that of avoided species and comparisons between avoided species yielded higher R values
(Appendix I, Table Ai.2). This suggests greater similarity between the odours of preferred
species greater differences between preferred and avoided and between avoided species
(Appendix I, Table Ai.2).

Feeding-station experiment
In the choice between bins, we found that the combination of plant species presented to the
elephants significantly influenced their choice (GEE: χ2= 789.957, P<0.0001). Across all 57
combinations, elephants selected for their preferred species ~63% of the time, and showed no
preference between the two options ~37% of the time. The elephants never consistently
selected for the less preferred plant species.
In the above model, we did not differentiate the 57 combinations between combination
types (i.e. two preferred species tested against each other, two avoided species tested against
each other, or one preferred and one avoided species tested against each other), nor did we
include the difference in rank between plant species within a combination. Thus, to potentially
explain the frequency where the elephants showed no preference (37%), we ran two
additional GEEs. When we tested for combination type, we found that this significantly
influenced elephant preference (GEE: χ2= 46.444, P<0.0001; Figure 2.1). Specifically, when
given the choice between two preferred species or two avoided species, they showed no
significant preference. However, when the elephants were given the choice between a
preferred and an avoided species, they significantly selected for the preferred species (Figure
2.1).
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Figure 2.1: Proportion of elephants selecting the more preferred species as a function of
combination type. Marginal means (+95% Confidence Intervals) of the proportion of selection
of a given option are plotted. For the preferred vs. preferred and avoided vs. avoided
combination types, there is overlap with the 0.5 expectation (i.e. random selection), indicating
no preference for the more preferred species. For the preferred vs. avoided combination there
is no overlap with the 0.5 expectation, indicating preference for the more preferred species.
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In addition to combination type, the difference in rank between species also influenced
selection (GEE: χ2= 509.154, P<0.0001). Specifically, as the difference in rank increased, the
proportion of elephants selecting the preferred option increased (Figure 2.2). Interestingly, we
found that a difference of rank of 1 or 2 places resulted in the elephants showing no
significant differences in selection (i.e. random - 0.5).

Figure 2.2: Proportion of elephants selecting the more preferred species as a function of
difference in rank between options. Marginal means (+95% Confidence Intervals) of the
proportion of selection of a given option are plotted. For the difference in rank of 1 & 2, there
is overlap with the 0.5 expectation (i.e. random selection), indicating no preference for the
more preferred species. For the remaining differences in rank categories, there is no overlap
with the 0.5 expectation under random selection, indicating preference for the more preferred
species.
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Between-patch experiment
In the Y-maze experiment, we found that elephants were able to make scent-based decisions
over a large spatial scale. Across all 6 combinations that we tested, elephants always selected
for the most preferred plant species (GEE: χ2= 10.372, P=0.006). Furthermore, elephants were
able to differentiate between differently ranked plants and always selected the more preferred
plant species (as determined by the acceptability index), regardless of difference in rank
(GEE: χ2= 10.372, P=0.006; Figure 2.3).

Figure 2.3: Proportion of elephants selecting the more preferred species as a function of
difference in rank between options. Marginal means (+95% Confidence Intervals) of the
proportion of selection of a given option are plotted. For all difference in rank categories,
there is no overlap of the 95% CI with the 0.5 expectation (i.e. random selection), indicating
preference for the more preferred species.
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Discussion
There are a number of ways in which animals are able to assess vegetation in terms of
biomass, availability, and nutritional quality when making foraging decisions. The
mechanisms that mammalian herbivores could use include direct sampling of vegetation,
visual examination of available resources, and assessment of olfactory cues emitted from the
vegetation (Krueger et al. 1974; Krebs & McCleery 1984; Fortin 2003; Klaassen et al. 2006;
Stutz et al. 2015; Stutz et al. 2016a; Stutz et al. 2016b). By exploring the use of olfactory
cues, we found that African elephants were able to detect, distinguish, and use plant odour to
make foraging decisions across different spatial scales. As a result, this suggests that odour is
a key component that elephants use when making diet selections.
The goal of a forager is to maximise nutritional intake. However, the energy used to
move between patches diminishes the energy gained from feeding within patches (Schoener
1971; Bergman et al. 2001). Our findings suggest that elephants are using olfactory signals to
identify good patches and assess what tree species are contained within patches. By
identifying what species are available in a feeding station (e.g. within a tree cluster) and
between patches (e.g. between tree-clumps) via olfaction, free-ranging elephants could then
use this information to determine the location of target high-quality/preferred species within a
patch as well as to decide which patches to visit, and potentially how long to stay in a given
patch.
In our study, elephants selected for their more preferred plant species more frequently
across two spatial scales based on the odour emitted by the plants. Interestingly, when we
examined selection at the feeding-station scale, we found that the elephants only showed
significant preference for any option when choices were between a preferred and an avoided
species. This is unexpected because within each of the preferred and avoided categories, there
was a range of preference in AIs (Appendix I, Table Ai.1). For the preferred species, the AIs
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have a very broad range from 0.28-0.87 of preference, while for the avoided plant species, the
AIs have a smaller range (<0.2) of preference. Although dietary preference varies, the index
we formed suggests that even within the preferred and avoided categories, the elephants
should theoretically still show preference for one of the options.
The lack of preference between two preferred or two avoided species at the feedingstation scale occurred despite the ability of the elephants to differentiate plant species based
on odour. The sense of smell of African elephants is superior to that of domestic dogs (Miller
et al. 2015), which is better than the olfactory detection of many current GC-MS instruments
(Harper et al. 2005). One reason for lack of differentiation could be that plants within each
preference category (i.e. preferred and avoided) are all so similar nutritionally that when faced
with the choice between two items from the same preference category, the elephants show no
preference due to these similarities. However, this is unlikely because I found that plant
species within the same preference category are not nutritionally similar (Chapter 3). The
elephants’ lack of preference could be explained by the potential presence of deleterious
compounds, such as tannins, alkaloids, or monoterpenes. The elephants may be using a
dietary mixing strategy (Freeland & Janzen 1974; Westoby 1974) where they limit the intake
of any deleterious plant secondary metabolites by mixing the avoided plant species they
consume during the trials. Dietary mixing to avoid ingesting an avoided plant species has
been identified in mammalian herbivores (Rogosic et al. 2006; Papachristou et al. 2007;
Copani et al. 2013).
An alternative reason for the lack of selection within categories could stem from the
difference in scales at which our diet-preference data were collected and selection trials were
run. Because the scale at which we collected diet-preference data was much larger than the
feeding-station scale, our rankings may not perfectly match the elephants’ preferences at
smaller spatial scales. The elephants may change their tactics to feed less selectively at larger
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spatial scales when the energetic costs to travel to the next food item outweigh the nutritional
benefits (Murray 1991). Selectivity might increase at a smaller spatial scale, reflecting the
lower energetic costs involved in diet selections at that scale. Consistent with this, we found
that as the difference in rank between two plant species increased at the feeding-station scale,
the overall selection for the more favoured option increased. This suggests that the elephants
made diet selections based on the increasing profit gained by selecting the higher ranking
item. However, this selection was significant only when the rank difference was two or more.
At a small scale, odour is a key information source that herbivores can use to identify
target species, even when the odour or sight of the favoured species is masked by less
preferred options (Stutz et al. 2015). A recent study showed that swamp wallabies (Wallabia
bicolor) are able to find a preferred plant species even when it is hidden inside a stand of less
desirable options (Stutz et al. 2015). The wallabies actively sniffed the air around the stand of
plants, and eventually located the target species hidden inside the stand. Similarly, reindeer
(Rangifer tarandus) were able to distinguish good and poor lichen sources via olfactory cues
below 90 cm of snow (Helle 1984).
It is unlikely that foragers would be omniscient about the location and availability of
resources in their environment (Bazely 1988; Wilmshurst et al. 1995; Ward 2010). Therefore,
using odour cues, elephants are able to locate potential food items across multiple spatial
scales. Our findings are consistent with the idea that elephants are capable of using odour cues
to make foraging decisions at distances beyond their body length to select a patch.
Additionally, elephants also use odour cues to make feeding decisions between plants at the
feeding station scale. These foraging decisions based on plant odours could be a result of a
conditioned response to past postingestive consequences (Villalba et al. 2015). Several past
studies have found that mammalian herbivores have learned to avoid certain plants due to
negative postingestive feedback (Provenza & Balph 1987; Provenza et al. 1990; Kyriazakis et
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al. 1998; Bedoya-Pérez et al. 2014). Thus, it is possible that foragers can identify these plants
by their smell and make the link between the smell of these plants and the negative
consequences of eating them. Our experimental design did not test for the role of conditioned
flavour aversions in elephant diet choice directly. However, it is likely that the elephants in
our study learned to associate odours with postingestive costs and incorporated this into their
diet selections. Given our results, odour cues could be a tool that numerous other browsing
species use, however, further studies should be conducted to establish this.
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Chapter Three
To what extent do elephants use pre-ingestive cues and/or postingestive
feedback when making diet choices?
Abstract
To date, the factors that drive elephant diet selection are not well understood. A number of
studies have focused on postingestive feedback measures to describe diet selection, which
include aspects of vegetation that can only be assessed by a herbivore after they commit to
eating a particular item. However, these postingestive measures including crude protein,
digestibility, and tannin content, have not explained elephant diet choice in other studies.
Instead, many herbivorous species, including elephants, may rely on pre-ingestive cues
(aspects of plants that can be assessed prior to ingestion, i.e. swallowing) to select particular
plants when foraging. These could include a range of attributes such as the appearance, smell,
or taste of a plant. As all plants emit odours composed of various volatile organic compounds
(VOCs), elephants could obtain information about a plant prior to ingestion. However, the
extent to which they use odour cues when making foraging decisions is unknown. Thus, the
aim of our study was to assess the extent to which elephants use postingestive feedback
measures and/or pre-ingestive cues (specifically odour) when making foraging decisions.
Ultimately, we found that terpenes play a stronger role in elephant diet choice than phenolics
(such as tannins) and other postingestive feedback measures. This is likely because terpenes
are a pre-ingestive cue that also incur postingestive costs, which the elephants can use prior to
making foraging decisions, unlike other postingestive feedback measures. Postingestive
feedback measures indicated that preferred plant species would actually be less favourable
than the avoided species because they were less digestible and had higher PSMs (tannins) and
lower ratio of palatable (crude protein, digestibility) to unpalatable (tannins) categories than
the avoided plant species. Pre-ingestive cues indicated that avoided plant species contained
both high levels and a wide diversity of PSM odour cues, particularly monoterpenes, known
antiherbivore compounds. As a result, these pre-ingestive odour cues are likely an important
factor that elephants use to make diet selections.

Key words: crude protein, digestibility, foraging decisions, monoterpenes, tannins
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Introduction
Woody plant species can differ in their nutritional composition as well as their chemical and
physical defences (Freeland 1991; Harborne 1991; Rohner & Ward 1997; Metlen et al. 2009;
Kariñho-Betancourt et al. 2015). Variation in nutritional (e.g. crude protein, energy) and antinutritional factors (e.g. tannins, terpenes) can even be found between individuals within a
single plant species (Metlen et al. 2009; Ward et al. 2012). For mammalian herbivores, such
variation is important because plants are frequently low in overall quality (McNab 1980;
Damuth 1981; Ley et al. 2008). A key trait of many of these factors is that they are detected
after ingestion via postingestive feedback. However, some features of plants, such as the
presence or concentration of specific plant secondary metabolites (PSMs), can be detected
prior to consumption.
Many herbivorous species may rely on these pre-ingestive cues (aspects of plants that
can be assessed prior to ingestion, i.e. swallowing) to select particular plants when foraging
(McCrickerd & Forde 2016). These cues could include a range of attributes such as the
appearance, smell, or taste of a plant. Visual cues could include an index of red colour in parts
of leaves that are high in anti-herbivore compounds called anthocyanins (Manetas 2006).
While visual cues are still a possible way that herbivores could gain pre-consumptive
knowledge about a plant, there are several issues associated with visual cues, including
variation in visual acuity and colour detection among herbivore species (Entsu et al. 1992;
Piggins & Phillips 1996; Jacobs et al. 1998), which may limit success in making dietary
selections (Rutter et al. 2004). Alternatively, several studies have suggested that plant odour
could be a useful cue for herbivores (Stutz et al. 2015; Stutz et al. 2016a; Stutz et al. 2016b),
although the role of odour in this respect remains poorly explored.
All plants emit odours composed of various Volatile Organic Compounds (VOCs) –
low molecular weight (typically less than 350 Unified Atomic Mass Units (amu)) compounds
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with a sufficiently high vapour pressure to evaporate at ambient temperatures (Baluska &
Ninkovic 2010). Leaves produce a variety of different VOCs, some of which are PSMs
known to play a role in plant defence against herbivory (Peñuelas & Llusià 2004). However,
the degree to which they drive mammalian foraging decisions is not well known (BedoyaPérez et al. 2014).VOCs could thus represent useful cues from which herbivores could obtain
information about a plant prior to ingestion (Illius & Gordon 1993; Bedoya-Pérez et al. 2014).
Pre-ingestive cues could act as a direct or indirect indicator of specific PSM content.
Thus, these cues could act as a guide for herbivores to predict potential postingestive costs
associated with PSMs in forage items. For example, terpenes, which can be detected prior to
consumption because they are volatile, also have postingestive costs. In contrast, although
tannins are a family of PSMs that have commonly been the focus of many studies (e.g.
Cooper & Owen-Smith 1985; Robbins et al. 1987; Provenza et al. 1990; Gilboa 1995; Mkhize
et al. 2015), they cannot be detected directly via scent because their molecules are too large to
evaporate at normal temperatures (Schoonhoven et al. 2005). It is possible, however, that
herbivores either remember the particular odour of tannin-rich plants, or they use preingestive cues, such as specific VOCs, that are correlated with tannin concentration
(postingestive costs) to avoid tannin-rich browse items. As a result, conditioned flavour
aversion may be associated with tannins as a possible mechanism that herbivores use to make
foraging decisions (Provenza et al. 1990; Lawler et al. 1999).
Understanding herbivore diet selection is important, especially when a herbivore has a
large impact on their environment due to their foraging behaviour. One such species is the
African elephant (Loxondonta africana), which is the largest extant terrestrial animal. Paired
with this large body size is the need to consume large amounts of food to maintain their
metabolic requirements, with individuals elephants ingesting 100–200 kg of vegetation per
day (Wyatt & Eltringham 1974; Guy 1976). During their foraging bouts, elephants frequently
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uproot, knock down, or otherwise modify plants in their environment (Ben-Shahar 1993;
Pringle 2008). As a result, they are considered to be ecosystem engineers because they alter
their environment through their foraging behaviour (Bond 1994; Jones et al. 1994). These
elephant-induced alterations have been linked to modification of habitat use of other animal
species as well as changes in vegetation structure and community composition (Ben-Shahar
1993; Chamaillé-Jammes et al. 2007; Pringle 2008; Valeix et al. 2011).
Elephants are mixed-feeders, yet remain selective with respect to which plant species
they consume (Owen-Smith & Chafota 2012; Shrader et al. 2012; Muller 2013). To
understand factors that influence the foraging decisions of elephants, a number of studies have
focused on postingestive feedback measures (Plumptre 1995; Foguekem et al. 2011; Shrader
et al. 2012; Muller 2013). These measures include aspects of vegetation that can only be
assessed by a herbivore after they commit to eating a particular item (Illius & Gordon 1993;
Provenza 1995), such as crude protein, digestibility, and total polyphenols (Plumptre 1995;
Shrader et al. 2012; Muller 2013). However, elephant diet selection is not very well explained
by assessment of postingestive feedback measures, possibly because the aspects studied to
date, which have been useful in identifying grazers’ diets (e.g. crude protein and digestibility:
Wilmshurst & Fryxell 1995; Stears 2014), do not appear to drive elephant feeding choices
(Ward et al. 2016).
From a previous study, we know that African elephants recognize odour emitted from
plants and use it to make foraging decisions (Chapter 2). However, the extent to which
elephants use odour cues when making foraging decisions is unknown. To address this, we
assessed the extent to which elephants used postingestive feedback measures and preingestive cues (specifically odour) when making foraging decisions. Specifically, we explored
whether certain pre-ingestive cues may also indicate postingestive costs. If elephants did use
pre-ingestive cues, we wanted to identify what aspects of the plant-odour profiles influenced
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dietary selection. For postingestive feedback measures, we explored whether four key food
quality measures (crude protein, digestibility, total polyphenols and tannin content) and the
ratios of the nutritional factors to antinutritional factors sensu Makkar et al. (2007) (i.e. crude
protein: tannins, crude protein: total polyphenols, digestibility: tannins, digestibility: total
polyphenols) could explain patterns of diet selection. If these indices play an important role,
we predicted that the elephants’ preferred plant species would be higher in crude protein, be
more digestible, and have lower tannin and total polyphenol content compared to the avoided
plant species. To test if pre-ingestive cues explained elephant diet selection, we explored
relative amounts of key compound classes (e.g. monoterpenes, sesquiterpenes, and aliphatic
acids) and specific VOCs (e.g. linalool, (E)-ocimene, and limonene) that are known to affect
herbivore intake (Vourc'h et al. 2002; Bedoya-Pérez et al. 2014), as well as total emissions of
VOCs from the odour profiles of preferred and avoided plants. We then used this information
to identify which compound(s) influenced diet selection. If pre-ingestive cues explain diet
selection, we predicted that anti-herbivory PSMs would be lower in both quantity and
emissions in the preferred plant species compared to the avoided plant species.

Methods
All methods were approved by the University of KwaZulu-Natal’s Animal Ethics committee
(permit number: AREC/106/015).

Acceptability index
To determine the dry-season diet of elephants, we monitored a small population (N = 6) of
elephants near Bela Bela, Limpopo province in South Africa (S 24° 46' 53.43" E 27° 57'
5.03"). To explore plant preference, we formulated an acceptability index of the woody plant
species preferred and avoided by the elephants. To do this, we located semi-tame, freeranging elephants and followed their feeding paths, walking about 50 m behind them so as not
to disturb their feeding. Along each path, we recorded data within a belt transect (50 m long x
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10 m wide (i.e. 5 m on either side of the feeding path), n=100 transects). A width of 5 m
encompasses the reach of a foraging elephant’s trunk (Shrader et al. 2012). Along each path,
the abundance of every woody plant species that was present as well as the number of times
each was eaten by an elephant were recorded. To generate the acceptability index (AI) of a
species, the number of times a particular plant species was eaten was divided by the
proportional abundance of that plant species in the sampled area (Owen-Smith & Cooper
1987). After compiling an index for every plant species present, plant species were
categorized as preferred (i.e. most selected proportional to its abundance), principal (selected
overall most frequently – a function of acceptability and abundance), or avoided (rarely eaten
in relation to its abundance). Preferred plant species had AIs of >0.5 and avoided plant
species had AIs below 0.3. Principal plant species were eaten the most frequently of all
species encountered and had AIs ranging between 0.28-0.5. For our study, we focused on the
six most-eaten plant species that comprised ~75% of the elephants’ diets (preferred and
principal) (Pappea capensis Sapindaceae, Dombeya rotundifolia Malvaceae, Terminalia
sericea Combretaceae, Combretum zeyheri Combretaceae, Grewia monticola Malvaceae, and
Euclea crispa Ebenaceae), and the five most avoided (Vitex rehmannii Lamiaceae, Searsia
pyroides Anacardiaceae, Searsia lancea Anacardiaceae, Euclea undulata Ebenaceae, and
Olea europaea Oleaceae).

Plant collection
We collected leaf samples from individual plants from each of the six most eaten plant species
as well as the five most avoided plant species for chemical analysis. From each tree, leaves
were removed by hand-plucking from all parts of the canopy. This ensured that the collected
leaves were an accurate representation of the entire tree. Once plucked, leaves were placed in
paper bags and dried in a drying oven at 55 oC for 48 h. After drying, we milled the leaves
through a 1 mm sieve to prepare them for chemical analysis.
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Postingestive feedback: wet chemistry
All plant samples were analysed for nitrogen, digestibility, total polyphenols, and tannin
content. Samples were analysed for nitrogen content (g nitrogen per g dry matter) using the
Kjeldahl method (Bradstreet 2015) at the Soil Fertility and Analytical Services at Cedara
Agricultural College, KwaZulu-Natal, South Africa. Nitrogen was multiplied by 6.25 to
estimate % crude protein (Van Soest 1994). We determined dry matter digestibility by
cellulase digestion (presented as “proportion digested”) (Zacharias 1986). Total polyphenols
were measured using Hagerman’s (2011) modified Prussian Blue protocol. Units from the
spectrophotometer are given in gallic acid equivalents (GAE) because there is no absolute
value of polyphenols (Hagerman 2011). We used the radial diffusion assay to measure the
amount of tannins (Hagerman 2011).

Pre-ingestive cues: Volatile organic compound collection and analysis
We collected scent samples from vegetative parts (leaves and stems only) of the six most
preferred and five most avoided plant species (n = 8 individuals per species). Volatile organic
compounds (VOCs) were collected using dynamic-headspace extraction methods. This was
done by enclosing a branchlet in a polyacetate bag (NaloPhan, Kalle, Germany) and sucking
air from the bag for 3 h through a small cartridge filled with 1 mg each of Tenax® TA (60/80)
(SupelcoTM; Bellefonte, PA, USA) and Carbotrap® B (20-40 mesh) (Sigma-Aldrich Co.; St
Louis, MO, USA) using a PAS500 Personal Air Sampler (Spectrex, Redwood City,
California). Control samples were also collected for 3 h from empty polyacetate bags and
used to identify environmental contaminants. Because each plant species has varying densities
and sizes of leaves, we counted the number of leaves enclosed in the polyacetate bag for every
sample so we could later calculate the total volatile emissions per mm2 leaf surface area. For
this, we collected >20 leaf samples from each plant species and estimated the average surface
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area of a leaf from each species by taking length and width measurements and using the
formula for an ellipse (surface area = π*a*b).
Volatiles were analysed by gas chromatography-mass spectrometry (GC-MS) using a
Varian (Palo Alto, CA) CP3800 gas chromatograph (fitted with a Varian 1079 injector with a
ChromatoProbe thermal desorption device) coupled to a Varian 1200 quadrupole mass
spectrometer. A polar (Bruker BR-Swax) capillary column was used. A detailed description
of these methods is presented in Shuttleworth & Johnson (2009b). Compounds were
identified using the NIST 2011 mass spectral library. Where possible, identifications were
confirmed by comparison of retention times with published retention indices (Kovats) and/or
injection of synthetic standards (for a complete table of VOCs identified, see Appendix II,
Table Aii.1). Absolute amounts of volatiles emitted were estimated by comparison of peak
areas from samples with peak areas obtained from injection of a known amount of methyl
benzoate (injected and run under identical conditions to samples). We have previously
established that, for our analytical apparatus, methyl benzoate yields a peak area: nanogram
(ng) relationship that is close to the average obtained from 200 compounds from various
compound classes (Chapter 2).
Compound classes were assigned following (Knudsen et al. 2006) and reflect assumed
biosynthetic pathways through which volatiles are produced. We divided aliphatics into
functional groups (e.g. alcohols, aldehydes, etc.) and split terpenes into monoterpenes,
irregular terpenes, and sesquiterpenes. Thus, the compound classes we identified were:
aliphatic acids, aliphatic alcohols, aliphatic aldehydes, aliphatic alkanes, aliphatic esters,
aliphatic ketones, benzenoids compounds, C-5 branched compounds, irregular terpenes,
miscellaneous cyclic compound, monoterpene, nitrogen-containing compound, and
sesquiterpenes. Any compound that could not be identified was placed in the “unknown”
category (47 compounds). Unknown compounds ranged in frequency from 0-15 compounds
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per plant species. All compounds were included in the analyses. If a compound was listed as
‘trace amount’, we used 0.001% for the statistical analysis (as per: Shuttleworth & Johnson
2009a).

Statistical analyses of postingestive feedback measures
We explored differences in chemical composition between preferred and avoided plant
species using several statistical approaches. We had multiple dependent variables and thus
may have an exaggerated Type I error. Consequently, we used multivariate analyses
(ANOSIM and SIMPER) where appropriate. We used an ANOSIM randomization test
(Anderson 2001) to examine differences in postingestive feedback measures between the two
preference categories (i.e. preferred vs. avoided). ANOSIM calculates the test statistic R,
which is a relative measure of the separation between previously deﬁned groups (e.g.
preferred vs. avoided plant species), based on differences of mean ranks between and within
groups. R can range between 0 and 1, with 0 indicating completely random groupings and 1
indicating that samples within groups (e.g. preferred vs. avoided species) are more different
from each other than any sample from a different group (Clark et al. 2007). We used 10,000
random permutations of the grouping vector to obtain an empirical distribution of R to
establish significance (Anderson 2001).
Upon finding significant differences between the preference groups (see Results), we
explored the direction of the differences using nested generalized linear models with a
Tweedie distribution (Jørgensen 1987) and log10 link-function for each of the four factors
(crude protein, digestibility, total polyphenols, and tannin content) in addition to ratios of the
positive factors (crude protein, digestibility) to the negative factors (total polyphenols,
tannins). The Tweedie family of distributions is appropriate for variables that can be
represented by Poisson mixtures of gamma distributions and combines properties of
continuous and discrete distributions (Jørgensen, 1987). Tweedie distributions are useful
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when modelling responses with a mixture of zeros and positive values (Jørgensen, 1987). We
used “species” nested within “preference category” (preferred vs. avoided) and ran separate
models for each of the eight above-mentioned dependent variables. To avoid possible Type 1
error, we used Holm's (1979) correction of α for sequential analyses of the same null
hypothesis.

Statistical analyses of leaf volatiles
Statistical comparison of leaf odours was conducted at the level of compound class and
individual compounds (see above). To compare the overall volatile emissions for the preferred
and avoided plant species, we used a nested generalized linear model with a Tweedie
distribution and a log10 link-function with “species” nested within “preference category”
(preferred vs. avoided). We used volatile emissions (ng) per mm2 leaf surface area as the
dependent variable. We then used a series of analyses to explore differences in (1) the relative
contribution to dissimilarity of compound classes in preferred and avoided species, (2)
number of volatile organic compounds within each class of compounds (e.g. monoterpenes,
aliphatic acids, and benzenoid/phenylpropanoid compounds), and (3) the relative contribution
of individual volatile organic compounds in the preferred and avoided species. Differences in
VOC profiles between preferred and avoided plant species were tested using a one-way
ANOSIM (Clarke & Gorley 2006). Volatiles characterizing the preferred and avoided
categories were further explored using the similarity percentages (SIMPER) function in
Primer (Clarke & Gorley 2006). SIMPER identifies compounds that contribute most to the
mean similarity within a particular group and mean dissimilarity between groups (i.e.
preferred and avoided species). Data were square-root transformed prior to analyses to
downweight the influence of dominant compounds on the analysis. To explore the number of
individual volatile organic compounds in the preferred and avoided plant species, we used a
nested generalized linear model with a Tweedie distribution (Jørgensen 1987) and log10 link-
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function with “species” nested within “preference category” (preferred vs. avoided). We used
the number of compounds as the dependent variable.
We ran an ANOSIM to test for differences in relative contribution of all
monoterpenes, a known antiherbivore defence in plants (Vourc'h et al. 2002), between the two
preference categories (preferred vs. avoided plant species). Furthermore, we used a SIMPER
analysis to identify which monoterpenes contributed to these differences. The SIMPER
analysis identifies the mean dissimilarity of the monoterpenes between the plant species in the
preferred vs. avoided plant species. We used volatile monoterpene emissions (ng) per mm2
leaf surface area as the dependent variable.

Results
Postingestive feedback measures
The ANOSIM multivariate analysis for total polyphenols, tannins, digestibility, and crude
protein revealed a significant difference between the preferred and avoided plant species with
regard to their postingestive feedback measures (ANOSIM: R=0.108; p< 0.0001). After
applying the Holm’s correction to α, preferred and avoided plant species differed significantly
in digestibility, tannins, crude protein: tannins, and digestibility: tannins (Table 3.1). Preferred
plants had significantly higher levels of tannins than avoided plant species (Table 3.1).
Contrary to our prediction, we found that avoided plant species were more digestible and had
more favourable crude protein: tannins and digestibility: tannins ratios than preferred species
(Table 3.1). The two preference categories did not significantly differ in the amount of total
polyphenols, crude protein, and the ratio of crude protein: total polyphenols and digestibility:
total polyphenols.

73
Table 3.1: Generalized Linear Model results showing how various postingestive feedback
measures differed between preferred and avoided plant species. Bold values indicate the
preference category (i.e. preferred or avoided) that was significantly larger.

0.024

Mean
preferred + SE
2.03 + 0.148

Mean
avoided + SE
1.584 + 0.13

1

0.0001

7.654 + 0.77

3.426 + 0.447

Factor

Units

χ2

df

p

Total polyphenols

GAE

5.077

1

Tannins

mm

23.7

Digestibility

Proportion 28.409

1

0.0001

0.2 + 0.003

0.227 + 0.004

Crude protein

CP.g-1 DM

5.217

1

0.022

7.805 + 0.151

7.31 + 0.156

Crude protein: Tannins

17.645

1

0.0001

1.814 + 0.237

3.859 + 0.445

Crude protein: Total polyphenols

1.113

1

0.292

6.045 + 0.533

6.92 + 0.643

Digestibility: Tannins

33.825

1

0.0001

0.117 + 0.013

0.447 + 0.006

Digestibility: Total polyphenols

4.544

1

0.033

0.16 + 0.143

0.21 + 0.195
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Pre-ingestive cues
Volatile emissions
Volatile emissions for preferred and avoided plant species differed significantly (χ2 = 16.202,
df=1, p<0.0001), with preferred species (mean + SE: 0.0010 + 0.00014 ng/mm2/min) having
significantly lower volatile emissions than avoided plant species (mean + SE: 0.0021 + 0.
00027 ng/mm2/min).

Compound classes
Compounds representing 14 compound classes were detected from headspace samples of
preferred and avoided plant species. The multivariate analysis revealed a significant
difference in the preferred versus avoided plant species with regard to the relative amounts of
different compound classes (ANOSIM: R= 0.116; p= 0.005). The SIMPER analysis showed
that plant species in the preferred and avoided categories had an average overall dissimilarity
of 49.12% with respect to the relative amounts of the various compound classes to the overall
odour (Table 3.2). Monoterpenes, aliphatic esters, benzenoids/phenylpropanoids, and
sesquiterpenes contributed ~50% of the dissimilarity between the preference categories.
However, of these categories, only monoterpene levels were significantly lower in the
preferred plant species. Additionally, aliphatic acids, aliphatic alcohols, and aliphatic ketones
were also lower in the preferred species, but they contributed much less (<7% each) to the
overall percent dissimilarity between preferred and avoided plant species.
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Table 3.2: Compound classes and their relative contributions to the first 90 % of average Bray–
Curtis similarity between headspace scent samples collected from preferred and avoided plant
species with respect to their relative contributions to the overall odour profile (SIMPER
analysis). Dissimilarity/Standard Deviation (SD) is an indicator that discriminates between
preference groups. Larger Dissimilarity/SD values indicate a larger percent dissimilarity
between groups. Contribution % indicates the percentage of dissimilarity that each group
contributes to the overall dissimilarity. Bold values indicate the preference category (i.e.
preferred or avoided) that was larger.

Compound Class
Monoterpene
Aliphatic ester
Sesquiterpene
Benzenoid/phenylpropanoid
compounds
Miscellaneous cyclic compounds
Unknown
Aliphatic alcohol
Aliphatic acid
Aliphatic ketone

Mean
Mean
abundance
abundance
in preferred
in avoided
Contribution
plant species plant species Dissimilarity/SD
%
3.73
1.32
20.06
5.82
3.59
1.3
16.36
5.22
1.9
1.14
10.79
2.08
3.04
1.88
1.86
0.85
0.25
0.32

2.88
1.24
1.75
1.2
1.34
1.02

1.23
1.26
1.2
0.76
0.84
0.72

9.77
8.05
7.73
6.81
6.17
5.16

Our results indicated that there were significantly fewer compounds in the preferred
plant species compared to the avoided plant species (ANOSIM: R=0.125; p= 0.001). The
compound classes contributing to these differences in number of volatile organic compounds
are identified in Table 3.3. Plant species in the preferred and avoided categories had an overall
dissimilarity of 33.6 % with regards to the number of volatile organic compounds within each
compound class as calculated by the SIMPER analysis. The classes that contributed ~ 50% of
the dissimilarity between the groups were sesquiterpenes, aliphatic acids, miscellaneous
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cyclic compounds, monoterpenes, and aliphatic ketones. However, only sesquiterpenes,
aliphatic acids, and monoterpenes were lower in the preferred plant species.

Table 3.3: Compound classes and their relative contributions to the first ~90 % of average Bray–
Curtis similarity between headspace scent samples collected from preferred and avoided plant
species with respect to the number of compounds within each group (SIMPER analysis). These
data represent the number of compounds within each compound class. Dissimilarity/Standard
deviation (SD) indicates the differences between preference groups. Larger Dissimilarity/SD
values indicate a larger percent dissimilarity between groups. Contribution % indicates the
overall percentage of dissimilarity each group contributes to the overall dissimilarity. Bold
values indicate the preference category (i.e. preferred or avoided) that was larger.

Compound Class
Sesquiterpene
Miscellaneous cyclic
compound
Aliphatic acid
Monoterpene
Unknown
Aliphatic alcohol
Aliphatic ketone
Aliphatic aldehyde
Aliphatic ester
Benzenoid compound
Irregular terpene

Preferred mean
abundance
2.73

Avoided mean
Contribution
Dissimilarity/SD
abundance
%
1.55
12.83
2.93

3.03

2.31

1.28

10.62

0.63
3.75
3.34
1.44
0.79
1.1
3.15
4.68
1.04

1.85
4.15
3.67
2.24
0.99
0.95
2.4
4.37
0

1.14
1.3
1.11
1.34
0.92
1.07
1.1
1.12
0.81

10.27
9.5
8.46
8.36
7.42
7.07
6.47
6.43
5.84
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Volatile organic compounds
A total of 182 volatile organic compounds from various compound classes were detected from
headspace samples of preferred and avoided plant species. Overall, we found a significant
difference in the relative contribution of each of the volatile organic compounds in the
preferred and avoided plant species (ANOSIM: R=0.248; p= 0.0001). The volatile organic
compounds that contribute most to these differences are listed in Appendix III, Table Aiii.1.
Interestingly, seven of the top 14 volatile organic compounds comprising ~30% of the
differences were monoterpenes: (E)-ocimene, (Z)-ocimene, limonene, β-pinene, α-pinene,
linalool, and p-cymenene. We found that the plant species in the preferred and avoided
categories had an overall dissimilarity of about 72% with regard to the relative contribution of
particular volatile organic compounds. Furthermore, when we evaluated the number of
different volatile organic compounds present in the preferred and avoided plant species, we
found that preferred plants produced significantly fewer compounds (χ2= 97, df=1, p<0.0001)
than avoided species (20.5 + 1.18 compounds versus 34.9 + 1.94 compounds; means ± SD).

Monoterpenes
We evaluated the differences in relative contributions of the monoterpenes in preferred and
avoided plant species. We found a significant difference in the relative contribution of the
various monoterpenes to the odour profiles of preferred and avoided plant species (ANOSIM:
R=0.082; p= 0.0002). The SIMPER analysis indicated that 11 monoterpenes contributed most
to these differences in relative contribution (Table 3.4). Plant species in the preferred and
avoided plant categories had a dissimilarity of ~81%, and nine of the 11 monoterpenes
contributing to ~92% of the relative contribution odour profiles were higher in the avoided
plant species (Table 3.4). Furthermore, the number of monoterpenes (mean ± SD) among
categories was significantly different, with preferred plant species having significantly fewer
monoterpenes (2.4 + 0.23) than the avoided species (6.4 + 0.81; χ2= 16, df=1, p<0.0001).
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Avoided plant species had much higher volatile emissions of monoterpenes (mean+ SE:
0.0012 + 0. 00019 ng/mm2/min) than preferred plant species (mean + SE: 0.0003 +0.00006
ng/mm2/min; χ2= 25.857, df=1, p<0.0001).

Table 3.4: Monoterpenes contributing to the first ~90 % of average Bray–Curtis similarity
between headspace scent samples collected from preferred and avoided plant species (SIMPER
analysis). Dissimilarity/Standard deviation (SD) indicates differences between preference
groups. Larger Dissimilarity/SD values indicate a larger percent dissimilarity across groups.
Contribution % indicates the overall percentage of dissimilarity each group contributes to the
overall dissimilarity. Names in bold indicate higher relative contribution to odour profile in
avoided plant species.

Monoterpenes
(E)-Ocimene
(Z)-Ocimene
Limonene
Linalool
γ-Terpinene
β-Pinene
α-Pinene
Sabinene
p-Cymene
Terpinolene
p-Cymen-8-ol

Preferred
mean
abundance
1.95
0.82
0.49
0.88
0.38
0.48
0.27
0.45
0
0.03
0

Avoided mean
abundance

Dissimilarity/SD

Contribution%

2.46
1.45
1.47
0.63
0.34
1.29
1.13
0.63
0.8
0.64
0.45

0.96
0.88
0.79
0.66
0.41
0.6
0.94
0.46
0.48
0.48
0.7

22.27
12.02
9.93
9.85
8.38
8.23
7.14
5.07
3.72
3.29
2.49

Discussion
Because the African elephant may play such a large role shaping their environment as an
ecosystem engineer through their selective feeding behaviour, it is important to understand
what drives their diet selection. To date, studies have been largely unsuccessful at determining
what features of the plants in their environment influence diet selection by elephants.
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Theoretically, herbivores should select species that yield the highest energy gains with the
lowest anti-nutritional costs within a time constraint (Pyke et al. 1977; Houston & McNamara
2014). For browsers and mixed-feeders, such as elephants, diet selection is complicated due to
the presence of PSMs, many of which can have deleterious effects (Freeland & Janzen 1974;
Peñuelas & Llusià 2004; Sorensen et al. 2005). A key question has remained: to what extent
do large mammalian browsers use postingestive feedback measures and/or pre-ingestive cues
to make diet selections? Elephants, despite their large body size, have been shown to be
selective when making foraging decisions (Codron et al. 2006; Owen-Smith & Chafota 2012;
Shrader et al. 2012; Muller 2013). Our study found that terpenes play a stronger role in
elephant diet choice than phenolics. This is likely because terpenes are a pre-ingestive cue that
also have postingestive costs, which the elephants can use prior to making foraging decisions,
unlike other postingestive feedback measures.
Comparisons among postingestive feedback measures showed that preferred plant
species would actually be less favourable than the avoided species for several reasons such as
differences in palatable:unpalatable factors as well as tannin concentration. Elephants did not
use crude protein to make their foraging choices. There was no significant difference in the
crude protein concentrations between preferred and avoided plant species. Additionally, the
lower digestibility in the preferred species, higher PSMs (tannins) and the lower ratio of
palatable (crude protein, digestibility) to unpalatable (tannins) categories in the preferred
species than in the avoided species further suggests that elephants did not use these
postingestive measures to make their diet selections. This is in contrast to the results of
Shrader et al. (2012) and Muller (2013). In both of these studies, elephants selected for
options that had the most favourable palatable: unpalatable ratios. There are, however,
differences in the crude protein and total polyphenol concentrations in the plants between our
study and that of Shrader et al. (2012) and Muller (2013). These differences may be attributed
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to the following: First, our study and the two aforementioned studies were conducted in
different parts of South Africa. Ithala Game Reserve, where Shrader et al. (2012) and Muller
(2013) conducted their studies, is in a more nutrient-rich area and has a higher mean annual
rainfall than Bela Bela where our study was conducted (du Preez et al. 2011; Climate-Data
2017). In addition, the plant species eaten by the elephants in the different studies did not
overlap, which also likely contributed to the nutritional differences observed.
In our study, elephants preferred plant species that contained significantly higher
levels of tannins, which is surprising given their antinutritional properties (Shimada 2006).
This is especially peculiar because there was no significant difference in the crude protein
concentrations between preferred and avoided plant species. Thus, the elephants were
selecting for plants despite their tannin concentrations, with no obvious nutritional benefit.
Tannins are a key PSM that have been found to negatively influence herbivore diet selection
(Cooper & Owen-Smith 1985; Owen-Smith & Chafota 2012; Mkhize et al. 2015). However,
unlike many other PSMs, tannins cannot be detected directly via smell because they are large
and heavy compounds (500- 20,000 amu) and are too heavy to become volatile (compounds
easily volatilize between 100-200 amu) (Schoonhoven et al. 2005).
Although tannins are not volatile, they are astringent, which herbivores may associate
with their deleterious effects (Provenza 1995). Furthermore, there could also be other cues
correlated with tannin content of plants that herbivores could rely on to make foraging
decisions. For example, diformylphloroglucinol compounds (DFPCs) are not volatile, but
they correlate with volatile terpenes in Eucalyptus species. These volatile terpenes are used as
a cue for the DFPCs by brushtail possums (Trichosurus vulpecula) (Lawler et al. 1999). Thus,
elephants may use reliable correlations of tannins with volatile compounds in what is known
as conditioned flavour aversion to minimize tannin intake, where they associate the flavour of
a certain plant with postingestive costs (Provenza et al. 1990). Alternatively, they may use
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learning from others in the herd to avoid the plant (Bryant et al. 1991) to minimize tannin
intake. However, conditioned flavour aversion does not explain why the elephants consumed
plant species with high tannin concentrations. Thus, it is likely that preference for these
species occurred despite their high tannin concentrations. The question that remains is how
the elephants deal with the ingestion of large amounts of tannin. One potential explanation
could be that African elephants are able to neutralise tannins via salivary tannin-binding
proteins (Chapter 4). Nonetheless, one would still expect that, when given the choice,
elephants should still select for the plant species with lower tannin levels to maximize their
gains (Owen-Smith & Chafota 2012).
Elephants are unlikely to rely solely on postingestive cues when making foraging
decisions. This is because, even though elephants are selective, they cover large areas to
obtain sufficient nutritious forage and sometimes may be forced to consume a number of
different plant species (Shrader et al. 2012). Browsing herbivores may have to rely on
previously learned information regarding which plants to eat or avoid or they may use preingestive cues, such as plant odours, which can be used to assess the vegetation quality prior
to consumption. Moreover, using pre-ingestive cues could help maximise energy gain, by
minimising the intake of heavily defended and/or toxic plants, and reduce travel time between
plants and/or patches by directing the herbivores to higher quality plants (Chapter 2). Our
results suggest that elephants use olfactory cues, likely of terpenes, (especially at larger spatial
scales) to make diet selections rather than relying solely on postingestive feedback measures.
It is, however, possible that the elephants had linked olfactory cues of the different plants to
postingestive feedback via conditioned learning prior to our study.
The elephants in our study avoided plant species whose scent profiles contained both
high levels and a wide diversity of PSM odour cues, particularly monoterpenes.
Monoterpenes have been found to negatively influence the intake of certain plant species
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across a wide range of herbivore species (Vourc'h et al. 2002; Kirmani et al. 2010; Shipley et
al. 2012; Frye et al. 2013; Utz et al. 2016). Moreover, a recent study has suggested that
monoterpenes inhibit digestive enzymes (Kohl et al. 2015). Previous studies have established
that herbivores can tolerate monoterpenes until a threshold is reached and then shift away
from consuming forage items with elevated monoterpene content (Elliott & Loudon 1987;
Camp et al. 2015; Nobler 2016). For example, Elliott and Loudon (1987) tested the response
of red deer calves (Cervus elaphus) to monoterpenes commonly found in Sitka spruce (Picea
sitchensis) and lodgepole pine (Pinus contorta) needles and found that the deer significantly
avoided treatments that had high concentrations (i.e. high emission) of the monoterpenes. In
another study on Sitka black-tailed deer (Odocoileus hemionus sitkensis), European roe deer
(Capreolus capreolus) and rusa deer (Cervus timorensis russa), all three species showed
negative responses to high concentrations of monoterpenes in food items during feeding trials
(Vourc'h et al. 2002). Duncan et al. (1994) found that the total monoterpene content of a plant
negatively influenced the amount of biomass a deer takes from a given plant. These studies
suggest that monoterpenes may play an important deterrent role with respect to mammalian
herbivores which is well-supported by our findings.
We found that both preferred and avoided plant species have monoterpenes. However,
avoided plants have more than double the number of different monoterpenes and the total
monoterpene emissions were an order of magnitude greater than the emissions from preferred
plant species. In all analyses of the preferred and avoided plant species odour profiles,
monoterpenes were the main compound class that were consistently lower both in emissions
as well as number of compounds present for preferred plants than avoided plants.
Additionally, the overall total VOC emissions of preferred plant species were dramatically
lower than avoided plant species.

83
Monoterpenes, like many PSMs, are an inducible plant defence (i.e. concentrations
change in response to browsing pressure; Holopainen 2004). This leads to another possible
reason why browsing herbivores may rely more heavily on pre-ingestive cues. Because there
is a large amount of variation across and within plant species with respect to nutritional and
chemical content, sometimes as a result of phenotypic response to herbivory or to increased
soil nutrients (fertiliser) (Holopainen 2004; O'Reilly-Wapstra et al. 2004; Loney et al. 2006;
Burghardt 2016), not all plants are consistently the best dietary options. Numerous studies
have found that plants have differing levels of PSMs based on their life history, and these can
often be reflected in their VOC profiles (Holopainen 2004; Metlen et al. 2009; Moore et al.
2014), which herbivores could detect via olfaction. As a result, these pre-ingestive odour cues
would be an important and potentially more relevant indicator of an individual plant’s
nutritional and chemical composition.
Overall, our findings suggest that with regard to plant species encountered by the
elephants in our study, terpenes play a stronger role in elephant diet choice than phenolics
(such as tannins) and other postingestive feedback measures. This is likely because terpenes
are a pre-ingestive cue that also incur postingestive costs, which the elephants may have
learned from previous foraging activity prior to this study. The terpene odours could be used
prior to making foraging decisions, unlike other postingestive feedback measures.
Postingestive feedback measures of crude protein and digestibility likely work better for
determining diet selection by grazers because of the reduced number and type of PSMs in
grasses (Bryant et al. 1992). It is possible that in less chemically diverse systems such as in
the Arctic tundra where there are few plant species, browsers may also use postingestive
feedback measures such as crude protein, digestibility, and tannins as reliable cues (Bryant et
al. 1991). However, in species-rich, chemically diverse environments such as African
savannas (du Toit 1995), it is apparent that these factors are not reliable predictors of diet
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choices by browsers. This may help explain why previous studies have had limited success in
determining what drives browser diets based solely on postingestive feedback measures.
Thus, it is important to explore pre-ingestive cues through the analysis of plant VOCs that
those browsers encounter to determine what drives their foraging decisions. Future studies
could also compare VOC terpenes with terpenes detected via wet chemistry of vegetation to
determine if VOC terpenes are a good indicator of terpenes within the leaf. Additional studies
of elephants could manipulate monoterpenes and test the influence of the concentration of
specific monoterpene(s) or monoterpene combinations on elephant diet selection to gain a
more precise understanding of the ability of elephants to recognize and react to their chemical
environment. Having a better understanding of what drives the foraging behaviour of African
elephants ultimately sheds light on not just the underlying drivers of their dietary selection,
but also enhances our knowledge of what drives their feeding impacts in the ecosystems in
which they live.
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Chapter Four
Have African elephants evolved physiological mechanisms to deal with plant
secondary metabolites?: Large body size and tannin-binding proteins in a nonruminant
Abstract
Two important factors drive the foraging decisions of mammalian herbivores: body size and
digestive physiology. The Jarman-Bell principle suggests that large animals have lower massspecific metabolic requirements than smaller animals, but that they have larger overall
nutrient requirements. Ultimately, this means that large animals like African elephants
(Loxodonta africana) can ingest lower-quality food and still meet their metabolic
requirements. An added benefit for elephants is that they are hindgut fermenters. This forces
them to ingest greater amounts of low quality, high-fibre food compared to ruminants,
because fibre does not limit passage rate and thus daily intake of hindgut fermenters.
However, one unexplored factor that may also affect the foraging of these large herbivores is
plant secondary metabolites. Recent studies have reported that elephants tend to avoid items
high in these metabolites. This selectivity is contrary to the predictions of Jarman-Bell
principle, suggesting that plant secondary metabolites may lower food quality to a level to
where even megaherbivores (>1000 kg) like elephants are affected. If true, then elephants
may have evolved physiological adaptations to help them tolerate these low-quality foods. To
explore this, we tested elephant saliva for salivary tannin-binding proteins. We used an
inhibition assay based on the radial diffusion assay for tannins. In addition, we determined if
elephants had proline-rich proteins, a specific type of salivary tannin-binding proteins.
Consistent with our prediction, we found that elephants had salivary tannin-binding proteins
that reduce the activity of tannins by ~75%. However, we found that elephants lack prolinerich proteins. These results indicate that despite some of the advantages of being large (e.g.
having lower mass-specific metabolic requirements), elephants are greatly affected by plant
secondary metabolites.

Key words: Body size, Jarman-Bell principle, Loxodonta africana, salivary tannin-binding
proteins
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Introduction
Two key factors that influence foraging decisions of mammalian herbivores are body size and
digestive physiology (Owen-Smith 1988). Body size influences mass-specific metabolic
requirements (Kleiber 1947; Owen-Smith 1988). Kleiber (1947) found that metabolic
requirements scale at M0.75 (where M = body mass), which results in larger animals requiring
less energy per unit body mass than smaller animals. Ultimately, this means that larger
animals can tolerate lower quality foods than smaller animals (Jarman 1974). As a result,
larger animals are able to feed on a wider range of food items. Although larger animals have a
lower mass-specific metabolic rate, they do require more nutrients per day than small animals
(Clauss et al. 2003; Speakman 2005). Independent observations of African ungulates by
Jarman (1968; 1974) and Bell (1969; 1971) determined that large herbivores can tolerate
foodstuffs of lower quality than small herbivores due to several factors including a higher gut
fill to energy requirement ratio (Hackmann & Spain 2010) and a faster ingesta passage rate
(Clauss et al. 2003). Geist (1974) named this the Jarman-Bell principle.
Another factor that influences foraging ecology is digestive physiology. Mammalian
herbivores are either foregut fermenters or hindgut fermenters. Ruminants, a subcategory of
foregut fermenters, have a four-chambered stomach, with each stomach playing a particular
role in the digestion of plant material (Hume 1989). In contrast, most hindgut fermenters, with
the exception of some marsupials and equids, have only a single-chambered stomach, and all
plant material is fermented in the caecum, which is located at the join of the large and small
intestines (Stevens & Hume 2004). A major advantage of being a hindgut fermenter is the
ability to survive on lower quality (higher fibre) forage than ruminants (Bell 1971). This is
due to these species having a faster digestive passage rate compared to ruminants, which
allows for an increased intake rate of lower quality foods (Bell 1971). The slower rate of
passage in ruminants is a result of the small particle size that is required for food to pass

91
through the ruminoreticulum (Bell 1971; Janis 1976). This results in a more efficient
extraction of nutrients per unit intake than non-ruminants (Demment & Van Soest 1985), but
this slower passage rate is costly if these herbivores feed on high-fibre plants, for example
during the dry season. Thus, hindgut fermenters are better suited for eating a wider range of
food varying in quality/fibre content than ruminants because they can effectively handle
larger particle sizes than ruminants, which allows hindgut fermenters to have a faster passage
rate (Owen-Smith 1988).
The largest extant herbivore (also known as a megaherbivore; i.e. > 1000 kg) is the
African elephant (Loxodonta africana), which weighs between 3000 kg (females) to 7000 kg
(males) (Skinner & Chimimba 2005). As predicted by the Jarman-Bell principle, African
elephants should be able to maintain their fitness by being non-selective and eating low
quality foods. This is a result of both their large body size and their digestive physiology (i.e.
they are hind-gut fermenters). Owen-Smith and Chafota (2012) found that elephants have a
very wide dietary breadth that incorporates grasses and leaves from trees and shrubs as well as
high fibre forage such as twigs, bark, and roots. One major advantage that allows these
megaherbivores to eat such low quality food is a decreased digestion time (i.e. faster passage
rate of food). The African elephant’s digestive system has a shorter gastro-intestinal tract for
faster throughput of plant matter, a reduced caecum, and a wider small intestine and colon
than theoretically expected (Clauss et al. 2003). Although this results in a faster passage rate
but yields a lower nutritional gain, it allows these herbivores to eat more food per day than
ruminants. Thus, their daily intake is much higher than a ruminant of a similar size (Demment
& Van Soest 1985; Clauss et al. 2003).
According to the theory associated with body size and digestive physiology, African
elephants should not be selective feeders. However, recent findings do not support this
prediction. For example, a number of studies have shown that elephants forage selectively and
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favour certain plant species over others (Owen-Smith & Chafota 2012; Shrader et al. 2012;
Muller 2013). In particular, elephants have been shown to minimize their intake of plant
secondary metabolites (PSMs), particularly monoterpenes, which are known to have antinutritional effects (Kohl et al. 2015). Interestingly, although elephants avoid certain PSMs,
elephants still consume a diet that has elevated concentrations of total polyphenols and
particularly, tannins, which are a group of polyphenols that are non-nitrogenous plant
secondary defence compounds (Robbins et al. 1987; McArthur et al. 1991). Tannins have a
number of negative side effects with the most predominant being the reduction of protein
intake and digestibility (Robbins et al. 1987; Gordon & Illius 1996; Shimada 2006) which
reduces the overall quality of food (Schmidt et al. 1998). Although elephants eat plant species
that have elevated tannin concentrations, several studies have indicated that after a threshold
level of tannin concentration, elephants shift away from consuming certain tannin-rich browse
items (Owen-Smith & Chafota 2012; Shrader et al. 2012; Muller 2013).
According to Foose (1982), African elephants can only digest about 40% of ingested
cellular matter. Due to the low amount of cellular matter digested and the fairly rapid passage
rate reported for elephants (Clauss et al. 2003), it is unclear how the effects of secondary
metabolites physiologically affect them. Given that elephants avoid plant species that have
high monoterpene concentrations (Chapter 3), it is likely that PSMs do influence them
physiologically. In the case of tannins, their presence in available browse material could
possibly reduce the amount of protein that elephants are able to obtain (Robbins et al. 1987;
Shimada 2006). If this is the case, this could explain why elephants may shift away from
consuming tannin-rich items under certain circumstances. What still remains unanswered is
whether the African elephant has additional mechanisms of coping with tannins beyond
lowered nutritional demands associated with their body size and digestive physiology as well
as behavioural avoidance.
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One strategy for reducing the impact of tannins is the production of salivary tanninbinding proteins (McArthur et al. 1991; Shimada 2006). Tannin-binding proteins bind to
tannins released from foraged material during mastication in the oral cavity (McArthur et al.
1991; Bennick 2002; Shimada 2006). These proteins can increase the net amount of protein
available for digestion (i.e. trade the loss of large amounts of dietary protein for a little
salivary tannin-binding protein). Tannin-binding proteins are physiologically costly to make,
so most species only produce these proteins if the benefit they provide outweighs the cost of
making them (McArthur et al. 1991; Skopec et al. 2004; Shimada 2006). Because elephants
occasionally avoid eating tannin-rich species (e.g. Owen-Smith & Chafota 2012), this
suggests that the costs of being large may force elephants to be more selective foragers than
initially thought. We aimed to determine whether elephants also produce tannin-binding
proteins to further reduce the consequences of ingesting a tannin-rich diet. Although,
according to some body-size theories, elephants should not produce tannin-binding proteins as
they can tolerate a low quality diet. However, as they may in fact be greatly affected by
tannins (Freeland 1991), they may use them to reduce the deleterious effects.
To our knowledge, the two major types of tannin-binding salivary proteins, prolinerich-proteins and histatins (Clauss et al. 2003; Shimada 2006), have never been tested for or
identified in African elephant saliva. We note that numerous herbivore species have prolinerich proteins in their saliva (mule deer, Odocoileus emionus: Robbins et al. 1991; e.g. moose,
Alces alces: Juntheikki 1996). Humans also have proline-rich proteins in their saliva (Bennick
& Connell 1971; Bacon & Rhodes 1998). Many browsers and mixed-feeders, but not grazers,
have been found to possess proline-rich proteins. However, the domestic goat (Capra hircus),
was not found to have these compounds despite being a mixed-feeder (eats both grass and
shrubs) (Austin et al. 1989; Distel & Provenza 1991; Makkar 2003). We tested elephant saliva
against a negative control (goat saliva) because studies have noted the absence of proline-rich
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proteins in goat saliva (Austin et al. 1989; Distel & Provenza 1991; Makkar 2003) and a
positive control (human saliva) because prior studies noted the presence of proline-rich
proteins in human saliva (Mandel et al. 1965; Maeda 1985). It is possible that the rapid
passage rate and low level of digestion of African elephants require them to maximise the
nutritional gain per bite. If that is the case, then there would be a selective pressure to produce
tannin-binding proteins. Given that elephants behaviourally avoid foodstuffs that are high in
other PSMs and items that are very tannin-rich, we predicted that elephants may use salivary
tannin-binding proteins as another mechanism to reduce the negative impact that tannins have
on nutritional uptake.
In addition to exploring tannin-binding proteins in elephant saliva, we also aimed to
quantify the reduction of tannin levels prior to ingestion to average tannin output in faecal
matter. Tannins that are detected in the faecal matter could be either the residual tannins that
are locked in undigested plant materials, or tannins that passed through the gut without
binding to proteins (Gedir et al. 2005). If there is no residual tannin found in the faecal matter,
this could be attributed to one of two reasons. First, elephants are able to metabolize the
tannins internally, either through tannin-binding proteins in their saliva or with another
binding mechanism in the gut. Second, tannins form bonds to any available proteins (tanninbinding or nutritional proteins) and are neutralized (McArthur 1988).

Methods
All aspects of this study were approved by the University of KwaZulu-Natal’s Animal Ethics
Committee (095/13/Animal). Moreover, the elephants were not harmed or put under any
additional stress during this study.
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Sample collection
We acquired saliva from six (Male: N=3, Female: N=3) semi-tame African elephants near
Bela Bela, Limpopo Province, South Africa. To induce salivation, we showed each elephant
an orange slice, which caused saliva to flow freely. To collect the saliva, we used cotton
swabs and sampled from the entire mouth, each swab touching each part of the oral cavity
(tongue, cheeks, and sublingual region).We immediately sealed the swabs in plastic
Eppendorf vials and froze the samples until laboratory analysis. We also acquired saliva from
five goats (Male: N=2, Female: N=3) from the University of KwaZulu-Natal’s research farm,
Ukulinga, to use as a negative control (i.e. known not to possess proline in their saliva) for
salivary proline-rich proteins in our SDS-PAGE analysis. In addition, five voluntary saliva
samples were taken from human candidates (Male: N=3, Female: N=2) to use as a positive
control (i.e. known to possess proline in their saliva) in our SDS-PAGE analysis (see below).

Proline-rich proteins
To test for the presence of proline-rich proteins, we used two different approaches. The first
was a sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) as described
by Laemmli (1970). We used a 12.5% running gel and 4% stacking gel to separate the various
proteins present in elephant saliva. To prepare the saliva samples, we first separated the saliva
from the cotton swabs by spinning them at 800 rpm in a centrifuge for 5 min. We used a
Bradford’s analysis (Bradford 1976) to assess the amount of protein in each sample.
Thereafter, we diluted each saliva sample by 50% with phosphate-buffered saline (PBS) to
reduce the potential negative effects of salts in our gels. We ran reducing gels, so we added βmercaptoethanol, a reducing agent that separates proteins into their most basic forms or
subunits, in a 1:10 ratio, to the sample buffer prior to addition to the saliva samples (as per
Laemmli 1970). We loaded each gel with 25 μg/μL of protein and ran them at 18 mA per gel
until the dye-front reached 0.5 cm from the edge of the gel. For each gel, we tested elephant
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saliva against a positive control (human saliva) and a negative control (goat saliva) because
prior studies noted the presence of proline-rich proteins in human saliva (Mandel et al. 1965;
Maeda 1985). We also ran a negative control (goat saliva) because studies have noted the
absence of proline-rich proteins in goat saliva (Austin et al. 1989; Distel & Provenza 1991;
Makkar 2003).
The second approach we used was to run a comparative SDS-PAGE gels first using
the staining and destaining method as per Laemmli (1970) as well as Beeley et al.’s (1991)
method for staining and destaining to probe for proline-rich proteins. For Laemmli’s method,
we mixed 45% (v/v) methanol, 10% (v/v) acetic acid and 0.25% (w/v) Coomassie brilliant
blue R-250. We left gels to stain overnight. They were then destained with 50% (v/v)
methanol and 10% (v/v) acetic acid. Gels in this treatment were compared to gels that were
stained in 0.1% w/v CBB R-250 mixed with 40% v/v ethanol and 10% v/v acetic acid for 3
hours and then destained for 4 days in 10% v/v acetic acid (Beeley et al. 1991).

Tannin-binding capacities
To test for the tannin-binding capabilities of elephant saliva, we used Hagerman’s (1987)
radial diffusion assay to test for tannin protein precipitation. Extracts from six of the most
commonly foraged plant species (i.e. Euclea crispa, Pappea capensis, Combretum zeyheri,
Terminalia sericea, Grewia monticola, Dombeya rotundifolia) of elephants were used (see
Chapter 3). To extract total polyphenols from these plant species, we used 1 g of dried and
milled leaf powder combined with 10 ml of 70% acetone. We sonicated the mixture for 30
min and then centrifuged for 10 min at 2500 x g. We poured off the supernatant and repeated
the process. We combined both supernatants, which comprise roughly 75% of the available
polyphenols in the plant material.
To make the radial diffusion plates, we followed Hagerman’s (1987) procedure that
precipitates tannin using bovine serum albumin (BSA). We made a series of 6 μL deep wells
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in an Ouchterlony double immunodiffusion pattern (Ouchterlony 1953) instead of the
traditional 4 wells per plate pattern (Hagerman 1987). This enabled us to replicate our
experiment 5 times.
To test for the tannin-binding capabilities of elephant saliva, we tested 4 μL of plant
extract alone and 4 μL of plant extract combined with 2 μL of elephant saliva. For each of the
six plant species, we used five replicates of each treatment. We then tested these extracts
against saliva from all six elephant individuals. We did not use goats as a negative control for
the radial diffusion assay because of the potential that they could have other salivary tanninbinding proteins and did not want this to be a confounding result. Prior to the addition of the
plant extract and saliva mixture, we mixed the two components in Eppendorf vials, vortexed
them for five s, and allowed the mixture to react for 30 min. After reacting for 30 min, we
pipetted the solution into the wells. We sealed each petri dish with parafilm and placed them
into an incubator at 30 oC for four days. On day four, we measured the perpendicular
diameters of the tannin-binding ring that had formed around each well (Hagerman 2011).

Elephant dung and residual tannin concentrations
To gain better insight into the ability of African elephants to neutralize tannins, we tested
elephant dung for residual tannin concentrations. We collected three dung samples from five
of the individuals from which we collected saliva samples. Dung was collected during the dry
season by following the elephant herd while the members foraged. After an individual
defecated, an entire sample, uncontaminated by urine, was collected and placed in a sealed
plastic bag for < 1 hr at which point the dung was left to air dry partially. After 24 h of air
drying, the dung was then bagged for transportation (< 10 h) and dried in an oven at 60 oC.
We then milled the dry dung and followed the same tannin extraction protocol that we used to
extract tannins from plant material. After extraction of the remaining tannins left in the dung,
we inoculated radial diffusion gels with the extracts. As with the tannin-binding affinity

98
assay, we sealed each petridish with parafilm and placed them into an incubator at 30 oC for
four days. On day four, we measured the perpendicular diameters of the tannin-binding ring
that had formed around each well.

Statistical analyses
To determine if elephant saliva could significantly decrease the amount of tannin-binding to
the BSA when introduced to an array of wild forage species, we used a Wilcoxon test because
our data were not normally distributed. We used mean ring diameter (mean of the
perpendicular measurements of each tannin-binding ring) for all six plant species as our
dependent factor and treatment (extract alone and extract with elephant saliva) as the
independent factor. We initially incorporated amount of protein as a covariate, but found this
to be non-significant so we removed it from the model.
For each individual plant species, we also ran a Wilcoxon test using mean ring
diameter (average of the perpendicular measurements of each tannin-binding ring) as our
dependent factor and treatment (extract alone and extract with elephant saliva) as our
independent factor.

Results
Proline-rich proteins
Using the assay of Beeley et al. (1991), we found that the elephant saliva did not contain
proline-rich proteins. However, saliva samples of all six elephant individuals yielded a single,
non-pink/violet protein band at ~50 Dka. Our positive control (human saliva) yielded several
pink/violet bands indicating the presence of proline-rich proteins (Beeley et al. 1991), while
our negative control (goat saliva) had numerous protein bands but lacked proline-rich proteins
indicated by the absence of a pink/violet band(s).

99
Overall tannin-binding capabilities
We found that when elephant saliva was mixed with the extracts of the most commonly
consumed plant species of elephants in Bela Bela, the saliva significantly reduced tanninbinding capacity of the plant extracts (Wilcoxon test: Z= 11.19, P <0.0001). Overall, elephant
saliva reduced the diameter of the protein-precipitate ring by an average of 75%. In addition
to an overall analysis of the tannin-binding capabilities of elephant saliva, we also tested
elephants with each plant species individually using a Wilcoxon test (Table 4.1, Figure 4.1).
When we tested elephant dung for residual tannin levels, we found no detectable levels of
tannin.

Table 4.1: For all plant species, elephant saliva significantly reduced tannin-binding capacity
of the extract alone. P values were calculated as the difference between tannin levels in the
control (plant extract alone) solution and the combination of elephant saliva and plant extract
solution.

Species
Euclea crispa
Pappea capensis
Combretum zeyheri
Terminalia sericea
Grewia monticola
Dombeya rotundifolia

Z

P

4.2
4.4
3.9
4.3
3.9
4.7

<0.0001
<0.0001
<0.0007
<0.0001
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Figure 4.1: The mean (± S.E.) tannin-binding capacities of the six most commonly foraged
plant species of elephants 1) 4 μL of plant extract alone and 2) combined with 2 μL of
elephant saliva. Elephant saliva significantly decreased the amount of tannin that was left to
bind with the bovine serum albumin in the petri dishes.

Discussion
We suggest that African elephants have protein(s) in their saliva that bind to tannins.
Moreover, the tannin-binding affinity of these proteins is greater than we expected (i.e.
reduces the mean diameter of the protein-precipitate ring by ~75%). Even though elephant
saliva shows no trace of proline-rich-proteins using Beeley et al.’s (1991) assay, it is likely
that the saliva may have other tannin-binding compounds such as histatin or another unnamed
salivary tannin-binding protein (Shimada 2006). Another species that we also tested, the
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domestic goat, consumes large quantities of tannin-rich leaves and yet its saliva also lacks
proline (Distel & Provenza 1991; McArthur et al. 1991). Thus, we assume that the African
elephant, which is capable of binding tannins, has another protein that binds these
compounds. We found only a single protein band in all six of the elephant individuals’ saliva,
suggesting that whatever protein binds to tannin is held in this protein band. Furthermore, we
found no detectable traces of tannins in elephant dung, suggesting that the vast majority of the
tannins ingested are either metabolized or absorbed during digestion, or otherwise bound to
available protein or salivary tannin-binding proteins (McArthur 1988). In some mammal
species, tannic acid is not excreted in faeces because it is metabolized or degraded by
symbiotic microflora in the gut (McArthur et al. 1991). However, teasing apart these
mechanisms was beyond the scope of this study.
The presence of tannin-binding proteins in elephant saliva suggests that a large body
size and a hindgut digestive physiology alone do not permit elephants to meet their metabolic
requirements, contrary to the Jarman-Bell principle. This suggests that the relationships
between body size, type of digestive system, and the quality of food (as determined by plant
secondary metabolites) required by large herbivores should be re-examined.
The large body size of the African elephant, coupled with its hindgut digestive system,
should result in tolerance of a wide range of plant types. The African elephant’s digestive
system is structured to increase the rate of passage of ingested food (Clauss et al. 2003).
However, their large body size might actually not be as advantageous as once thought.
Theoretically, their digestive passage time should be around 72 h, given their mass, to gain
maximum nutritional yield from ingested food items (Foose 1982). However, Foose (1982)
reported an empirically-determined ingesta passage rate of only 52 h. It appears that,
evolutionarily speaking, the African elephant’s digestive passage rate has been sped up to
avoid holding onto digesta beyond total digestion to the point of total fermentation of plant
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material (i.e. 72 h passage rate) (Clauss et al. 2003). With the empirically-determined
digestive passage rate of 52 h, elephants only breakdown 40% of cellular matter ingested
(Foose 1982). Considering an elephant’s total nitrogen requirements, ca. 40% cellular
digestion is a low degree of digestion (Foose 1982), especially if nitrogen digestibility is also
low. Nitrogen limitation as a result of tannins in browse items has been found to be a key
factor influencing mammalian herbivore fitness (McArt et al. 2009; DeGabriel et al. 2014).
For example, the population dynamics of moose in wilderness areas in Alaska, United States
of America, are linked to summer nitrogen limitations (McArt et al. 2009). In one area during
summer, there was 23% more digestible protein available as a result of tannin concentrations
than another wilderness area, which significantly influenced the reproductive fitness of moose
in these two populations (McArt et al. 2009). Thus, the McArt et al. (2009) concluded that
summer dietary nitrogen availability may act as a nutritional constraint on moose. Given
McArt et al.’s (2009) findings, it is apparent that nitrogen limitation as a result of tannin
content plays a larger role in mammalian herbivore population success than previous thought.
Therefore, it is possible that, given their large body size, this rapid passage rate might be
insufficient for them to obtain an adequate nutritional intake with the negative effects of
tannins (on nitrogen digestion).
The addition of tannin-binding proteins in elephant saliva may allow a broader diet
than would be possible without tannin-binding proteins. In addition, elephants may further
maximize their energy uptake by neutralizing the negative impacts of tannins. African
elephants consume plant species that contain elevated levels of secondary metabolites
(Shrader et al. 2012; Muller 2013; Ward et al. 2016). However, they may avoid eating plant
species, or particular plant parts, that have extremely high concentrations of tannins or other
polyphenols, but can tolerate a lower amount in their diet, which is neutralized through a
combination of salivary tannin-binding proteins and gut flora. This could explain why Owen-
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Smith and Chafota (2012) found that elephants avoided parts of Combretum spp. that
contained high concentrations of phenols. Additionally, in a study done exploring factors that
influence elephant movement in Ithala Game Reserve in South Africa, elephants shifted their
foraging habitats, as well as foraging preferences, away from Acacia nilotica (which has high
polyphenol concentrations) as the amount of total polyphenols increased seasonally, causing
the amount of digestible protein to decline (Muller 2013). The presence of salivary tanninbinding proteins in addition to a behavioural avoidance of high levels of tannins suggest that
tannins might actually pose a greater cost to megaherbivores than previously expected.
Elephants are not the first megaherbivore to display a combination of a behavioural
aversion of browse material that has very high levels of secondary metabolites as well as
salivary tannin-binding proteins. Ndlovu and Mundy (2008) found that in a cafeteria trial,
black rhinoceros, Diceros bicornis, selected against plant species that have high levels of both
soluble and insoluble tannins. In addition to this behavioural avoidance of high levels of
tannins, black rhinoceros saliva also contains tannin-binding proteins (Clauss et al. 2005).
Similar to elephants, several studies have found that black rhinoceros eat numerous browse
species that contain elevated tannin levels (e.g. Dierenfeld et al. 1995; Shaw 2011). Thus, like
elephants, black rhinoceros might also able to cope with a threshold amount of tannins
(Clauss et al. 2005).
Salivary tannin-binding proteins are costly to produce. One study found that rats cease
production of proline-rich proteins when they are not needed (Haghighat et al. 1996), and
another found that black rhinoceros produce more tannin-binding proteins when foraging on
browse containing higher concentration of tannins (Clauss et al. 2005). It remains unclear
whether elephants have tannin-binding compounds that are inducible. Nonetheless, the current
binding-affinity of the proteins we tested, coupled with behavioural avoidance, are likely to be
key evolutionary adaptations to help maintain nutritional intake.
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The Jarman-Bell principle does not take plant secondary metabolites, such as tannins,
into account. However, our results highlight that, despite their large body size, and thus their
ability to tolerate low-quality food, elephants have evolved tannin-binding proteins as a way
of dealing with the negative effects of tannins. This suggests that these proteins are necessary
for elephants to maximise their protein intake. Thus, consistent with other studies (Clauss et
al. 2005; Owen-Smith & Chafota 2012; Muller 2013), our results indicate that plant
secondary metabolites play a greater role in the evolutionary foraging strategies of
megaherbivores than previously thought.
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Chapter Five
Incorporating secondary metabolites, tannin-binding proteins, and diet breadth
into carrying-capacity models for African elephants
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Elephant populations have been historically difﬁcult to manage and have sometimes been subjected to
drastic management procedures. One way to monitor elephant populations to estimate a sustainable carrying capacity is through the use of standing-crop carrying-capacity models. Previous carrying-capacity
models designed for grazers have posed issues when applied to browsers such as elephants, predicting
much higher carrying-capacity estimates than are realized in nature. This might be attributed to the level of
plant secondary metabolites, which limit the available nitrogen in browse material that browsers and mixed
feeders encounter while foraging. Many browsers and mixed-feeders, including elephants, have a
physiological mechanism to tolerate a portion of encountered tannins in the form of salivary tanninbinding proteins. We constructed an optimal-foraging model for carrying capacity for elephants that
incorporates the negative effects of plant secondary metabolites and the partial neutralization of these
chemicals by the tannin-binding afﬁnity of elephant saliva. In addition, our model includes diet breadth
and dietary contribution of browsed species, browse quality, and the available standing crop of browsed
species. Ultimately, our model produced more plausible estimates of elephant carrying capacity when
compared with estimates that use 100% nitrogen availability and use. Moreover, as the key variables
needed for the model can be obtained easily, our model is not site-speciﬁc or limited to elephants, but
rather can be applied to a wide range of browsing herbivores across a number of reserves of different
sizes.
© 2016 Elsevier B.V. All rights reserved.

Introduction

African elephant (Loxodonta africana) populations present many
management challenges (Kerley and Shrader, 2007; Midgley et al.,
2005; Whyte et al., 1998). In southern Africa, elephant numbers
are estimated to be about 20,000 individuals and are increasing by
about 4% per year (Blanc, 2007, 2008; Blanc et al., 2005). Through
their foraging, elephant populations can have negative impacts on
the landscape (Conybeare, 2004; Guldemond and van Aarde, 2008;
Kerley and Landman, 2006; Valeix et al., 2011). The primary reason
for their negative effects on vegetation is that elephants require
100–200 kg of vegetation per day to meet their ener- getic needs
and protein requirements (Guy, 1976; Osborn, 2004; Wyatt and
Eltringham, 1974). In addition to the large quantities of
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of KwaZulu-Natal, Private Bag X01, Scottsville 3209, South Africa. Tel.: +27 33 260
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vegetation that they consume, they can also be destructive foragers, often
breaking, pushing over, or otherwise damaging trees (Midgley et al.,
2005). While this destructive behaviour does create impor- tant habitat
features for a host of other species, it can limit resources for other
herbivores (Pringle, 2008).
Due to their impacts on the landscape, elephant popula- tions have
been subjected to drastic and invasive management techniques to limit
local populations, including contraception, relo- cation, and culling (Kerley
and Shrader, 2007; van Aarde et al., 1999; Whyte et al., 1998). Within
Africa, protected areas are challenged to establish a balance between
number of elephants and available resources. One approach to monitor
and manage this issue is the use of carrying-capacity models for
mammalian herbivores based on the available standing crop (biomass) in
an area to predict the num- ber of individuals that could be supported (e.g.
Jones and Sandland, 1974; Hobbs and Swift, 1985). This has been done for
a number of species, primarily grazers (Harlan, 1958; Jones and Sandland,
1974; Mott, 1960; Riewe, 1961; Sandland and Jones, 1975).
Many of the early models assume a simple linear relation- ship
between live weight gain per animal or live weight gain per hectare and
stocking rate (number of mammalian herbivores in an

110
area) (Cowlishaw, 1969; Jones and Sandland, 1974; Riewe, 1961;
Sandland and Jones, 1975). However, others suggest a more curvilinear relationship between live weight gain per animal or hectare
and stocking rate (Owen and Ridgman, 1968). Most of these early
models use live weight gain (per animal or hectare), a known relation of animal production, to predict optimum carrying capacity
(Jones and Sandland, 1974). There are differing opinions as to which
of these early theoretical models reﬂect the most accurate relationship between carrying capacity and animal gain (Jones and
Sandland, 1974; Sandland and Jones, 1975).
Until the 1980s, there were very few carrying-capacity models
that could be applied to wild herbivores. This was mainly because a
corresponding number of Livestock Units (LU), an equivalent measure for all livestock based on their metabolic requirements, was
never deﬁned (Meissner, 1982). Meissner (1982) made one of the
ﬁrst attempts to form equivalent LUs for wild animals such as blesbok (Damaliscus pygargus phillips), buffalo (Syncerus caffer), zebra
(Equus quagga), giraffe (Giraffa camelopardalis), and elephants in an
effort to more accurately predict carrying capacity based on
metabolic requirements for each species and age-classes within each
species. While this model was one of the ﬁrst to include explicit values
for wild animals, one key factor remained constant: all models
assumed that foraging areas are homogenous in nutri- ent
availability as well as nutrient utilization by animals. However,
Hobbs and Swift (1985) incorporated explicit forage-quality values
(e.g. nitrogen and metabolizable energy) into an optimal foraging model of carrying-capacity. The Hobbs and Swift (1985) model
yielded a more precise representation of realized carrying capacity as
a function of animal foraging choices and available nutrients.
Forage quality and availability can vary both spatially and temporally, which can inﬂuence foraging animals’ intake rates (Ungar
and Noy-Meir, 1988) and selectivity (Sinclair and Gwynne, 1972).
By incorporating site- and species-speciﬁc values of forage to a
carrying-capacity model, Hobbs and Swift (1985) allowed for a more
realistic estimate of what optimal carrying capacity should be for
an area.
A problem that existed for the implementation of carryingcapacity models was that they were appropriate for grazers (eat
grasses) only, which has posed issues when applied to browsers
(eat woody plants such as trees and shrubs). In general, browsers
encounter plants that have higher concentrations of protein than do
grazers, which is beneﬁcial for mammalian herbivores (Mattson, 1980;
Van Soest, 1994). However, the woody plants that browsers feed on
are generally quite well defended by secondary metabo- lites (i.e.
not used for primary metabolism of the plant – Herms and Mattson,
1992). Grazers, on the other hand, usually encounter plants (grasses)
with lower protein concentrations than woody plants but these
plants are less well-defended by secondary metabolites than are
woody plants (Chesselet et al., 1992). This often results in the
failure of applying carrying-capacity models designed for grazers
such as cattle and sheep to browsing mam- mals (i.e. because
browsers encounter higher levels of secondary metabolites in their
forage than do grazers). The reason for this problem with carryingcapacity models is that plant secondary metabolites (PSMs), especially
tannins, typically reduce the amount of available nitrogen/crude
protein in the forage (Robbins et al., 1991). As a result, grazing
models applied to browsers and/or mixed-feeders typically
overestimate carrying capacity because they assume that all nitrogen
is available in browse material and thus generate substantially higher
carrying-capacity estimates than can be realized in nature (Windels
and Hewitt, 2011).
Windels and Hewitt (2011) developed a model based on the
Hobbs and Swift (1985) model to predict the carrying capacity of
browsers and mixed-feeders. In doing so, they took into account
the amount of secondary metabolites in available browse species,
which should improve carrying-capacity estimates. They found

that by including the effects of plant secondary metabolites on
protein and energy, their model yielded lower, and more realistic
estimates of carrying capacity. While Windels and Hewitt’s (2011)
model produced plausible estimates of carrying capacity for whitetailed deer (Odocoileus virginianus) in Mexico, there is a challenge to
their approach. This approach includes the need to assess the
amount of non-protein nitrogen. The % crude protein is conventionally calculated by weighting nitrogen by 6.25 for each plant species.
However, not all nitrogen is proteinaceous (Mattson, 1980). This is a
fairly complex process and would most likely not be feasible for
resource managers to conduct for all plant species eaten by speciﬁc
herbivores.
A factor that has not been extensively explored in previ- ous
carrying-capacity models is the tannin-binding afﬁnity of a
browser’s saliva. Many mammalian species have adapted to browsing on tannin-rich plant species via the production of salivary
tannin-binding proteins (McArthur et al., 1991; Shimada, 2006).
These salivary proteins bind to released tannins before the tannins
can bind to nitrogen released from the digesting plant material,
neutralizing some of the negative impacts of tannins (McArthur et
al., 1991; Shimada, 2006). The tannin-binding afﬁnity of saliva can
vary among species (Clauss et al., 2005). Each animal species that
frequently encounters tannins can neutralize different levels of
tannins (Clauss et al., 2005). Thus, access to different proportions of
nitrogen by browsers is species-dependent. This adjusted avail- able
nitrogen value would then inﬂuence the estimated carrying
capacity of an area. As a result, we aim to explore the addition of
this factor into a carrying-capacity model to examine if this yields a
more precise representation of carrying capacity.
To generate an improved carrying-capacity model for elephants,
we conducted an in-depth study of elephant foraging behaviour
during the dry season. This is the most food-limiting season for
mammalian herbivores due to low nutrient quality and lower food
availability. Moreover, it is the critical period that determines how
many animals an area can support sustainably (Coe et al., 1976;
Owen-Smith, 2002b). Employing Hobbs and Swift’s (1985) concept of
incorporating explicit nutritional values, we used their model as a
framework for our carrying-capacity model. We also focused on the
negative effects of plant secondary metabolites (which Hobbs and
Swift (1985) did not address) and the neutralization of these
chemicals by the tannin-binding afﬁnity of elephant saliva. In addition, our model includes diet breadth and dietary contribution of
browsed species, browse quality, and the available standing crop of
browsed species. We aimed to develop a tool that protected areas
and conservation/management bodies would be able to imple- ment.
Due to the robustness of the model, it is not intended to be sitespeciﬁc and potentially could be generalized for other large
mammalian browsers.

Methods
Carrying-capacity models require a priori knowledge about foraging behaviour, including information about intake rate (g/day),
plant species preference (proportion contribution), available nitrogen in each plant species eaten (forage quality) (g nitrogen/g dry
matter), the available biomass of each plant species (g/ha), and the
tannin-binding afﬁnity of the saliva of the model’s target species.
To gather these data, we studied a population of semi-tame elephants near Bela Bela in the Limpopo province, South Africa. These
six elephants (male: N = 3, female: N = 3) were between 10 and 20
years old during the duration of our study and ranged from ∼2.2 to
3.5 tonnes in weight. None of the female elephants were pregnant
or nursing nor were the males in musth. All observations were
made during the winter dry season (June–August 2013), when the
animals fed exclusively on browse, and did not graze.
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Determining which plant species comprise the majority of elephant
diets
We determined the diet of elephants during the dry season
when food availability was at its lowest and food quality was at
its worst. To do this, we located foraging elephants and followed them at a distance of about 50 m along their feeding paths.
Along each path, we used a belt transect (50 m long × 10 m wide
(i.e. 5 m on either side of the feeding path), n = 100) to establish
an acceptability index that described the species of plants elephants preferred or avoided. To formulate an acceptability index,
we recorded the abundance of every plant species present along
the 50 m × 10 m transect. The width of the transect was chosen
because that is the reach of a foraging elephant’s trunk (Shrader et
al., 2012). In addition, we recorded the number of times a given
plant species was eaten by an elephant along the transect. This
number was then divided by the proportional abundance of that
plant species in the same area to generate an acceptability index
(Owen-Smith and Cooper, 1987). After compiling this index, we
then identiﬁed the number of plant species that comprised 75% of
the elephants’ diets. From these species, we then determined which
ones were preferred (i.e. most selected proportional to its abundance) or principal (selected overall most frequently – a function of
acceptability and abundance). Due to unfavourable conditions or
density dependence, it is possible that the proportional contribution of the different plant species could change both spatially
and/or temporally.

Forage quality
Similar to Hobbs and Swift (1985), we assessed the quality (i.e.
nitrogen) of the utilized plant species. We selected nitro- gen as an
index for forage quality because we wanted to explore the
relationship between salivary tannin-binding proteins and the semineutralization of tannins, resulting in protein (=nitrogen* 6.25)
availability (Shimada, 2006; Shimada and Saitoh, 2003). We focused
on protein because it is widely known that this is the most limiting
factor (Bernays and Chapman, 1994; Hobbs and Swift, 1985; Krasov
and Martínez del Rio, 2007; White, 1993; Windels and Hewitt, 2011)
and that its intake rate is affected by the response of the target
herbivore to tannin, a known reducer of effective protein intake (e.g.
Cooper and Owen-Smith, 1985; Robbins et al., 1987; Windels and
Hewitt, 2011). We collected samples of the most favoured woody
plant species, and focused speciﬁcally on the part of the plant that the
elephants ate. For example, elephants typically ate only the leaves
from the majority of their most foraged plant species (Euclea crispa,
Pappea capensis, Terminalia sericea) while avoiding the woody
matter and roots from these same species. However, elephants ate
both the leaves and bark of other favoured species (Dombeya
rotundifolia, Combretum zeyheri), and the leaves and woody matter
of another (Grewia monticola). Overall, elephants consumed leaves as
the vast majority of their diet from all preferred or principal species.
Thus, we focused on the leaf biomass ingested from these plants as
so little of their diet was comprised of stems and branches. We dried
all samples in an oven at 60 ◦ C for 48 h and then milled them
through a 1 mm screen. All samples were then sent to an analytical
laboratory (Cedara Agricultural College, KZN) for determination of
g nitrogen per g dry matter (i.e. food quality) (Kjeldahl method).
We then estimated % crude protein by multiplying total nitrogen by
6.25 (Van Soest, 1994).

Available biomass
To obtain a biomass estimate for available standing crop forage
for each principal and preferred plant species, we ﬁrst collected
samples from 10 individual plants from each species and in each

case, estimated what fraction of the canopy the sample represented.
Each sample was dried in an oven at 60 ◦ C for 48 h. Thereafter,
the leaves were separated from the woody matter and these components were dried separately. Given that the elephants selected
leaves mostly, we used biomass (g) of leaves as the measure of
available standing crop.
For each of the principal and preferred sample trees from which
we took biomass clippings, we also took measurements to calculate
their volume, including canopy depth (CD) (distance from lowest
productive branch to tallest living twig), canopy radius (r) (average of
two perpendicular diameters), and tree height (h) (distance from
ground to tallest living twig). In addition, we also noted the canopy
shape (e.g., conical, half sphere, or cylindrical). These measurements were then used to estimate volume using the appropriate
formula according to the canopy shape (i.e. for a cylinder: V = nr 2h
and for a half-sphere: V = 2/3nr3).
To calculate the total available standing crop biomass of the
principal and preferred species in the reserve, we located individuals of these plant species along additional vegetation belt
transects that were 10 m wide (Shrader et al., 2012) (n = 5) and
1.2 km long. The volume of each tree within these transects was
measured according to the same procedure listed above. For each
tree species, we then used a linear regression using the paired
values of leaves per canopy (in g) against the estimated volume of
the canopy. The formula produced from each species-speciﬁc
analysis was then used to estimate the available biomass (g) of
leaves according to the volume of each individual’s canopy. Once
we estimated the available biomass (g) for each plant species in
each transect, we then averaged the available biomass for each
species across each transect. We multiplied available biomass by
the number of transects that comprise the total reserve size (N = 250
transects). We then divided these numbers by the number of
hectares in the reserve (300 ha) to obtain an estimated value for
biomass (g) of standing crop available for each top species per
hectare.

Bite mass
Because elephant diets vary so much across different populations (e.g. proportion of grass vs. woody browse contributing to
overall diet; Codron et al., 2006), we were unable to use prior estimates of bite masses due to differences in food sources. As a result,
we estimated bite masses of all foraged plant species in terms of the
categories “extra-small,” “small,” “medium,” “large,” and “extralarge” trunkfuls because elephants use their trunks to put food
into their mouths. While a single trunkful could yield numerous
bites for the elephant, we only estimated ingested matter from a
single trunkful, regardless of the number of bites. Trunkful-size
category samples were representations of exactly what was eaten.
For example, extra-small trunkfuls comprised leaves only, small
trunkfuls consisted of a majority of leaves and some woody matter, and medium trunkfuls had a much larger proportion made up of
woody matter. Often the woody matter was rejected and leaves
were primarily ingested. Large and extra-large trunkful categories
were seldom observed but were made up of a majority of woody
matter but the elephants focused mainly on the leaves in these
categories. Any rejected matter from all size categories was also
estimated which was then subtracted when estimating actual bite
mass.
We estimated trunkful size by collecting foraged material
directly from individual elephants prior to ingestion and also by
approximating trunkful mass by clipping similar sized branches.
For each trunkful size category, we collected 10 sample bites.
These trunkfuls were dried for 48 h in a drying oven at 60 ◦ C, then
weighed to determine average bite mass (g dry matter) for each size
category.
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Bite rate
Bite rates were gathered by observing a focal individual’s foraging bouts throughout the course of a day. We took scan samples
every 15 s. We converted the scan sampling into bite rate by calculating the proportion of bites per unit time (Martin and Bateson,
2007). We noted the foraging action each elephant was making (e.g., searching for a new patch, handling time (chewing or
processing a trunkful), or actively taking a trunkful).

Intake rate
We calculated dry-season intake rates. Quantifying elephant
intake (Ir) in g day−1 is described in Eq. (1):
Bm ∗ Br = Ir
(1)
where Bm is the bite mass (g), Br is the bite rate (bites per day) and
Ir is the intake rate (g per day).
For elephants actively taking in a foraged trunkful, we noted
the size category of the bite to get an estimate of bite mass. We
also determined the species and part of the plant selected. The size of
any rejected plant matter that was either spat out or dropped was
estimated using our “trunkful-size” scale to estimate mass and noted
as a proportion of the trunkful that was rejected. We then
subtracted the rejected mass from the estimated bite mass category to
generate an estimate of ingested bite mass.
Because we used a discrete model for estimating intake rate, we
then calculated the average intake rate by substituting the average
trunkful mass for a given trunkful size, relative to the bite rate for
each observation. We then calculated the mean of all scan-sample
observations (N = 11,209). In addition to our own collected data
on intake rate, we also used intake-rate data from Owen-Smith
(1988). Furthermore, we also included two overestimates to test
the sensitivity of the model (see Section 4).

Tannin-binding proteins
In our model, we also included the partial neutralization of tannins in browse material resulting from the tannin-binding afﬁnity of
elephant saliva. The results of a previous study (Schmitt, 2014)
suggest that the tannin-binding proteins in elephant saliva likely
reduce the impacts of tannins by ±75%. Information is lacking
about the relationship between total tannin concentration (as measured by the bovine serum albumin assay – Hagerman 2014) and
its negative impacts on digestible nitrogen (AE Hagerman, 2014,
pers. comm.2 ). Thus, for the sake of this model, we assumed a 1:1
relationship, with 25% of available nitrogen being lost to tanninbinding prior to digestion, while the rest is preserved via the action of
salivary tannin-binding proteins, resulting in a 75% availability of
nitrogen for nutrient uptake (Schmitt, 2014). Due to the tanninbinding afﬁnity of elephant saliva, we assumed that they can access
75% of nitrogen in their forage material.
Additionally, we also incorporated another source of variation in
available crude protein. The nitrogen*6.25 = crude protein estimate
works well for ruminants because the microbiome can convert
non-protein nitrogen to microbial protein (Leng and Nolan, 1984).
However, this may not be true for non-ruminant herbivores, such as
elephants, rhinos and horses. On average only 61% of the crude protein in legumes and grasses is available to horses (Council, 2007).
Because there is no available crude protein value available for elephants, we tested our model using the value estimated for horses. In
a browser, tannin binding should theoretically act on that 61%. If
2
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tannin-binding protein protects 75% of the available protein, then
45% crude protein would be available (0.75 × 61%). As a result, we
also ran our model with 45% crude protein availability.

Principal and preferred species model
We created a model based on the theoretical framework of Hobbs
and Swift’s (1985) carrying-capacity model. In addition to several
of Hobbs and Swift’s (1985) factors (calculations for concen- tration
of nitrogen in eaten plants, animal days per hectare, and the
inclusion of herbivore intake rate and crude protein requirement)
our model included three new factors:
1) tannin-binding afﬁnity of saliva and adjusted nutritional val- ues
incorporating the anti-nutritional effects of tannin as the inverse
of tannin-binding afﬁnity of elephant saliva (75%) (see
“Herbivore’s Traits”: Figure 5.1),
2) dietary breadth, including both preferred and principal tree
species to better reﬂect what elephants actually ate (see “Diet
Choice” under “Herbivore’s Requirements”: Figure 5.1), and
3) proportional contribution of each tree species to an elephant’s diet
which accounts for the preferential mixing that animals do when
foraging (Provenza et al., 2003) (see “Diet Choice” under
“Herbivore’s Requirements”: Figure 5.1). We included these new
variables because they should provide an improved estimate of
carrying capacity.

Model structure
First, to estimate animal days per hectare (number of days an
individual can survive in an area with the given resources), it is
necessary to calculate all available total nitrogen in the available
forage items according to forage dietary contribution (proportion
that each forage item contributed to the herbivore’s diet in the area,
taking into account dietary mixing) per hectare (Hobbs and Swift,
1985):
��(𝐵𝐵) ∗ (𝑁𝑁𝑁𝑁) ∗ (𝑃𝑃𝑃𝑃)� = (𝑁𝑁𝑁𝑁𝑁𝑁)
1−𝑛𝑛

(2)

where B is the biomass (grams available per hectare), Nl is the nutrient level (gram nitrogen per gram dry matter), Pc is the proportion
contribution of a species (0.01–0.99) and Nta is the available total
nitrogen per hectare (grams nitrogen available per hectare).
Then, to adjust the total nitrogen to a more realistic level,
we incorporated the negative inﬂuences of secondary metabolites
and the partial neutralization of these due to the tannin-binding
proteins (Schmitt, 2014). Because elephant saliva reduces the negative impacts of tannin to 75%, we assumed that only 75% of the
total nitrogen is available for nutrient absorption. Additionally, we
explored how this semi-neutralization of tannins would inﬂuence
a 61% nitrogen availability (in the case of horses: Council, 2007),
which ultimately results in only 45% nitrogen available, instead
of 75%. In place of the tannin-binding afﬁnity variable of 75%, the
available crude protein estimate of 45% was substituted.
Nta ∗ Tba = Na
(3)
where Nta is the available total nitrogen per hectare (grams nitrogen per hectare); Tba is the tannin-binding afﬁnity (0.75) and Na is
the adjusted available nitrogen (grams nitrogen per hectare).
To calculate animal days from the adjusted amount of N available per hectare, we calculated the amount of crude protein g−1
needed to sustain one elephant for one day. Elephants require a diet
that is made up of 10% crude protein per day (i.e. 100 g CP kg −1) (KR
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Figure 5.1: Conceptual framework of our principal and preferred species carrying-capacity model.
Mbatha, 2012, pers. comm. 3). Thus, we calculated the concentration
of crude protein that each forage item contained and expressed it in
grams nitrogen per gram dry matter. To obtain the amount of
crude protein (CP) (expressed in g N) that is necessary in a day we
ﬁrst calculated:
Cp/6.25
= Nt
(4)
100
where Cp is the percent crude protein required per day (percent),
6.25 is the conversion factor between crude protein and nitro- gen and
Nt is the amount of nitrogen required per gram of dry matter.
Then to estimate the grams nitrogen required for elephants to
meet their daily nutritional requirement (10% crude protein per
day), we then incorporated daily intake rate in grams per day as
follows:

To explore the sensitivity of this model, we tested it with several different intake rates (60 kg day−1, 75 kg day−1, 100 kg day−1,
150 kg day−1) that are both within the range of dry-matter intake
for African elephants as well as beyond the range of daily drymatter intake (see Section 4). Although zoo elephants have been
estimated to require 10% crude protein per day (KR Mbatha, 2012,
pers. comm3), we also tested a range of percent crude protein
required in a day (6–14% crude protein per day) to incorporate reasonable uncertainty in crude protein estimations. For clariﬁcation, a
table of the terms used in this model, along with their deﬁnition and
units, is available in Appendix A. To see a sample calculation, see
Appendix B.

Ir ∗ Nt = Nd
(5)
where Ir is the intake rate (grams per day), Nt is the amount of
nitrogen required per gram of dry matter and Nd is the amount of
nitrogen required per day (g).
Finally, to calculate animal days ha−1, we divided our estimated
adjusted N per hectare, which reﬂects the negative impacts of tannins, by grams of nitrogen required by an elephant per day as
follows:

Important dietary species

Na Nd Animal Days
=
ha

(6)

where Na is the adjusted available nitrogen (grams nitrogen per
hectare) and Nd is the amount of nitrogen required per day (g).
3
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Results

We observed elephants consuming 27 different plant species of
the total 36 species present on the reserve. Trees and shrubs
comprised the majority of the plant species present on the reserve
but there were also many grasses present (e.g. Aristida congesta,
Sporobolus pyramidalis, Hyparrhenia hirta, Eragrostis curvula). We
note that, although elephants may be considered mixed feeders
(see e.g. Codron et al., 2006), elephants only ate trees and shrubs
during our study (see also Shrader et al., 2012). We established
that the most preferred species (eaten in a larger proportion to its
abundance) were Pappea capensis, Dombeya rotundifolia, and Terminalia sericea (Table 1). Combretum zeyheri was both a preferred

and principal species while the species that were principal species
only were Grewia monticola and Euclea crispa (Table 1).

Forage quality and available biomass
Nutritional concentration varied among the principal and preferred species, ranging from 0.009 to 0.016 g N g−1 dry matter (DM)
(Table 2). Our ﬁeld observations revealed that available biomass
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Table 5.1: Principal and preferred plant species consumed. Preferred species are listed in bold.
Species

# times consumed

# times encountered

Proportion of times consumed

Pappea capensis
Dombeya rotundifolia
Terminalia sericea
Combretum zeyheri
Grewia monticola
Euclea crispa

71
45
92
134
171
155

82
61
132
205
339
559

0.87
0.74
0.70
0.65
0.50
0.28

Table 5.2: The nitrogen concentration per unit dry mass (g N g −1 dry matter (DM)) and the
available biomass for the principal and preferred plant species consumed.
Species

g N g −1 DM

Standard deviation

g DM ha−1

Dombeya rotundifolia
Grewia monticola
Pappea capensis
Combretum zeyheri
Euclea crispa
Terminalia sericea

0.016

0.0025

29,389

0.015
0.013
0.012
0.010
0.009

0.0017
0.0008
0.0013
0.0008
0.0035

2755
26,111
86,858
10,674
44,449

also varied greatly among preferred and principal species. C. zeyheri was the most available and G. monticola was the least available
species (Table 5.2).

Intake rate
We calculated the average intake rate for the six elephant individuals and found that they ingested a mean of 75 kg dry matter
per day (standard deviation = ±15.07). This means intake rate is
larger than another estimate of intake rates for African elephants
(60 kg day −1) (Owen-Smith, 1988). However, the lower end of our
intake rates (incorporating individual variance) overlaps with the
estimate of Owen-Smith (1988). Our higher intake rate may be a
result of energy demands of the individual elephants due to differences in environmental conditions and/or stress levels (Levitsky,
1970; Swennen et al., 1989).

Principal and preferred species model
We simulated the effects of different combinations of four
discrete levels of intake rates and nine discrete levels of daily
crude protein requirements on carrying capacity (animal days per
hectare) at the 100%, 75%, 45% available nitrogen concentration
(Table 5.3). Overall, we found that variation in intake rate had a relatively larger impact on carrying capacity than changes in daily crude
protein requirements (Figure 5.2). A potential result of this nonlinear relationship is that during periods of decreased food
availability, when individuals may have to eat more (increase
intake rates) to maintain their nutritional requirements, the overall
carrying capac- ity of an area will drop more rapidly as a result.
However, it is unlikely that elephants will ever increase their
intake rates into the range of our overestimated intake rates. This
is improbable because when the mass of the heaviest possible
elephant is substi- tuted into an equation estimating daily food
intake (Owen-Smith, 1988), the resulting intake rate does not come
into range of our over-estimates.

Discussion
A key way to estimate an optimal carrying capacity for an area is
through the use of standing-crop carrying-capacity models (Hobbs
and Swift, 1985; Windels and Hewitt, 2011). Standing-crop models
assume that there is no replenishment of resources (i.e., no growth of
existing plant individuals or recruitment). Many plant species are

Figure 5.2: The sensitivity of our principal and preferred species’ model as
estimated in animal days per hectare as a function of nine discrete levels of
crude protein requirement (% per day) and four discrete intake rate (g per day)
levels for the 75% nitrogen concentration.

deciduous and are not productive during the dry season, which is a
reﬂection of the environment found in almost all of southern Africa,
which experiences summer rainfall (Tyson, 1986). Thus, applying a
standing crop carrying-capacity model to the available dry-season
biomass gives an approximation of the highest carrying capacity an
area can sustain during the least productive season. This effectively
estimates the carrying capacity for the entire year because the dry
season limits the overall carrying capacity in large herbivore species
with a low reproductive output such as the elephant (Coe et al.,
1976).
Numerous standing-crop models have been developed to estimate carrying capacity (Fritz and Duncan, 1994; Hobbs and Swift,
1985; Windels and Hewitt, 2011). While such models have proven to
be quite successful for grazers, these models have been problem- atic
when applied to browsers. This is most likely because browsers
encounter plant chemical defences in their forage items, such as
tannins, which can reduce the amount of available nitrogen for
nutrient absorption (Robbins et al., 1991). In contrast, grazers seldom encounter tannins and only a few grass species have detectable
levels of polyphenols (Chesselet et al., 1992). The result is that the
predicted carrying capacity is greater than what can actually be
realized in nature. In an effort to develop a tool to manage and
monitor the carrying capacity of elephants, we integrated several
factors, including characteristics of the diet, and the ability of the
forager to combat secondary metabolites (in this case, tannins) that
can reduce the quality of their food, that have not been considered in
previous standing-crop carrying-capacity models (e.g. Hobbs and
Swift, 1985).

Principal and preferred species model
The ﬁrst novel factor that we considered was the negative effects of
plant secondary metabolites, and the partial neutralization of these
chemicals by the tannin-binding afﬁnity of saliva. Elephants
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for two levels of nitrogen concentration, viz. 100%, reﬂecting what conventional carrying-capacity models
use, and 75%, reﬂecting the partial neutralization of secondary metabolites from tannin-binding proteins in elephant saliva and the reduction in available nitrogen due to residual tannins, and
45% reﬂecting what a horse (hindgut fermenter) can access incorporating the partial neutralization of secondary metabolites from tannin-binding proteins. Animal days ha−1 was represented as
a function of four discrete levels of intake rate (IR) and nine discrete levels of daily requirement of % crude protein (CP).

Table 5.3: Principal and preferred species’ model predictions of animal days ha

IR (g day−1 )

CP (% day −1 )

100% nitrogen concentration

75% nitrogen concentration

45% nitrogen concentration

60,000
75,000
100,000
150,000
200,000
60,000
75,000
100,000
150,000
200,000
60,000
75,000
100,000
150,000
200,000
60,000
75,000
100,000
150,000
200,000
60,000
75,000
100,000
150,000
200,000
60,000
75,000
100,000
150,000
200,000
60,000
75,000
100,000
150,000
200,000
60,000
75,000
100,000
150,000
200,000
60,000
75,000
100,000
150,000
200,000

14

0.28

0.21

0.13

14
14
14
14
13
13
13
13
13
12
12
12
12
12
11
11
11
11
11
10
10
10
10
10
9
9
9
9
9
8
8
8
8
8
7
7
7
7
7
6
6
6
6
6

0.22
0.17
0.11
0.08
0.30
0.24
0.18
0.12
0.09
0.32
0.26
0.19
0.13
0.10
0.35
0.28
0.21
0.14
0.11
0.39
0.31
0.23
0.16
0.12
0.43
0.35
0.26
0.17
0.13
0.49
0.39
0.29
0.19
0.15
0.56
0.44
0.33
0.22
0.17
0.65
0.52
0.39
0.26
0.19

0.17
0.13
0.08
0.06
0.22
0.18
0.13
0.09
0.07
0.24
0.19
0.15
0.10
0.07
0.27
0.21
0.16
0.11
0.08
0.29
0.23
0.18
0.12
0.09
0.32
0.26
0.19
0.13
0.10
0.36
0.29
0.22
0.15
0.11
0.42
0.33
0.25
0.17
0.13
0.49
0.39
0.29
0.19
0.15

0.10
0.08
0.05
0.04
0.14
0.11
0.08
0.05
0.04
0.15
0.12
0.09
0.06
0.04
0.16
0.13
0.10
0.06
0.05
0.18
0.14
0.11
0.07
0.05
0.19
0.16
0.12
0.08
0.06
0.22
0.18
0.13
0.09
0.07
0.25
0.20
0.15
0.10
0.08
0.29
0.23
0.18
0.12
0.09

are able to neutralize about 75% of the tannins found in their
browse material (assuming that there is a 1:1 relationship
between total tannin concentration and its negative impacts on
digestible nitro- gen), thus allowing them access to most of the
available nitrogen in the browse materials. The addition of this
parameter reduces the available nitrogen for nutrient uptake
by 25%. We also mod- elled a 45% crude protein availability to
reﬂect a 61% availability of total crude protein (in the case of
horses, another hindgut fer- menter: Council, 2007) interacting
with the 75% tannin-binding afﬁnity of elephant saliva. We
found that 100% nitrogen availabil- ity yielded more animal
days per hectare than 75% or 45%, but that there was only a
0.11 animal days ha−1 difference between 75% (0.29 animal
days ha−1) and 45% (0.18 animal days ha−1) availability.
The other new factors that we incorporated into our model
describe the manner in which browsers forage. A major
assump- tion of the Hobbs and Swift (1985) model is that
animals will forage optimally such that they will eat the forage
item that is most nutrient-rich ﬁrst before moving on to less
nutrient-rich items.

Although a forage species may be lower in nutrient level than the
required amount (g N g−1 DM), an animal could achieve the
nutritional target value by ingesting more of that forage species
(Hobbs and Swift, 1985). Using this concept as a framework for
our model, we constructed a model that included diet breadth
(principal and preferred species) and the dietary contribution of
each browsed species. By incorporating diet breadth and dietary
contribution, we could control for various factors that inﬂuence
foraging decisions (e.g. digestibility, assorted toxins that might be
tolerated through dilution or diet mixing) without measur- ing them,
which allows for a more streamlined, less complex, model.
Many other models assume that herbivores choose to eat 100% of
all palatable species. Rather, our model restricts the elephants’
intake such that it matches the dietary contribution of the different
plant species. Another difference about our model is the addition of
both principal and preferred species. With the addition of principal
species into the model, our model assumed that elephants utilize
more species than their preferred species only. Other models, (e.g.
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Hobbs and Swift’s (1985) model) only incorporated plant species
that fall above the threshold daily nutrient requirement, and usually only one species below the threshold nutrient requirement. In
reality, many more plant species than the limited number used in
other models are actually eaten (e.g., principal species). We argue
that these species are important when predicting carrying capacity
of an area because these are the plant species that animals primarily
rely upon for survival (Owen-Smith, 2002a).
A number of studies have shown that animals do not forage
optimally (Janetos and Cole, 1981; Wilmshurst et al., 1995). We
argue that our new model is a more precise reﬂection of carrying
capacity than other standing-crop models because our model does
not assume optimal foraging. Instead, our model uses the animal’s
diet breadth and the dietary contribution of each forage species to
estimate carrying capacity. This is a more realistic method for estimating carrying capacity because it takes into account the ways that
animals forage rather than making the assumption that animals
forage optimally.
This is not the ﬁrst study to attempt to use Hobbs and Swift’s
(1985) carrying-capacity model as a basis for a new standing- crop
carrying-capacity model. Windels and Hewitt (2011) altered Hobbs
and Swift’s (1985) model to incorporate the negative impacts of
tannins for mixed feeders. They also included a further reduction in
the amount of available crude protein by subtrac- ting the amount of
non-protein nitrogen in each foraged species. Although their model
produced plausible carrying-capacity esti- mates, the level of
chemical information required about each forage species makes the
model challenging for resource managers to implement.

Model assumptions
Our model makes assumptions about standing crop, including
the fact that plants would not coppice or re-sprout during the
dry season. Moreover, our model does not incorporate diet shift as
a result of reduced availability or palatability of plant species.
Rather, it uses the diet breath recorded from the elephants. Additionally, it does not take inter-annual differences (e.g., drought
and/or burning can reduce the amount of available biomass, and
dry-season rainfall can increase the amount of available biomass)
into account. These inter-annual differences could inﬂuence available standing crop biomass or species selection by the browser.
While data from a single dry season could produce a carryingcapacity estimate for the elements that were inﬂuenced by that
particular season’s carrying-capacity factors, the application of
our model over several dry seasons could better predict a sustainable carrying capacity. Our current model could be applied to
both theoretical and empirical estimates of reduced/increased
biomass availability to simulate certain natural events such as ﬁre or
rainfall. Furthermore, the estimates of intake rate and preference of the animals that we studied could be inﬂuenced by
their environment or by density-dependence of elephants. This
could ultimately result in changes in intake rate and preference,
which should be considered when our model is applied to other
populations.
Another question that has been explored in similar standingcrop carrying-capacity models is the time period the carrying
capacity estimate reﬂects (i.e. a 90-day dry season or a 365-day
period). The dry season is the limiting time for herbivores in southern
Africa, as well as other parts of the world due to low food
availability as well as reduced nutrient levels (Coe et al.,

1976). Hobbs and Swift’s (1985) model assumes that the carry- ing
capacity estimate is for a 365-day period while Windels and
Hewitt’s model (2011) makes seasonal estimates. Because ele- phants
have a long gestation period, they do not respond rapidly to
favourable conditions by means of rapid population growth (Calef,
1988; Moss, 2001; Owen-Smith, 1988). Thus, for such species, our
model’s carrying capacity estimates for the dry sea- son (i.e. the
most food-limiting time) would reﬂect a 365-day period.
Another aspect where assumptions were made in our model is
the crude-protein intake of African elephants. While we used a
value calculated for the zoological gardens, there are other methods one could use to estimate elephant nutritional requirements.
For example, the average size of an elephant in our study (∼3950 kg)
would require 4977 g crude protein per day, assuming that the daily
requirement for maintenance of body mass of African elephants is
the same as a domestic horse (1.26 g kg−1). Assuming that food
intake is 1.2% of body mass for African elephants (Owen-Smith,
1988), an elephant weighing 3950 kg should eat 47.4 kg dry matter per day. Thus, this elephant could theoretically eat a diet of
10.5% crude protein (4977 g crude protein*100/47,400 g dry matter). Barboza et al. (2009) have also noted that most large herbivores
can subsist on lower intake rates if their amino acid intake is sufﬁcient. However, it is unlikely that such intakes would be adequate
because many herbivores eat to ﬁll their gut and are digestionlimited feeders (Jeschke et al., 2002).

Implementation of principal and preferred species model
Although our calculations predict carrying capacity for a speciﬁc
site, we developed a model that is not site-speciﬁc. Moreover, our
approach should be straightforward for management staff to implement in protected areas with no further research than is already
currently being executed. Some of the information needed to run
this model is site-speciﬁc, but it is information that management
bodies would require to calculate for any forage-based standingcrop model. For example, elephant diet selection varies spatially as
does the available biomass of foraged species. However, the major- ity
of the variables needed to use this model are constants, such as
elephant intake rate, tannin-binding afﬁnity of elephant saliva, and
nutrient concentration of foraged plant species. This means that the
estimated values for these parameters from previous studies could be
applied by conservation/management bodies to estimate car- rying
capacity for elephants for any speciﬁc reserve, assuming that crude
protein values are available for those plant species. For exam- ple,
numerous plant species in South Africa have been analyzed for
nitrogen/crude protein content, particularly articles outlining
mammalian diets (e.g. Ganqa et al., 2005; Kos et al., 2012). Additionally, with very few modiﬁcations, this model could be applied to
other browsing and mixed-feeding species. These modiﬁcations
would include the tannin-binding afﬁnity of a range of browser
and mixed-feeder saliva, as well as adjusted intake rate and plant
species data.
Acknowledgments
We thank S. Hensman and M. Hensman for facilitating access to
our ﬁeld site. We also thank two anonymous reviewers for their
constructive comments. Funding for this research was provided by
the National Research Foundation and the Gay Langmuir Bursary
from the University of KwaZulu-Natal.

117
Appendix A.
See Table A1.
Table A1: List of terms and their deﬁnitions and units used in the preferred and principal species model.
Parameter

Deﬁnition

Unit

Biomass
Amount of forage item available per hectare
Nutrient level
Concentration of nitrogen in a forage item
DM
Dry matter
Proportion contribution
Proportional contribution of a single forage item to an elephant’s diet
Available total nitrogen per hectare
Amount of total nitrogen per species in a single hectare
Tannin-binding afﬁnity
The tannin binding level of saliva
Adjusted N per hectare
An adjusted estimate of concentration nitrogen available for absorption
after the negative impacts of tannins has been incorporated per hectare

Grams dry matter of a given species per hectare
Grams total nitrogen per gram dry matter
Grams
Proportion ranging between 0.01 and 0.90
Grams total nitrogen per hectare
% of tannins bound
Grams nitrogen per gram dry matter per hectare

Crude protein (%)
Intake rate
Nitrogen required per day

Nitrogen*6.25
Crude protein per gram dry matter
Amount of food eaten by an elephant per day
Grams dry matter per day
Amount of nitrogen (concentration) that an elephant requires in its diet
Grams nitrogen per day
per day
Animal days per hectare
A unit that expresses the number of days that a single animal can survive Animal days per hectare
on a hectare given the animal’s requirements and the available resources in a hectare

Table B2: The crude protein percent (g nitrogen) per gram dry matter equivalent.

Appendix B. Application of the algorithm and sample
calculations to estimate carrying capacity
We used the values from Table B1 to estimate carrying capacity for the reserve (measured per hectare). Ultimately, all values
will be used to estimate carrying capacity by summing the available nitrogen of the six woody plant species. However, for the
sake of brevity, in the early portions of the example where individual species nitrogen values must be estimated, we only use D.
rotundifolia to illustrate our calculation. This sample calculation is
an example of 75% crude protein availability, 12% crude protein
required per day with an intake rate of 7500 g crude protein per
day.
To estimate animal days per hectare we calculated all available
nitrogen according to forage dietary contribution per hectare:
��(B) ∗ (Nl) ∗ (Pc)� = (Nta)

(A. 1)

1−n

where B is the biomass (grams available per hectare), Nl is the nutrient level (gram nitrogen per gram dry matter), Pc is the proportion
contribution of a species (0.01–0.99) and Nta is the available total
nitrogen per hectare (grams nitrogen available per hectare).
Using the values for the six plant species (see Table B1), we
obtain:
��(29389) ∗ (0.016) ∗ (0.07)� + �(2755) ∗ (0.015) ∗ (0.26)�

1−𝑛𝑛

+ �(26111) ∗ (0.013) ∗ (0.11)�
+ �(86858) ∗ (0.012) ∗ (0.20)�
+ �(10674) ∗ (0.010) ∗ (0.23)�

+ �(44449) ∗ (0.009) ∗ (0.14)� = �

Crude protein (% day−1 )

g nitrogen g−1 DM

14%
13%
12%
11%
10%
9%
8%
7%
6%

0.022
0.020
0.019
0.018
0.016
0.014
0.013
0.011
0.009

To adjust the available nitrogen values to a more realistic level, we
estimated that only 75% of nitrogen is available for nutrient
absorption because of the partial neutralization of tannins by elephant’s salivary tannin-binding proteins.
((Nta) ∗ (Tba)) = Na

(A.2)

where Nta is the available total nitrogen per hectare (grams nitro- gen
per hectare), Tba is the tannin-binding afﬁnity (0.75) and Na is the
adjusted available nitrogen (grams nitrogen per hectare) (Tables B2
and B3).
Thus, the adjusted available nitrogen (g) from D. rotundifolia
is:
=

280.16 g N
ha

To calculate animal days from the adjusted amount of N avail- able
per hectare, we calculated the amount of crude protein per gram
needed to sustain one elephant for one day. To calculate

373.57 g N
�
ha

Table B1: Key plant species, including both principal and preferred, comprising ∼75% of the study population’s total diet as well as the available biomass, nutritional information (% crude protein
(CP) was estimated by multiplying g N by 6.25), and the proportional contribution to the 75% of the total diet of each plant species.
Species

kg DM ha−1

g DM ha−1

% CP g−1 DM

g N g −1 DM

g N avail ha−1

Proportion contribution

g N avail*proportion diet ha−1

Dombeya rotundifolia
Grewia monticola
Pappea capensis
Combretum zeyheri
Euclea crispa
Terminalia sericea

29.39

29,389

10.10

0.016

474.93

0.07

33.25

2.76
26.11
86.86
10.67
44.45

2755
26,111
86,858
10,674
44,449

9.65
8.19
7.50
6.42
5.82

0.015
0.013
0.012
0.010
0.009

42.54
342.17
1042.30
109.65
413.91

0.26
0.11
0.20
0.23
0.14

11.06
37.64
208.46
25.22
57.95
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Table B3: Mass (g) of crude protein obtained per day as a function of intake rate (IR) and percent crude protein (CP) requirement per day expressed as concentration in terms of grams of nitrogen
per unit dry mass (DM).
IR level (g
day−1 )
60,000
75,000
100,000
150,000
200,000

CP
(g N g −1 DM)

CP
(g N g −1 DM)

CP
(g N g −1 DM)

CP
(g N g −1 DM)

CP
(g N g −1 DM)

CP
(g N g −1 DM)

CP
(g N g −1 DM)

CP
(g N g −1 DM)

CP
(g N g −1 DM)

14%

13%

12%

11%

10%

9%

8%

7%

6%

1344

1248

1152

1056

960

864

768

672

576

1680
2240
3360
4480

1560
2080
3120
4160

1440
1920
2880
3840

1320
1760
2640
3520

1200
1600
2400
3200

1080
1440
2160
2880

960
1280
1920
2560

840
1120
1680
2240

720
960
1440
1920

the concentration (g) of crude protein (CP) that is necessary in a
day:
(Cp)
(6.25)
�
� = (Nt)
(100)

(A. 3)

where Cp is the percent crude protein required per day (%), 6.25 is
the conversion factor between crude protein and nitrogen, and Nt is
the amount of nitrogen required per gram of dry matter.

12
�% Day�

⎛ (6.25) ⎞
=⎜
= 0.019
⎜ (100) ⎟
⎟
⎝

⎠

Second, to incorporate daily intake of a subadult animal (from
our results):
((Ir) ∗ (Nt)) = (Nd)
(A.4)
where IR is the intake rate (grams per day), Nt is the amount of
nitrogen required per gram of dry matter and Nd is the amount of
nitrogen required per day (g).
= �(7500) ∗ (0.019)� =

1440 g N
Day

Finally, to calculate animal days ha−1:
�

(Na)
Animal Days
�=
(Nd)
ha

(A. 5)

where Na is the adjusted available nitrogen (grams nitrogen per
hectare) and Nd is the amount of nitrogen required per day (g)
=

280.16
= 0.19
1440
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Chapter Six
Conclusions
The broad aim of my PhD was to explore how volatile organic compounds (VOCs), plant
secondary metabolites (PSMs), and salivary tannin-binding proteins influenced the foraging
behaviour of African elephants, and how these factors affected their carrying capacities. To
achieve this aim, I used a wide range of techniques from a variety of fields in an attempt to
gain a holistic understanding of elephant foraging behaviour. I conducted three experiments
focussing on 1) the role of odour cues in elephant foraging decisions (Chapter 2), 2) the
volatile organic compounds (VOCs) the elephants focussed on to make these decisions
(Chapter 3), and 3) whether elephants had tannin-binding proteins in their saliva to help
counteract the effects of tannins (Chapter 4). I then combined the results of these experiments
into a single carrying-capacity model for elephants (Chapter 5).
The results of these experiments suggest that elephants use pre-ingestive olfactory
cues to make informed foraging decisions within feeding stations and between patches
(Chapters 2 and 3). This suggests that elephants likely know more about the distribution, and
potentially the quality, of resources across the landscape, than previously thought. For
example, I found that elephants are able to make foraging decisions beyond their body
lengths (Chapter 2), suggesting that the movement patterns of African elephants may be
driven by olfactory cues of food resources. Similar to findings in my study, both swamp
wallabies (Wallabia bicolor) and greater sage-grouse (Centrocercus urophasianus) use
olfactory cues emitted from preferred plant species to locate food items across a landscape
(Frye et al. 2013; Stutz et al. 2015; Stutz et al. 2016). However, the question that still remains
is what information is contained in these chemical signals?
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To answer this question, I explored the chemicals that are emitted as VOCs from both
preferred and avoided plant species (Chapter 3). The elephants avoided plant species whose
scent profiles contained both high levels and a wide diversity of PSM odour cues, particularly
monoterpenes. Similar to findings of many other studies, monoterpenes have been found to
negatively influence the preference of certain plant species for a wide range of herbivore
species including several species of deer (Odocoileus hemionus sitkensis, Capreolus
capreolus, and Cervus timorensis russa), cottontail rabbits (Sylvilagus nuttalli), brushtail
possums (Trichosurus vulpecula) and Greater Sage-Grouse (Centrocercus urophasianus)
(Vourc'h et al. 2002; Kirmani et al. 2010; Shipley et al. 2012; Frye et al. 2013; Utz et al.
2016).
However, by using these pre-ingestive cues, elephants may target plants with high
levels of secondary compounds that cannot be detected via olfaction (e.g. tannins). This is
something that I (Chapter 3) and others have found (e.g. Owen-Smith & Chafota 2012;
Shrader et al. 2012; Muller 2013). Yet, the fact that elephants are able to tolerate tannins up
to a point, suggested that they had one or more mechanisms for coping with the negative
effects of tannins. I found this to be the use of salivary tannin-binding proteins (Chapter 4).
However, the presence of these tannin-binding proteins contradicts theoretical expectations
regarding body-size and forage tolerance (Bell 1971; Geist 1974; Jarman 1974). It appears
that the African elephant is under sufficient nutritional selective pressure to have evolved
these proteins to cope with plant defences. Thus, my findings about the presence of tanninbinding proteins in elephants echo those of Clauss et al. (2005) for black rhinoceros. The
occurrence of tannin-binding proteins also raises questions about our understanding of the
relationship between body size, digestive physiology, and PSMs for other browsers and
mixed-feeders. Ultimately, these tannin-binding proteins increase the amount of available
crude protein for the elephants, which can greatly affect the carrying capacity for this species.
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Overall, these findings have implications for understanding landscape-scale
movements, habitat use, and foraging patterns of elephants. To gain a better understanding of
how this might influence carrying capacities, I drew from the findings from my first three
data chapters, and developed a carrying-capacity model for elephants based on Hobbs and
Swift’s (1985) carrying-capacity model. Older methods of estimating carrying capacity
included estimates of available biomass and intake rate of the stocked animals, and as models
improved, new factors such as rainfall and vegetation availability, protein content, and diet
preferences were included (Coe et al. 1976; Hobbs & Swift 1985; Schmidt et al. 1995). These
different models worked with varying degrees of success, however, and they were most
successful with grazers (Cowlishaw 1969; Meissner 1982; Meissner et al. 1990; Schmidt et
al. 1995). Although these models were an advancement from their predecessors, they were
missing information regarding aspects of the foraging behaviour of their target species.
Consequently, I used results from my study to incorporate diet preference, dietary
contribution of preferred plant species, and the negative influences of tannins and the semineutralization of them by salivary tannin-binding proteins, which no model had incorporated
to date.
Ultimately, I found that incorporating information regarding the foraging habitats of
the target species yielded a more accurate reflection of the carrying capacity of an area. My
model was able to take into account the preference for certain plant species, which I found
was likely driven by the VOCs emitted from these plants, as well as the ability of elephants to
tolerate a certain level of tannins. Importantly, I have highlighted the importance of PSMs for
a megaherbivore, and have shown how a carrying-capacity model that requires relatively few
input parameters can be used to estimate the size of a sustainable elephant population within
a fenced reserve. However, although a model might predict a sustainable population size, it
may not be feasible to maintain the population without intensive management (e.g. culling,
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contraception, translocation). With minor adjustments, my carrying-capacity model could be
applied to any terrestrial herbivore (or guild of herbivores) in any habitat.

Future Research
The results from my four data chapters (Chapters 2, 3, 4, and 5) provide a framework for
future investigations to explore the role of plant-animal interactions in foraging behaviour of
large mammalian herbivores. Potential future projects could expand on aspects of diet
selection with regard to occurrence and functioning of PSMs as cues, their implications for
browsers and mixed-feeders, and investigation of how tannin-binding proteins influence a
range of browsers or mixed feeders. Potential projects could include the following:

Do monoterpenes drive elephant diet choice?
To follow up from my first two data chapters (Chapters 2 and 3), I suggest using an
experimental approach to determine whether volatile monoterpenes dictate elephant diet
choice, and if so, which one(s) have the largest influence. Furthermore, it might also be
beneficial to incorporate manipulations where odours are paired with varying post-ingestive
consequences to test the extent to which odour drives conditioned preferences or whether it
acts as a signal in itself.
To do this, I would recommend using an experimental design similar to the one I used
for my odour experiment at the feeding-station scale (Chapter 2). Instead of different woody
plant species, one could use the non-chemically defended species (e.g. bana grass Pennisetum
purpureum or oats Avena sterilis, both grasses with no known PSMs), in separate bins and
add synthetic monoterpenes to each item. The feeding trials could use the monoterpenes that
we identified in the plants in the elephants’ habitat including: (E)-ocimene, (Z)-ocimene,
limonene, linalool, γ-terpinene, β-pinene, α-pinene, sabinene, o-cymene, terpinolene, and p-
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cymen-8-ol (Chapter 3). Monoterpenes could be tested individually against a control as well
as against each other to determine what, if any, influence they have on diet selection.
Furthermore, one could also use a similar approach to Nobler (2016), and determine whether
individual monoterpene compounds are a stronger deterrent than a combination of
monoterpenes. By using a combination of monoterpenes, this would reflect a more natural
situation where elephants would encounter more than a single monoterpene in a given plant
species.
Because monoterpenes potentially have varying post-ingestive consequences, it would
be interesting to present elephants with novel monoterpenes to establish their
preference/avoidance prior to ingesting them and then compare their preference after they
have had a sufficient amount of time to experience any post-ingestive consequences. This
could then by followed by trials with high-quality forage coated with the novel
monoterpene(s) to determine if the elephants continually avoid eating specific monoterpenes
based on their odour, linked with the post-ingestive feedback. Experiments like this would be
able to determine the extent to which odour drives conditioned preferences or whether it acts
as a signal in itself.

Detection of forage quality by browsers prior to feeding
Another question relevant to mechanisms of diet selection is the use of olfactory cues by
browsers to gather information about the chemical composition (PSMs) and nutritional
quality of items prior to making foraging decisions. Answering this question could involve a
two-part experiment:
1) A single species of plant could be manipulated using several treatments that mimic
various levels of browsing- and fire-management schemes that could affect browse quality
(e.g. combinations of clipping and burning treatments and appropriate controls – Hean &
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Ward 2012). When the plants have matured and all manipulations are complete, the first
sampling phase would involve collection of volatiles from each individual plant in each
treatment. I would use the headspace extraction method to entrap VOCs emitted from each
plant (e.g. Johnson & Jürgens 2010). Each sample would be run through a gas chromatograph
and the chemical signatures from each species identified. The chemical signature for each
treatment within a species could then be compared to the chemical signatures of the other
treatments.
2) A behavioural choice test could then be employed with one plant from each
treatment lined up in a testing arena. Using semi-tame elephants such as I did would allow
the researcher to introduce the animal to each plant in the arena for a short time so that each
elephant can have ample time to smell each option. After all options have been smelled, the
elephants would then be guided to a position equidistant from all browse options. The
elephant would then be allowed to make a foraging decision. The final sampling step would
be collection of plant material for nutritional analysis. This would occur directly after the
behaviour experiment. Each plant would be tested for crude protein, digestibility, and PSMs.
The wet chemistry values would then be compared to the VOC values to determine whether
there was a link between scent and chemical composition. In addition, the elephants’
preferences could be compared to the wet and VOC chemical results to determine if the
elephants could discern a difference between the nutritional quality of treatments.

Does age, sex, or sexual status influence diet choice of browsers with respect to PSM
content?
A number of studies have indicated that the age, sex, and reproductive status of individuals
influence diet selection with respect to nutritional quality (Mirza & Provenza 1990; Provenza
et al. 1990; Thorhallsdottir et al. 1990; Stronge et al. 1997; Parker et al. 2009; Gaytán et al.
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2015; Mellado 2016). For example, age plays an important role in diet selection for goats
(Capra hircus); younger goats select for forage items that are higher in crude protein and
more digestible than adult goats (Gaytán et al. 2015). Furthermore, differences in diet
selection have been noted for goats and Nubian ibex (Capra nubiana) depending on their sex
(Gross et al. 1996; Stronge et al. 1997; Mellado 2016). For example, shrubs account for a
significantly larger proportion of the diets of male goats (Gross et al. 1996; Stronge et al.
1997) than females, likely because males are larger than females and have higher energy
demands and shrubs may fulfil that need despite their lower overall quality. In addition,
pregnant and lactating female herbivores have higher nutritional demands than non-pregnant
females (Parker et al. 2009). Behavioural interactions and competition for mates in male
herbivores (e.g. bighorn sheep Ovis canadensis during rutting season) also cause an elevation
in nutritional demands (Ruckstuhl 1998). All of these factors could contribute to differences
in nutritional demands between the sexes, manifesting in different diet choices. Moreover,
pregnant female ungulates (and their foetuses) are often more sensitive to PSMs and thus may
avoid consuming potentially deleterious plants (Panter et al. 1992; Pfister 1999).
Young animals are generally naïve when it comes to making foraging decisions and
often have to learn about which PSMs to avoid (Thorhallsdottir et al. 1990). Their foraging
decisions, and the rate at which they learn can depend on the foraging decisions of their
mother, or whether they feed on their own (Thorhallsdottir et al. 1990). This could potentially
explain why herbivores in the same herd, feeding in the same areas, have different diet
selection. Furthermore, these differences in plant selection with regard to nutrient and PSM
content could be a reflection of the differing nutritional demands across the age, sex, and
reproductive-status classes (Parker et al. 2009; Mellado 2016). For example, one study found
that female elephants with young were more selective feeders than large males (Stokke
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1999). To meet such demands, individuals would need to reduce the intake of any antinutritional factors (i.e. PSMs).
I would recommend exploring diet selection of different ages and sexes of
browsers/mixed feeders (e.g. goats, impala) with respect to volatile PSMs found in available
plants. One could use the giving-up density (GUD) approach (Brown 1988; Kotler et al.
1994; Bedoya-Pérez et al. 2014). This approach uses an artificial patch filled with a measured
amount food mixed into an inedible medium to reflect a natural foraging patch. This inedible
medium constitutes a realistic cost to foraging in this patch. The GUD is the amount of food
left in the patch after a forager abandons it, with smaller amounts of food indicating greater
preference for the variables being tested in that patch (Brown 1988). The artificial patches
can be filled with pellets that are laced with different PSMs and presented to individuals of
different ages, sexes, and reproductive status (Shrader et al. 2008). GUDs can be used to
quantify how herbivores balance foraging in a chemically defended landscape with mating,
territorial defence, and growth.
An alternative approach could be to use a similar method to the one I used to
determine diet choice in Chapters 2 and 3. For each age and sex class, one would establish
what volatile PSMs occur in avoided plant species for each age and sex class, and then use
odour trials to determine if any PSM(s) are driving differences in selection. For both
experimental designs, I would predict that the browsers with the highest pressure to meet
their nutritional demands (e.g. pregnant females, juveniles, rutting males) would be the most
selective with regard to reducing volatile PSMs in their diets.

Elephant utilization of high-quality forage with a high handling cost
Another study concerning the diet selection of elephants and energetic costs of foraging that
could be conducted addresses the question of why elephants select mistletoes when there are
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other more easily accessed forage items available. In my foraging observations, I noticed that
a species of mistletoe, Viscum combreticola was heavily sought after by the elephants near
Bela Bela. V. combreticola is a hemiparasite on Combretum spp. and is primarily found
parasitizing the large-fruited bushwillow (Combretum zeyheri) and the red bushwillow
(Combretum apiculatum). Elephants expend large amounts of energy and considerable effort
(e.g. knocking down large adult trees) to acquire mistletoes, often barely foraging on the host
plant, despite the fact that Combretum is a favoured species (Chapter 2). One hypothesis is
that elephants seek out mistletoes either because they lack high concentrations of PSMs or are
richer in other nutrients than the host species (such as nitrogen) (Ehleringer et al. 1986).
However, Okubamichael et al. (2011) found that some host trees had higher nitrogen
concentrations than their mistletoe parasites. If this is the case, the apparently large energetic
costs of foraging for mistletoes must presumably be outweighed by their benefits. Moreover,
the understanding of those benefits would shed light on the foraging strategies of elephants in
low-nutrient, high-PSM ecosystems. A potential approach would be to use an optimality
model including the costs and benefits of obtaining mistletoes in nutrient-poor, chemicallyrich landscapes.

The tannin-binding affinity of herbivore species’ saliva across a range of body sizes and
digestive physiologies
I suggest using a phylogenetic comparative method to examine the relationships of foraging
niche (i.e. browser, grazer, and mixed-feeder), body size, and type of digestion (e.g.
ruminants vs hind-gut fermenters) to examine tannin-binding affinity of saliva (Chapter 4)
from a range of mammalian herbivore species. The results of (Clauss et al. 2005) found that
three species of rhinoceroses had salivary tannin-binding proteins despite the fact that white
rhinoceroses are grazers and tannins are seldom encountered by grazers. Given the
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phylogenetic link between these three rhino species and the presence of salivary tanninbinding proteins, I predict that more closely related species will have more similar salivary
tannin-binding affinities than less related species. Furthermore, I predict that browsers will
have higher salivary tannin-binding affinity than that of grazers, because tannins are
primarily found in browse items and not grasses. Additionally, as body size decreases, I
predict that the tannin-binding affinity of browsers’ saliva will increase because tannins
reduce the overall quality of browse and smaller-bodied herbivores may be more negatively
affected by PSMs (due to their higher energy demands) than larger animals (Geist 1974).
Alternatively, it is possible that large-bodied herbivores may be more effected by PSMs,
because larger herbivores process PSMs more slowly than smaller animals (Freeland 1991).
Finally, I predict that the tannin-binding affinity should be greater for ruminants than hindgut fermenters because ingesta passage rate of ruminants is longer than for hindgut
fermenters, giving tannins a greater probability of being absorbed during digestion.
To test for the tannin-binding capabilities of the saliva, I would recommend using the
same technique that I used for the elephant saliva in Chapter 4, except that one could test the
saliva against different stock solutions of tannic acid instead of plant extracts. This would
then allow exploration of the relationship between tannin-binding affinity of saliva and
factors such as body size and digestive physiology.

Testing my carrying-capacity model on populations of wild elephants and incorporating
competition between browsers and mixed-feeders
My carrying-capacity model could be used to predict the carrying capacity of wild elephants,
such as those in Ithala Game Reserve (IGR) in KwaZulu-Natal, South Africa. Elephants in
IGR pose a serious management issue because they frequently leave the reserve. The foraging
behaviour of the elephants of IGR has been extensively studied (Shrader et al. 2012; Muller
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2013; Ward et al. 2016). A researcher could apply these data to my model in an effort to
predict IGR’s elephant carrying capacity. A modelled carrying capacity that is smaller than
the current population of elephants could help explain the tendency for individuals to forage
outside the reserve boundaries. An approach such as this could be applied to the elephant
population of any protected area.
The second part of this study would be to incorporate another important factor that
could influence carrying capacities, which is competition between species of browsers and
mixed-feeders. A possible approach would be to use my carrying-capacity model and alter
the available biomass for each browser/mixed-feeder by calculating available biomass in
different vegetation-height classes. Elephants directly compete with a range of browsing
species such as blue duiker Philantomba monticola, common duiker Sylvicapra grimmia, and
bushbuck Tragelaphus sylvaticus (Lessing 2006). However, elephants can access a wider
range of food types that overlap with the feeding heights of impala Aepyceros melampus,
kudu Tragelaphus strepsiceros, black rhino Diceros bicornis, and giraffe Giraffa
camelopardalis (du Toit 1990; Wilson 2002; Lessing 2006). Many of these species have
some dietary overlap in species preference and browse height, but have differing degrees of
preference (Pellew 1983; Pellew 1984; Furstenburg & Van Hoven 1994; de GarineWichatitsky et al. 2004; Ndlovu & Mundy 2008; Kotze & Zacharias 2010; Shaw 2011).
Another adjustment to the model could include a measure of rarity of a particular
herbivore species. For example, if a herbivore is endangered and in need of increasing its
population size, one could set the numbers of browser A at a fixed number and then
maximize the numbers of browser B (the rare species). As a result, one could incorporate
these factors and constraints into my model to predict carrying capacity as a function of
foraging competition using species-specific foraging preferences.
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Appendix I
Table Ai.1: Acceptability Index (AI) of preferred and avoided plant species.

Species
Viscum combreticola
Pappea capensis
Dombeya rotundifolia
Terminalia sericea
Combretum zeyheri
Grewia monticola
Euclea crispa
Vitex rehmannii
Searsia pyroides
Searsia lancea
Euclea undulata
Olea europaea

Acceptability

# Times
Consumed

# Times
Encountered

AI

Novel Preferred
Preferred
Preferred
Preferred
Preferred
Principal
Principal
Avoided
Avoided
Avoided
Avoided
Avoided

NA
71
45
92
134
171
155
15
18
52
3
0

NA
82
61
132
205
339
559
78
98
410
83
222

NA
0.87
0.74
0.70
0.65
0.50
0.28
0.19
0.18
0.13
0.04
0.00
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Table Ai.2: Results from pairwise ANOSIM contrasts of odour profiles from each species in
every combination presented to the elephants. P = preferred, A = avoided.

Combinations
Pappea capensis (P), Euclea crispa (P)
Pappea capensis (P), Combretum zeyheri (P)
Pappea capensis (P), Dombeya rotundifolia (P)
Combretum zeyheri (P), Euclea crispa (P)
Combretum zeyheri (P), Dombeya rotundifolia (P)
Terminalia sericea (P), Euclea crispa (P)
Terminalia sericea (P), Pappea capensis (P)
Terminalia sericea (P), Combretum zeyheri (P)
Terminalia sericea (P), Dombeya rotundifolia (P)
Grewia monticola (P), Euclea crispa (P)
Grewia monticola (P), Pappea capensis (P)
Grewia monticola (P), Combretum zeyheri (P)
Grewia monticola (P), Terminalia sericea (P)
Grewia monticola (P), Dombeya rotundifolia (P)
Dombeya rotundifolia (P), Euclea crispa (P)
Euclea undulata (A), Vitex rehmannii (A)
Euclea undulata (A), Searsia pyroides(A)
Searsia lancea (A), Euclea undulata (A)
Searsia lancea (A), Vitex rehmannii (A)
Searsia lancea (A), Searsia pyroides (A)
Searsia lancea (A), Olea europaea (A)
Searsia pyroides (A), Vitex rehmannii (A)
Olea europaea (A), Euclea undulata (A)
Olea europaea (A), Vitex rehmannii (A)
Olea europaea (A), Searsia pyroides (A)
Euclea undulata(A), Euclea crispa (P)
Searsia lancea (A), Euclea crispa (P)
Searsia lancea (A), Dombeya rotundifolia (P)
Pappea capensis (P), Euclea undulata (A)
Pappea capensis (P), Searsia lancea (A)
Pappea capensis (P), Vitex rehmannii (A)
Pappea capensis (P), Searsia pyroides (A)
Pappea capensis (P), Olea europaea (A)
Combretum zeyheri (P), Euclea undulata (A)
Combretum zeyheri (P), Searsia lancea (A)
Combretum zeyheri (P), Vitex rehmannii (A)
Combretum zeyheri (P), Searsia pyroides (A)

R
Statistic
0.446
0.485
0.299
0.371
0.324
0.493
0.485
0.435
0.406
0.54
0.605
0.565
0.474
0.472
0.499
0.999
1
0.998
0.983
0.735
0.973
0.994
1
1
0.988
0.79
0.608
0.793
0.826
0.756
0.928
0.813
0.511
0.907
0.71
0.941
0.628

Significance
Level (%)
0.0002
0.0002
0.004
0.0002
0.0006
0.0002
0.0002
0.0003
0.0003
0.0002
0.0002
0.0003
0.001
0.0008
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0005
0.0002
0.0002
0.0002
0.0002
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Combretum zeyheri (P), Olea europaea (A)
Viscum combreticola (P), Euclea undulata (A)
Viscum combreticola (P), Olea europaea (A)
Vitex rehmannii (A), Euclea crispa (P)
Terminalia sericea (P), Euclea undulata (A)
Terminalia sericea (P), Searsia lancea (A)
Terminalia sericea (P), Vitex rehmannii (A)
Terminalia sericea (P), Searsia pyroides (A)
Terminalia sericea (P), Olea europaea (A)
Grewia monticola (P), Euclea undulata (A)
Grewia monticola (P), Searsia lancea (A)
Grewia monticola (P), Vitex rehmannii (A)
Grewia monticola (P), Searsia pyroides (A)
Grewia monticola (P), Olea europaea (A)
Searsia pyroides (A), Euclea crispa (P)
Olea europaea (A), Euclea crispa (P)
Olea europaea (A), Dombeya rotundifolia (P)
Dombeya rotundifolia (P), Euclea undulata (A)
Dombeya rotundifolia (P), Vitex rehmannii (A)
Dombeya rotundifolia (P), Searsia pyroides (A)

0.459
0.859
0.74
0.789
0.978
0.85
1
0.839
0.575
0.912
0.763
0.934
0.773
0.68
0.633
0.63
0.411
0.819
0.822
0.758

0.0005
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0003
0.0002
0.0002
0.0002
0.0002
0.0003
0.0002
0.0003
0.0006
0.0002
0.0002
0.0002
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Figure Ai.1: A representation of both the feeding-station and between-patch experiments.
Panels A&B illustrate the feeding stations composed of two bins (i.e. species choice), while
C&D show the Y-maze used in the between-patch selection experiment. Slots in panel A
indicate where the PVC boards were inserted.
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Figure Ai.2: Schematic of the Y-maze. Red “X” indicates the location where the elephants
were instructed to stop and smell the air from each arm of the maze and then make their
foraging decision.
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Appendix II
Table Aii.1: Volatile organic compounds identified in all plant odour samples used for these
studies.

Compound
Aliphatics
Alkanes
Decane
Undecane
Dodecane
Alcohols
Hexan-1-ol
(Z)-Hex-3-en-1-ol
(E)-Hex-2-en-1-ol
Octan-2-ol
1-Heptanol
(E)-Oct-2-en-1-ol
Nonanol
Decanol
Hexadecan-1-ol
Aldehydes
(E)-Hex-2-enal
(E)-Oct-2-enal
(E,E)-Hepta-2,4-dienal
Decanal
(E)-Non-2-enal
(Z)-Dec-2-enal
Dodecanal
Ketones
Heptan-2-one
6-Methylheptan-2-one
Octan-2-one
3,5-Dimethyloctan-2-one
Nonan-2-one
Decan-2-one
Hexane-2,5-dione
Undecan-2-one
Dodecan-2-one
Esters
Amyl acetate
Methyl caproate

Compound Class

Kovats

Varian GC
2013 RT 1

Aliphatic alkane
Aliphatic alkane
Aliphatic alkane

1159
1187
1225

6.553
7.522
8.422

Aliphatic alcohol
Aliphatic alcohol
Aliphatic alcohol
Aliphatic alcohol
Aliphatic alcohol
Aliphatic alcohol
Aliphatic alcohol
Aliphatic alcohol
Aliphatic alcohol

1340
1380
1383
1395
1431
1602
1653
1761
2409

10.435
10.995
11.04
11.204
11.672
13.664
14.21
15.31
21.335

Aliphatic aldehyde
Aliphatic aldehyde
Aliphatic aldehyde
Aliphatic aldehyde
Aliphatic aldehyde
Alpihatic aldehyde
Aliphatic aldehyde

1248
1414
1483
1487
1522
1648
1709

8.898
11.456
12.319
12.367
12.771
14.157
14.783

Aliphatic ketone
Aliphatic ketone
Aliphatic ketone
Aliphatic ketone
Aliphatic ketone
Aliphatic ketone
Aliphatic ketone
Aliphatic ketone
Aliphatic ketone

1219
1253
1286
1342
1376
1473
1489
1587
1704

8.307
9
9.586
10.462
10.947
12.198
12.386
13.5
14.735

Aliphatic ester
Aliphatic ester

1213
1221

8.17
8.334
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Hexyl acetate
(Z)-Hex-3-en-1-yl acetate
(E)-Hex-2-en-1-yl acetate
Heptyl acetate
(Z)-Hex-3-en-1-yl propanoate
Ethyl octanoate
(Z)-Hex-en-1-yl butyrate
(Z)-Hex-3-en-1-yl isovalerate
Acids
2-Methyl propanoic acid
Butanoic acid
Pentanoic acid
4-Methylpentanoic acid
Hexanoic acid
Hex-5-enoic acid
2-Ethylhexanoic acid
Hept-6-enoic acid
Octanoic acid
Oct-7-enoic acid
Nonanoic acid
Decanoic acid
Aromatics
Benzaldehyde
Methyl benzoate
Phenylacetaldehyde
p-Methoxystyrene
2-Hydroxybenzaldehyde
Benzyl acetate
Methyl salicylate
Phenylethyl acetate
Guaiacol
Benzyl alcohol
Benzyl 3-methylbutanoate
Phenylethyl alcohol
p-Cresol
m-Cresol
(Z)-Hex-3-en-1-yl benzoate
Eugenol
Ethyl 4-ethoxybenzoate
Benzoic acid
C-5 Branched compounds
Isovaleric acid
2-Methylbutanoic acid
Terpenoids
Monoterpenes

Aliphatic ester
Aliphatic ester
Aliphatic ester
Aliphatic ester
Aliphatic ester
Aliphatic ester
Aliphatic ester
Aliphatic ester

1279
1312
1321
1359
1368
1415
1440
1451

9.458
10.001
10.145
10.709
10.832
11.469
11.785
11.932

Aliphatic acid
Aliphatic acid
Aliphatic acid
Aliphatic acid
Aliphatic acid
Aliphatic acid
Aliphatic acid
Aliphatic acid
Aliphatic acid
Aliphatic acid
Aliphatic acid
Aliphatic acid

1560
1623
1744
1811
1866
1934
1975
2054
2098
2165
2209
2315

13.205
13.895
15.144
15.8
16.329
16.969
17.354
18.085
18.486
19.105
19.501
20.474

Benzenoid compound
Benzenoid compound
Benzenoid compound
Benzenoid compound
Benzenoid compound
Benzenoid compound
Benzenoid compound
Benzenoid compound
Benzenoid compound
Benzenoid compound
Benzenoid compound
Benzenoid compound
Benzenoid compound
Benzenoid compound
Benzenoid compound
Benzenoid compound
Benzenoid compound
Benzenoid compound

1521
1619
1644
1683
1687
1733
1792
1830
1882
1907
1920
1945
2124
2131
2177
2215
2219
2481

12.765
13.855
14.112
14.52
14.562
15.028
15.618
15.98
16.477
16.722
16.84
17.077
18.723
18.795
19.211
19.553
19.592
22.011

C-5 Branched compound
C-5 Branched compound

1668
1670

14.362
14.383
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α-Pinene
Sabinene
β-Pinene
Eucalyptol
Limonene
(Z)-Ocimene
γ-Terpinene
(E)-Ocimene
o-Cymene (could be p-cymene)
Terpinolene
p-Cymenene
2,6-Dimethylocta-3,7-diene-2,6-diol
(Z)-Linalool oxide (furanoid)
Linalool
Pinocarvone
α-Terpineol
endo-Borneol
Carvone
Myrtenol
(E,E)-2,6-Dimethylocta-3,5,7-triene-2ol
(Z)-p-Mentha-6,8-dien-2-ol
p-Cymen-8-ol
(Z)-p-mentha-1(7),8-dien-2-ol
2,6-Dimethylocta-1,7-diene-3,6-diol
Carvacrol
Sesquiterpenes
α-Copaene
β-Bourbonene
α-Bergamotene
(Z)-β-Caryophyllene
Caryophyllene
Humulene
Germacrene D
α-Muurolene
β-Caryophyllene oxide
Spathulenol
m/z: 204*,105,119,95,91,67
m/z: 204*, 105,43,91,53,55,72,79
m/z: 204*,105,119,93,120,91,92
m/z: 161, 43, 119, 41, 105
m/z: 204*,120,105,91,161,79,93
m/z: 204*,105,161,91,109,119,81
m/z: 204*,91,105,93,107,79,119
m/z: 204*,105,161,119,77,136

Monoterpene
Monoterpene
Monoterpene
Monoterpene
Monoterpene
Monoterpene
Monoterpene
Monoterpene
Monoterpene
Monoterpene
Monoterpene
Monoterpene
Monoterpene
Monoterpene
Monoterpene
Monoterpene
Monoterpene
Monoterpene
Monoterpene

1158
1188
1213
1234
1240
1248
1261
1262
1272
1284
1423
1437
1449
1525
1562
1692
1700
1744
1809

6.528
7.54
8.16
8.609
8.731
8.894
9.141
9.162
9.344
9.549
11.569
11.757
11.903
12.809
13.227
14.618
14.698
15.136
15.781

Monoterpene
Monoterpene
Monoterpene
Monoterpene
Monoterpene
Monoterpene

1817
1849
1867
1910
2166
2257

15.86
16.165
16.336
16.744
19.11
19.939

Sesquiterpene
Sesquiterpene
Sesquiterpene
Sesquiterpene
Sesquiterpene
Sesquiterpene
Sesquiterpene
Sesquiterpene
Sesquiterpene
Sesquiterpene
Unknown sesquiterpene
Unknown sesquiterpene
Unknown sesquiterpene
Unknown sesquiterpene
Unknown sesquiterpene
Unknown sesquiterpene
Unknown sesquiterpene
Unknown sesquiterpene

1471
1506
1571
1571
1587
1666
1710
1723
2031
2172
1438
1455
1466
1479
1568
1588
1607
1632

12.177
12.592
13.324
13.333
13.5
14.348
14.798
14.925
17.873
19.167
11.769
11.974
12.114
12.266
13.299
13.519
13.717
13.991
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m/z: 204*,91,93,105,107,79
m/z: 204*,92,91,55,83,105,70
m/z: 204*,91,93,105,79,119,107
m/z: 204*,91,43,93,119,84,82
m/z: 204*,105,91,93,119,121,122
m/z: 204*,136,121,91,43,105,93
m/z: 204*,91,119,55,105,41,161
m/z: 204*,91,105,119,161,93,79
m/z: 220*,91,109,93,79,107,159
Irregular terpenes
6-Methyl-5-hepten-2-ol
Sabina ketone
Geranyl acetone
Miscellaneous cyclic compounds
2-Pentylfuran
2-Furfural
5,5-Dimethyl-2(5H)-furanone
Dihydro-5-methyl-2(3H)-furanone
Butyrolactone
4-Hexanolide
δ-Hexalactone
γ-Heptalactone
4-Octanolide
γ-Nonalactone
Indole
Unknowns
m/z: 106, 91, 43, 55, 71
m/z: 43,67,41,57,68,86
m/z: 150*,69,41,81,79,82,53
m/z: 128*,43,99,55,112,70,71
m/z: 56,55,70,57,69,43
m/z: 136*,121,91,105,79,119,55
m/z: 95,43,82,109,67,111
m/z: 43,57,98,55,58,71
m/z: 53, 47, 71, 41, 55, 81
m/z: 43,80,79,39,41,77,81

Unknown sesquiterpene
Unknown sesquiterpene
Unknown sesquiterpene
Unknown sesquiterpene
Unknown sesquiterpene
Unknown sesquiterpene
Unknown sesquiterpene
Unknown sesquiterpene
Unknown Sesquiterpene

1646
1654
1664
1683
1689
1701
1758
1772
2198

14.141
14.224
14.32
14.52
14.583
14.705
15.282
15.415
19.403

Irregular terpene
Irregular terpene
Irregular terpene

1437
1634
1873

11.748
14.007
16.397

1254

9.016

1451

11.924

1606

13.711

1614

13.801

1637

14.038

1717

14.873

1824

15.921

1830

15.985

1955

17.167

2079

18.319

2486

22.058

1192
1239
1303
1304
1353
1359
1401
1406
1413
1416

7.653
8.723
9.86
9.87
10.617
10.701
11.289
11.352
11.439
11.478

Miscellaneous cyclic
compound
Miscellaneous cyclic
compound
Miscellaneous cyclic
compound
Miscellaneous cyclic
compound
Miscellaneous cyclic
compound
Miscellaneous cyclic
compound
Miscellaneous cyclic
compound
Miscellaneous cyclic
compound
Miscellaneous cyclic
compound
Miscellaneous cyclic
compound
Nitrogen-containing
compound
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
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m/z: 56,57,55,70,41,69,43
m/z: 81,110,39,53,41,57
m/z: 79,110,95,77,94,67
m/z: 43, 71, 112, 41, 27
m/z: 123*,57,82,67,43,81,41
m/z: 41, 55, 43, 57, 82, 71
mz: 99,43,57,71,100,42,55
m/z: 83, 55, 81, 95, 41
m/z: 112*,83,55,57,84
m/z: 41, 43, 57, 55, 71
m/z: 97,43,69,42,45,41
m/z: 55,83,97,69,41,57,56
m/z: 42,41,56,86,39,43
m/z: 43,55,58,71,95,85,99
m/z: 43,95,58,71,55,85,41
m/z: 126*,111,55,67,43,98,71,83
m/z: 82,81,43,54,39,55,53
m/z: 117*,91,90,43,89,65,118
m/z: 98*,43,55,41,39,70
m/z: 96,43,95,67,68,81
m/z: 134*,119,91,65,120,92,98
m/z: 71,43,99,41,59,53
m/z: 119, 43, 109, 143, 91
m/z: 85, 57, 41, 29, 43
m/z: 57,85,39,41,43,55,31
m/z: 99, 43, 71, 87, 114
m/z: 55,81,82,41,67,79
m/z: 74, 87, 41, 43, 55
m/z: 43, 95, 67, 55, 41, 107
m/z: 126*,98,55,83,11,84,43
m/z: 55,43,41,57,82,96
m/z: 43, 58, 71, 57, 59, 41
m/z: 133,91,43,148,105,79
m/z: 136,91,79,93,41,69
m/z: 93,91,105,107,109,95
m/z: 83,97,57,55,69,43

Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

1431
1450
1450
1554
1556
1559
1570
1577
1592
1604
1616
1633
1635
1670
1674
1675
1679
1680
1731
1757
1796
1811
1815
1998
2000
2016
2045
2057
2099
2140
2163
2167
2285
2350
2382
2594

11.671
11.912
11.919
13.141
13.158
13.196
13.322
13.391
13.559
13.691
13.817
14.002
14.026
14.391
14.424
14.443
14.482
14.49
15.005
15.265
15.654
15.798
15.842
17.568
17.584
17.733
18.002
18.109
18.5
18.871
19.084
19.116
20.196
20.789
21.084
23.09
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Appendix III

Table Aiii.1: Volatile organic compounds contributing to the first ~90 % of average Bray–
Curtis similarity between headspace scent samples collected from preferred and avoided plant
species (from SIMPER analysis). Compounds are listed in decreasing order of % contribution.
Dissimilarity/SD indicates differences between preference groups. Larger Dissimilarity/SD
values indicate a larger percent dissimilarity across groups. Contribution % indicates the
overall percentage of dissimilarity that each group contributes to the overall dissimilarity.
Unknown VOCs are presented with the molecular mass ﬁrst (if known) indicated by a *
followed by the base peak and remaining fragments in decreasing order of abundance.

Volatile organic compounds
(E)-Ocimene
(Z)-Hex-3-en-1-yl acetate
(Z)-Ocimene
Caryophyllene
Limonene
β-Pinene
α-Pinene
Benzaldehyde
(Z)-Hex-3-en-1-ol
Dihydro-5-methyl-2(3H)-furanone
Linalool
p-Cymenene
Phenylethyl alcohol
4-Hexanolide
Hexyl acetate
mz: 99,43,57,71,100,42,55
Benzyl alcohol
4-Octanolide
Hexanoic acid
Methyl salicylate

Preferred
mean
abundance
1.08
2.07
0.55
0.94
0.39
0.17
0.22
1.25
0.55
0.65
0.72
0
0.67
0.68
0.62
0.56
1.01
0.34
0.12
0.58

Avoided
mean
abundance
1.27
1.61
0.76
0.76
0.93
0.82
0.66
0.95
0.44
0.51
0.52
0.68
0.78
0.54
0.24
0.46
0.95
0.55
0.57
0.53

Dissimilarity/SD

Contribution
%

1.16
1.2
0.98
1.14
1.21
1.11
0.7
1.1
0.86
1.09
1.16
0.93
1.18
1.07
1
1.11
1.08
1.11
0.92
1.25

2.91
2.67
2.43
2.43
2.23
2.19
2
1.98
1.9
1.84
1.82
1.8
1.78
1.76
1.73
1.63
1.6
1.48
1.46
1.43
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Sabinene
Octanoic acid
p-Cresol
m/z: 150*,69,41,81,79,82,53
p-Cymen-8-ol
Decan-2-one
γ-Terpinene
β-Bourbonene
γ-Heptalactone
Humulene
m/z: 126*,98,55,83,11,84,43
Terpinolene
γ-Nonalactone
Pentanoic acid
o-Cymene
Hexane-2,5-dione
Nonanol
Undecan-2-one
δ-Hexalactone
β-Caryophyllene oxide
2-Hydroxybenzaldehyde
(E)-Oct-2-enal
(Z)-Hex-en-1-yl butyrate
p-Methoxystyrene
(E)-Hex-2-enal
Nonanoic acid
m/z: 134*,119,91,65,120,92,98
1-Heptanol
Guaiacol
6-Methylheptan-2-one
Decanal
Myrtenol
5,5-Dimethyl-2(5H)-furanone
m/z: 204*,91,105,93,107,79,119
4-Methylpentanoic acid
α-Terpineol
Methyl caproate
m/z: 117*,91,90,43,89,65,118
Eucalyptol
α-Muurolene
m/z: 74, 87, 41, 43, 55
m/z: 204*,91,119,55,105,41,161
m/z: 204*,91,43,93,119,84,82
m/z: 43,80,79,39,41,77,81
m/z: 204*,91,93,105,107,79

0.17
0.11
0.31
0.36
0
0.21
0.23
0.37
0.43
0.19
0
0.04
0.28
0.07
0
0.12
0
0
0.25
0.09
0.14
0.19
0.15
0
0.15
0.08
0.08
0.03
0.26
0
0.22
0
0.06
0
0
0
0
0.09
0.02
0.07
0
0
0
0.19
0.02

0.35
0.48
0.44
0.25
0.45
0.31
0.24
0.15
0
0.29
0.36
0.35
0.26
0.3
0.4
0.26
0.33
0.33
0.1
0.27
0.16
0.12
0.18
0.22
0.13
0.22
0.2
0.19
0
0.26
0.07
0.28
0.21
0.29
0.25
0.28
0.27
0.19
0.22
0.21
0.24
0.24
0.26
0.04
0.24

0.51
0.77
1.2
0.83
0.84
0.74
0.6
0.87
0.73
0.76
0.73
0.53
0.89
0.68
0.49
0.58
0.61
0.5
0.64
0.82
0.55
0.51
0.59
0.47
0.42
0.52
0.69
0.46
0.61
0.5
0.51
0.75
0.55
0.5
0.5
0.72
0.49
0.62
0.41
0.69
0.45
0.71
0.58
0.55
0.51

1.28
1.24
1.23
1.17
1.15
1.09
1.05
1.04
1.03
1.03
0.99
0.98
0.97
0.9
0.89
0.88
0.81
0.8
0.8
0.77
0.75
0.7
0.7
0.7
0.67
0.66
0.66
0.65
0.65
0.64
0.63
0.63
0.62
0.62
0.62
0.62
0.6
0.6
0.6
0.59
0.58
0.57
0.57
0.56
0.54

146
m/z: 43,57,98,55,58,71
(Z)-Hex-3-en-1-yl isovalerate
m/z: 96,43,95,67,68,81
Pinocarvone
(Z)-Dec-2-enal
m/z: 204*,92,91,55,83,105,70
Decanol
m/z: 55,83,97,69,41,57,56
m/z: 82,81,43,54,39,55,53
m/z: 43,55,58,71,95,85,99
6-Methyl-5-hepten-2-ol
Ethyl 4-ethoxybenzoate
m/z: 43,67,41,57,68,86
Geranyl acetone
m/z: 204*,91,93,105,79,119,107
Decanoic acid
Amyl acetate
α-Bergamotene
Dodecan-2-one
m/z: 204*,105,119,93,120,91,92
m/z: 79,110,95,77,94,67
m-Cresol
Germacrene D
α-Copaene
m/z: 204*,105,161,91,109,119,81
(Z)-Hex-3-en-1-yl propanoate
endo-Borneol
Benzyl acetate
3,5-Dimethyloctan-2-one
Dodecane
Decane
m/z: 43,95,58,71,55,85,41
m/z: 41, 43, 57, 55, 71
m/z: 95,43,82,109,67,111
(Z)-β-Caryophyllene
Oct-7-enoic acid
Octan-2-ol
Undecane
m/z: 43, 95, 67, 55, 41, 107

0
0.07
0.22
0
0.2
0
0
0.19
0.19
0.2
0.19
0.19
0.17
0.17
0
0
0.17
0
0
0.03
0
0
0.04
0.06
0
0
0
0.15
0
0
0
0.02
0.13
0.13
0.05
0
0
0
0.12

0.17
0.17
0
0.23
0
0.21
0.19
0
0
0
0
0
0
0
0.2
0.17
0
0.13
0.16
0.15
0.14
0.12
0.11
0.11
0.16
0.13
0.16
0
0.14
0.14
0.14
0.09
0
0
0.06
0.12
0.11
0.12
0

0.44
0.58
0.38
0.49
0.56
0.47
0.5
0.6
0.42
0.53
0.36
0.58
0.31
0.57
0.48
0.45
0.34
0.42
0.46
0.5
0.62
0.42
0.45
0.37
0.5
0.42
0.49
0.41
0.38
0.37
0.36
0.39
0.29
0.32
0.43
0.42
0.45
0.36
0.37

0.53
0.53
0.52
0.51
0.49
0.47
0.47
0.46
0.46
0.46
0.44
0.44
0.43
0.43
0.42
0.42
0.4
0.39
0.38
0.38
0.37
0.37
0.37
0.36
0.36
0.35
0.34
0.34
0.34
0.33
0.32
0.32
0.31
0.3
0.29
0.29
0.29
0.29
0.29

