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based framework
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The viability of large herbivore populations in the face of climate change,
environmental variability, disease and predation will be determined by their
freedom to assess and respond to these factors through access to a range of
functional seasonal resources and habitats. Their responses will be contingent upon
various organismal traits, such as body size, mouth and digestive anatomy, which
also facilitate coexistence among sympatric species. In this paper we develop a
functional adaptive forage resource framework based on plant biomass, quality and
phenology responses on ecological productivity gradients. We show how large
herbivores coexist and respond to environmental variability, disease and predation
by their foraging responses in relation to functional adaptive resources, as mediated
by their anatomical traits. Below a critical body size, where predation limits
population size, large herbivores adopt a variety of predation avoidance strategies,
which are linked to their anatomical traits and foraging strategies. Mouth anatomy,
and its interaction with body size, appears to be the major anatomical trait
determining large herbivore selection for grass height. Body size is the major trait
determining vulnerability to predators. Ecological productivity gradients underlain by
variation in soil moisture availability over the annual cycle support high quality forage
in the least productive (driest) regions, which promote growth and reproduction (a
fecundity resource). Reserves of adequate quality forage in moderate productivity
regions and buffers of low-quality forage in wetter and more productive regions of
the gradient prevent loss of body stores over the dry season and starvation during
droughts. Fire and grazing contribute towards providing high quality forage by
removing old, low-quality material and preventing forage maturation. Consuming a
high diversity of plant species distributed across ecological gradients promotes
phytochemical diversity in the diet, which functions as medicinal resources to
promote health while combating disease and parasites. Large herbivores are
becoming increasingly restricted by ecosystem fragmentation in their access to
the full range of these functional resource classes. The negative consequences for
large herbivore populations of reduced access to these resource classes is
compounded by climate change, where conditions are hotter and drought
frequency and intensity is expected to be higher.
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Introduction

For large herbivore populations to persist, they must meet needs
through each stage of the annual cycle during favourable years,
while minimising loss of body stores in adverse years (Parker et al.,
2009). Large herbivores must cope with seasonal and inter-annual
variation in plant growth and hence in the quantity and quality of
food resources, dependent largely on rainfall in savannah
ecosystems (Sinclair, 1975; Ellis and Swift, 1988; Owen-smith,
2008), in contrast to temperature at higher latitudes (Mysterud
et al,, 2001). Temporal variation in resources may be counteracted
by exploiting spatial heterogeneity (Scoones, 1995; Owen-Smith,
2002; Owen-Smith, 2004; Fryxell et al.,, 2005; Stokes et al., 2006;
Hobbs et al., 2008; Prins and van Langevelde, 2008), but only if
animals can access key components of this heterogeneity.
Environmental patchiness or spatial heterogeneity has long been
recognised as a key mechanism facilitating access to resources and
an optimal diet (MacArthur and Pianka, 1966). Environmental
patchiness becomes critical for the survival of a species when
different patches provide different non-substitutable resources
(Hobbs et al., 2008). For example, moose (Alces alces) in Isle
Royale National Park, Michigan, obtain sufficient essential
sodium intake (Kaspari, 2020) in one specialised habitat
(wetlands), while they maximise their energy intake in woodland
habitats (Belovsky, 1978). Adaptive foraging and access to essential
non-substitutable resources is facilitated by freedom of movement
across broad heterogenous landscapes or ecological gradients
supporting diverse functional forage resources (Belovsky, 1978;
Senft et al., 1987; Scoones, 1995; Fryxell et al., 2005; Stokes et al.,
2006; Hobbs et al., 2008).

Ecological productivity gradients, such as rainfall or
hydrological gradients, that influence the spatial distribution of
soil nutrients, forage biomass, quality and phenological patterns
across the annual cycle determine the distribution of functional
seasonal forage resources (McNaughton, 1985; Murray, 1995;
Hopcraft et al., 2010; Fynn et al., 2014; Sianga and Fynn, 2017;
Keemekae, 2022). In turn, the distribution of these various forage
resources influences large herbivore seasonal movements and
facilitates adaptive foraging responses to seasonal and inter-
annual variability in forage biomass and quality (Bell, 1970;
Maddock, 1979; Hopcraft et al., 2010; Fynn et al., 2015). For
example, the wetter and higher productivity regions of ecological
gradients, such as in high-rainfall areas or in wetlands, support
more reliable, adequate-quality (green) forage during the dry season
where plant growth ceases and forage becomes scarce and of low
quality in drier regions of the gradient (Vesey-FitzGerald, 1960;
Sheppe and Osborne, 1971; Acres et al., 1985; McNaughton, 1985;
Fryxell and Sinclair, 1988; Pamo, 1998; Kamweneshe, 2000; Scholte
and Brouwer, 2008; Fynn et al., 2014; Fynn et al., 2015). A reserve of
adequate-quality forage during the dry season is, therefore, essential
for reducing loss of body stores of large herbivores and even
population collapse during droughts (Illius and O’Connor, 2000;
Owen-Smith, 2004). The drier and less productive regions of
ecological gradients support shorter and more digestible and
nutritious forage (McNaughton, 1985; Fryxell and Sinclair, 1988;
Murray, 1995; Hopcraft et al.,, 2010; Fynn et al., 2014), which is
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essential for growth and reproduction (White, 1983; Gordon, 1988;
Owen-Smith, 1990; Gaillard et al., 2000; Person et al., 2003;
Pettorelli et al.,, 2003; Cook et al., 2004; Owen-Smith, 2004;
Parker et al., 2009).

Consequently, for large herbivores to assess and respond to
seasonal and inter-annual variability of forage quantity and quality,
as well as to variability in their own resource needs, influenced by
seasons of growth and reproduction, they need to be able to move
across ecological gradients to access functional heterogeneity in
forage resources (Owen-Smith, 2004; Hopcraft et al., 2010). Climate
change is expected to increase temperatures and environmental
variability, especially the frequency and intensity of droughts (Cai
et al., 2014; Engelbrecht et al., 2015). Higher temperatures will
increase disparity between rainfall and evapotranspiration leading
to shorter growing seasons and thereby a shorter duration of green
forage for large herbivores; this will likely make it more difficult for
large herbivores to meet their nutritional requirements over the
annual cycle (Ogutu and Owen-Smith, 2003). The range of different
forage resources with distinct functional roles that enable
adaptation to environmental variability and climate change is
more nuanced and diverse than the simple dichotomy of wet and
dry season forage resources.

Thus, knowledge of the full range and function of various forage
resource classes and how they are distributed on ecological
gradients is essential for understanding how large herbivores
assess and respond to seasonal and inter-annual variability in
forage quantity and quality, as well as to climate change. Such an
understanding will play a key role in planning for the effects of
climate change and in designing protected areas (PAs). Anatomical
traits of herbivores, such as body size and mouth anatomy, can
strongly influence how various large herbivore species perceive the
functionality of different types of forage resources. Body size is
considered a key trait influencing niche differentiation along forage
quality gradients (Owen-Smith, 1988; Hopcraft et al., 2010). While
body size does not appear to influence mean retention time of forage
and digestive efficiency (Miiller et al., 2013; Steuer et al., 2014), there
are several mechanisms through which larger bodied herbivores can
be more tolerant of lower quality forage. First, larger body size may
promote greater ability to handle and process low-quality forage
(Steuer et al.,, 2014). Second, larger body size may allow greater
forage intake relative to basal metabolism, allowing large-bodied
herbivores to survive better on lower quality forage (Miiller et al.,
2013). Another key factor that may promote coexistence of large
herbivores on forage quality gradients is that with low quality
forage, where lignin content is high, a longer retention time of
forage in the gut will not be as advantageous for nutrient extraction
than having a higher intake rate of forage (Miiller et al., 2013).
Therefore, hindgut fermenters are likely to be more tolerant of low-
quality forage than ruminants because their intake and passage rates
of low-quality forage is greater than that of ruminants (Miiller et al.,
2013). Body size also influences predation risk with population size
of very large-bodied herbivores (buffalo and upwards) being
unconstrained by predation (Sinclair et al., 2003; Hopcraft
et al., 2012).

Perhaps of greater significance than body size for coexistence on
forage quality gradients is mouth anatomy, which influences intake
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rates of forage in different grassland structural states where broad-
mouthed grazers can achieve sufficient bite size to meet intake
requirements in short grassland with the reverse being true for
narrow-mouthed grazers in taller grassland (Murray and Illius,
20005 Arsenault and Owen-Smith, 2008). Finally, adaptive resilience
in large herbivore populations will be determined by their ability to
assess and respond to predation risk, which if compromised by
anthropogenic effects, can cause the collapse of herbivore
populations (Bergerud and Elliot, 1986; Harrington et al., 1999;
Rettie and Messier, 2000; Wittmer et al., 2005). Understanding how
forage resource classes and anatomical traits are related to predation
risk is essential for understanding the adaptive foraging strategies of
large herbivores and how these may by disrupted by anthropogenic
effects. The anatomical traits of large herbivores, therefore, provides
a mechanism for coexistence by facilitating partitioning of forage
resources, as well as affecting predation avoidance strategies.
Another important concept not yet integrated into our
understanding of functional heterogeneity of forage resources and
adaptive foraging strategies is the concept of medicinal resources. Most
discussion has centred around energy and protein in forage and
predation risk as drivers of adaptive foraging movements (e.g. Parker
et al., 2009; Hopcraft et al.,, 2010). Wild herbivores face the same
challenges from internal parasites, ticks and disease as domestic ones,
whose populations in confinement are maintained through veterinary
inputs in the form of synthetic drugs and antibiotics (Acha and
Melendez, 1983). However, when domestic herbivores have access to
high plant and phytochemical diversity (secondary metabolites) across
broad landscapes, they have much less need for veterinary inputs (see
Provenza etal., 2003; Villalba et al., 2006; Provenza et al., 2007; Villalba
and Provenza, 2007; Provenza and Villalba, 2010; Gessner et al., 2017;
Villalba et al., 2017; Provenza, 2018). It follows, therefore, that with
wild herbivores having no access to veterinary interventions, their
populations, together with genetic adaptation to disease through
natural selection, must rely on plant secondary metabolites to
remain healthy and productive. In this light, we suggest that various
medicinal resources in the form of a diverse array of plant secondary
metabolites (phytochemical diversity) represents an essential aspect of

Large herbivore adaptive decision making
of and

[
\

to forage resource
availability, disease, parasites and predation risk)

10.3389/fcosc.2023.1133329

functional resource heterogeneity for large herbivores but is yet to be
appropriately integrated into a foraging ecology framework.

In summary, for large herbivores to maintain viable populations
and to coexist with other sympatric large herbivore species requires
assessment of and response to various abiotic and biotic factors,
with responses being mediated by various contingency factors
(Figure 1). In this paper, we synthesise and describe the nature
and interactions of the various components of Figure 1. While
functional forage resource classes have been developed for African
browsers (Owen-Smith, 2002), a similar framework for African
grazers is lacking, especially in understanding how these resources
are distributed on ecological productivity gradients. Moreover,
while much attention has been given to body size as a key
anatomical trait of large herbivores affecting foraging and anti-
predation strategies, much less attention has been given to mouth
anatomical traits. Understanding is needed on the link between
mouth anatomy and foraging strategies and how these determine
anti-predation strategies. Thus, there is a gap in our understanding
of the biotic component of Figure 1 and how it relates to the abiotic
and contingency components. We, therefore, focus on developing
an understanding of the range of functional forage resource classes
that large herbivore grazers in African savannas require to respond
to environmental variability and disease and how these resources
are distributed on ecological gradients. In addition, we show how
large herbivore anatomical traits influence their perceptions of the
functionality of these forage resources and how this influences
predation avoidance strategies and overall species coexistence.

Functional adaptive resources and
their distribution on ecological
gradients

Decades of detailed observations on diet selection by kudu
Tragelaphus strepsiceros and several other browser species enabled
linking of the physical and chemical traits of plants to key adaptive

Large herbivore population

productivity and coexistence
\ J

—

Large herbivore anatomical traits
Body size and mouth anatomy effects

on vulnerability to predation and
predation avoidance strategy

on selection for grassland structure and |Contingency factors

Seasonal and interannual effects
Forage quantity and qualityvariation,
as well as growth and reproductive
demands. Also, parasiteand disease
outbreaks

g

Functional adaptive resources
Nutritional resources and medicinal resources

] Biotic drivers

[ Predation risk ]

>

Habitat productivity
Rainfall, topographicand hydrological gradients

[

] Abiotic drivers

Distance to water/Soil factors
Animal numbers and grazing intensity

Visibility and predator densities

FIGURE 1

Conceptual model of the factors influencing large herbivore population productivity and coexistence among species.
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foraging strategies over the annual cycle (Owen-Smith et al., 1983;
Owen-Smith and Cooper, 1987; Cooper et al., 1988; Owen-Smith
and Cooper, 1989; Owen-Smith, 1994). This enabled empirical
analysis and modelling of the influence of different forage
resource classes on population dynamics (Owen-Smith, 1990;
Owen-Smith, 2002, p 255). For browsers, key plant traits
determining seasonal adaptive foraging were protein content -
condensed tannin ratios (nutrient supply vs. chemical defences),
physical defences (thorns) and seasonal availability of forage
determined by phenological traits (see Owen-Smith et al., 1983;
Owen-Smith and Cooper, 1987; Cooper et al., 1988; Owen-Smith
and Cooper, 1989; Owen-Smith, 1994). Linking these plant traits to
adaptive foraging strategies was achieved by developing six generic
functional resource classes (Owen-Smith, 2002, p 255): high-quality
resources as soft leaves and stems of digestible, protein-rich forbs;
restricted-intake resources, such as protein-rich leaves of thorny
species, where thorns limit intake; staple resources as leaves of
palatable deciduous species that provide a more reliable intake of
relatively protein-rich forage, low in tannins; reserve resources as
leaves of palatable evergreens that provide adequate-quality forage
during the dry season when more preferred forages are depleted;
transient bridging resources as palatable emerging (unpalatable
when mature), relatively protein-rich leaves on unpalatable
deciduous trees during the late dry season; and low-quality buffer
resources as leaves of unpalatable evergreens. Generic functional
resource’s enable browsers to meet requirements for growth and
reproduction, while minimising body store depletion during the
dry season.

Building on the generic functional resource concept we develop
a forage resource — ecological gradient framework for grazers in
African savannas, which we refer to as functional adaptive resources

10.3389/fcosc.2023.1133329

(FARs). We propose seven FAR classes in African grazing
ecosystems that are distributed across soil moisture (Figure 2)
and disturbance (Figure 3) gradients.

Saline fecundity resource

Large herbivores must assess and respond not only to variable
forage quantity and quality over the annual cycle but also to
variation in their requirements for energy, protein and minerals,
which become greatly elevated during the season of growth and
reproduction (Murray, 1995; Parker et al., 2009; Augustine et al.,
2011). A fecundity resource is most effective at meeting the elevated
energy and nutrient intake requirements required to enable optimal
growth and reproduction (fecundity) of large herbivore
populations. Demand for these resources peaks during the wet
season when large herbivores enter the final stages of foetus
development, drop calves, lactate and when new born calves must
grow rapidly. The probability of conception after calving is
determined by body condition at calving (Michael et al., 2019).
Conception rates, age at first conception, birth rates, calf growth
rates and calf survival are determined largely by the quality of forage
during the wet season (Belovsky, 1978; White, 1983; Gordon, 1988;
Owen-Smith, 1990; Gaillard et al., 2000; Person et al., 2003;
Pettorelli et al., 2003; Cook et al., 2004; Michael et al., 2019). For
example, a moose calf cannot survive without its mother’s milk as a
supplement if it does not reach a specific body weight in its first
season of growth, nor can a female moose produce a calf without
achieving a minimum body weight (Belovsky, 1978). Likewise, the
survival of kudu calves is determined by access to sufficient high-
quality forbs during the wet season (Owen-Smith, 1990). Thus,

i . Non-saline
Saline fecundity fecundity | Dry reserve
resource resource resource

Dryland-wetland contrasts (

Green
reserve
resource

FIGURE 2

Conceptual model of the distribution of functional adaptive resources (FARSs)

regional scale: 100-300 km)

Paleolakes, nutrient hotspots,
sodic sites in semi-arid regions

Grassland and savannah in
semi-arid regions (300-600mm)

Shallow - intermediate flooded
floodplain

Deep-flooded floodplain

Rainfall gradient (regional scale: 100-300 km)

Volcanic ash deposits, nutrient
hotspots, sodic sites in semi-
arid regions (300-600mm)

Grassland and savannah in
semi-arid regions (300-600mm)

Savannah and woodland
systems in mesic regions (700-
1000mm)

Savannah and woodland
systems in very-high-rainfall
regions (>1000mm)

Large rift valley systems (meso scale: 10-30 km)

Shallow soils on valley sides,
nutrient hotspots, sodic sites,
alkaline lake shore grasslands

Valley woodland and savannah
on intermediate soils in semi-
arid regions (300-600mm)

Lake shore grassland and
shallow - intermediate-flooded
riverine grassland

Deep-flooded sedgeland and
grassland zones in lakes, deep-
flooded riverine grassland

Toposequence/soil catena (lo

cal landscapescale: 1-5 km)

Very shallow soils and nutrient
hotspots on crests, sodic sites
in mid-slopes

Grassland and savannah on
intermediate soils in mid-
slopes

Productive grassland and riparian woodland on deep, poorly-
drained soil adjacent ephemeral and small perennial rivers

scales in African savannahs. Each FAR class is a functionally-distinct or non-substitutable resource.
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saline or non-saline
fecundity resource
(depending upon the
degree of soil salinity)

Dry reserve resource of
grasses avoided during the
wet season

Green reserve resource

Forage height and biomass

Forage digestibility, energy and nutrient content

FIGURE 3

Conceptual model of the distribution of functional adaptive
resources (FARs) along disturbance gradients of grazing intensity
and fire frequency.

herbivore populations without access to forage that is highly
digestible, with high concentrations of energy, protein and
minerals and of optimal height and bite size for their specific
body size and mouth anatomy, will be unproductive or even
decline (Owen-Smith, 2004; Parker et al., 2009).

Traditionally, a key resource has been considered as taller,
lower-quality dry season forage that prevents mass starvation and
population collapse during droughts, thereby maintaining the size
of large herbivore populations (Illius and O’Connor, 2000).
Considering, however, the critical effect that a fecundity resource
has on reproduction and calf survival, large herbivores cannot attain
a large population size without access to a fecundity resource (e.g.
Owen-Smith, 2004). A fecundity resource is also selected by large
herbivores because it is generally associated with low-predation risk,
such as short, open high-quality grassland for short grass grazers
(Hopcraft et al., 2012; Yoganand and Owen-Smith, 2014). Tall grass
grazers select taller grassland and woodland far from permanent
water where predator concentrations are low (Harrington et al,
1999; Hensman et al., 2013; Havemann et al., 2022). Calves are
generally the demographic stage most vulnerable to predation in
large herbivore populations (Gaillard et al., 2000), highlighting the
critical value of a fecundity resource having both high forage quality
and low predation risk (Gaillard et al., 2000). Loss of these
predation refuges can dramatically reduce the size of, or even
locally extirpate, large herbivore populations (Bergerud and Elliot,
1986; Harrington et al., 1999; Rettie and Messier, 2000; Wittmer
et al, 2005). Therefore, some propose the key resource concept
must be expanded to include the critical role that a fecundity
resource plays in determining population size through its effects
on reproduction rate, calf survival and predation risk (Yoganand
and Owen-Smith, 2014).

The primary functional aspect of a saline fecundity resource
(Figure 2) is the ability to provide above-reproductive level
requirements of essential minerals, such as Na, Ca, Mg, K and P.
Failure to attain these minerals in sufficient amounts in forage
results in poor or failed reproduction through conception failure,
poor foetus development and poor lactation (Belovsky, 1978;
Murray, 1995; Parker et al., 2009; Augustine et al., 2011;
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Velladurai et al., 2016; Kaspari, 2020). Sodium is a critical
limiting element for herbivores, regulating osmotic gradients in
cells, catalysing the use of N and P in metabolism, maintaining the
gut microbiome and helping to deal with tannins in forage (Kaspari,
2020). Of great significance for growth and reproduction, large
herbivores cannot use fresh high-quality forage if they don’t obtain
sufficient Na in their diet. This is because they cannot maintain
critical Na:K ratios in their cells without an additional source of Na
because Na:K ratios can be disrupted by fresh, high-quality forage,
which is often rich in K but low in Na (Kaspari, 2020). As a
consequence of these factors, the availability of Na in landscapes can
determine survival and abundance of large herbivores (Belovsky,
1978; Kaspari, 2020). Thus, the occurrence of habitats supporting
mineral-rich forage (saline sites) in the landscape forms a critical
part of functional heterogeneity for large herbivores in African
savannas (McNaughton, 1988; McNaughton, 1990; Murray, 1995;
McNaughton et al., 1997; Grant and Scholes, 2006; Prins and van
Langevelde, 2008; Anderson et al., 2010; Augustine et al., 2011;
Fynn et al,, 2014). A saline fecundity resource is generally found in
the least productive habitats constrained by soil-moisture stress
under saline conditions (Noy-Meir, 1973; Figures 2, 4).
Consequently, saline fecundity resources have the shortest
growing season of all FAR classes (Breman and De Wit, 1983;
McNaughton, 1985; Figure 4). In addition to low-rainfall, additional
factors are needed to concentrate minerals in soils to form saline
soils. Mechanisms through which minerals are concentrated in soils
include paleo-ecological, geomorphological and anthropogenic
inputs. These include, volcanic ash deposits (Sinclair, 1979),
evaporative concentration in endorheic paleolakes (Fynn et al,
2014; Figure 5A), downslope colluvial deposits (Grant and
Scholes, 2006), evapotranspiration and precipitation of salts on
islands in wetlands (McCarthy, 2006), and livestock and wildlife
dung accumulation to form nutrient hotspots (Muchiru et al., 2009;
Anderson et al., 2010; Augustine et al., 2011).

Non-saline fecundity resource

Forage quality declines rapidly with increasing height and
biomass because of decreasing digestibility and dilution of
nutrients by carbon (Jarrell and Beverley, 1981; Wilmshurst et al.,
2000; Owen-smith, 2008). Thus, regrowth of medium height grasses
in non-saline habitats, such as Themeda triandra or Digitaria
eriantha, after fire or grazing can provide digestible forage rich in
energy and protein to promote growth and reproduction (Van der
Vijver et al, 1999; Verweij et al, 2006; Anderson et al., 2007;
Sensenig et al., 2010; Voeten et al., 2010; Eby et al., 2014). This leafy
high-quality forage constitutes a non-saline fecundity resource
(Figures 2, 5B). Sedentary large herbivores, such as sable antelope
(Hippotragus niger), roan antelope (Hippotragus equinus) and
buffalo (Syncerus caffer) favour leafy medium height grasses in
woodlands during the wet season as non-saline fecundity
resources (Grobler, 1981; Taylor, 1985; Prins, 1996; Hensman
et al,, 2013; Bennitt et al.,, 2016; Sianga et al., 2017a). Short grass
grazers will select regrowth of these grasses soon after fire or grazing
but tall grass grazers only when leaves have exceeded a critical
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FIGURE 4

Relationship between annual rainfall and the number of growing
season days a year for sites across the Serengeti rainfall gradient
(adapted from McNaughton, 1985). Open circles, short grass sites;
closed circles, medium grass sites and crosses, tall grass sites. Each
resource class (FAR) occurs at progressively higher rainfall, enabling
increasing growing-season days per year. Variation in growing
season days at a given level of rainfall is likely due to topographic
effects on drainage and soil depth, which determine soil moisture
availability, hence overlap of resource classes on the rainfall
gradient. Note that year-round growth, as occurs in deep-flooded
zones of wetlands, only occurs at 1000 mm rainfall per annum (or
greater). Permission has been granted to the authors by the
publisher to reuse this figure published in Ecological Monographs
(McNaughton, 1985).

minimum height (Grobler, 1981). The absence of high soil salinity
results in non-saline fecundity resources being more productive and
having a longer growing season than saline fecundity resources
(Noy-Meir, 1973; Figure 4). In these regions, non-migratory large
herbivores obtain their mineral requirements by moving to local
saline habitats known as nutrient hotspots, as well as in sodic zones
(McNaughton, 1988; Grant and Scholes, 2006; Anderson et al.,
20105 Augustine et al.,, 2011). In northern Botswana, non-migratory
large herbivores obtain non-saline fecundity resources as leafy
medium height grasses in sandveld woodland (Hensman et al,
2013; Bennitt et al., 2016; Sianga et al., 2017a). It is likely that they
obtain their saline fecundity resources in adjacent patches of
stunted mopane woodland, which are highly saline (Dye and
Walker, 1980; Romanens et al., 2019). Because of their differences
in phenology and their different functional roles for large
herbivores, we distinguish between saline and non-saline
fecundity resources in our FAR framework (Figure 2).

Restricted intake resource

A restricted intake resource is forage that is too short to provide
sufficient fibre and sufficient bite size to allow optimal intake rates of
energy, protein and minerals by large herbivores. Thus, even though
its quality may be very high, a restricted intake resource will not be
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selected preferentially, though it may supplement taller forages of
lower quality (Belovsky, 1978; Prins, 1996). Restricted intake
resources occur in the most heavily grazed areas of landscapes,
and are dominated by short grass species tolerant of heavy grazing
(Hempson et al., 2015), hence their restricted nature (Figure 3).
Optimal height for maximum intake rates will depend on body size
and mouth anatomy (Murray and Illius, 2000; Wilmshurst et al.,
20005 Arsenault and Owen-Smith, 2008). Consequently, a grazing
lawn dominated by short grass species may be a fecundity resource
for wildebeest Connochaetes taurinus and gazelles but a restricted
intake resource for buffalo (e.g. Prins, 1996; Bhola et al.,, 2012;
Hopcraft et al, 2012). The analogy for browsers is the effect of
thorns reducing intake rate, where again differences in anatomical
traits, such as tongue anatomy, can result in kudu and giraffe Giraffa
camelopardalis perceiving Acacia spp. as a restricted intake and
fecundity resource, respectively (Owen-Smith, 2002). Restricted
intake resources promote a balanced diet as components of a
ranked sequence of forages whose biomass and quality are
inversely related (Owen-Smith and Novellie, 1982; Prins, 1996).
For example, during the dry season, buffalo cannot maximise
protein intake without eating a restricted intake resource of the
short grass, Cynodon dactylon. They also must forage in taller
sedgeland to obtain sufficient forage (Prins, 1996). Similarly,
moose cannot maximise energy intake without a diet that
combines a lower quality but higher intake component of leaves
of deciduous trees and a higher quality but lower intake component
of forbs (Belovsky, 1978). Several key points become apparent
regarding restricted intake resources: (1) they cannot maximize
intake of energy or protein when eaten in isolation, only when they
supplement a lower quality but higher intake resource and (2) they
cannot provide the fibre needed for a balanced diet, which can only
come from taller, lower quality forage.

Reserve resource

A reserve resource becomes important when more favoured
fecundity resources are depleted following cessation of rainfall.
Reserve resources have a longer growing season and are
intermediate in productivity (Figures 2, 4). For grazers, reserve
resources occur in regions of intermediate wetness/productivity on
ecological gradients. These regions include areas of intermediate
rainfall (e.g. Maddock, 1979; McNaughton, 1985) or intermediate
soil depth on midslopes (Bell, 1970; Owen-Smith, 1988) or shallow
to intermediate inundated floodplains (Fynn et al, 2015). In
addition, being less preferred forage, reserve resources occur in
light to moderately grazed parts of landscapes, which support taller
grasses and a reserve of forage (Figure 3). The functional basis of a
lower-quality but higher biomass reserve of forage for resource-
limited periods has been developed through models (Owen-Smith
and Novellie, 1982; Illius and O’Connor, 2000; Owen-Smith, 2002;
Owen-Smith, 2004), supported by empirical observations (Bell,
1970; Maddock, 1979; Owen-Smith and Cooper, 1987; Walker
et al., 1987; Owen-Smith and Cooper, 1989; Owen-Smith, 1994).

Dry reserve resources are less preferred, moderately digestible
grasses, growing in dryland habitats that do not remain green
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FIGURE 5

(A) Migratory zebra in their wet-season range on the Mababe Depression, Botswana, a saline paleolake system, supporting short highly nutritious
grasses, rich in energy, protein and minerals — a saline fecundity resource (photo credit, Amanda Stronza). For details on this ecosystem see Fynn
et al, 2014). (B) Buffalo grazing on high-quality regrowth during the wet season after prescribed fire in Kruger National Park, South Africa — a non-

saline fecundity resource (photo credit, Richard Fynn).

during the dry season (Figure 2). They enable large herbivores to
maintain intake of energy and protein when availability of fecundity
resources is insufficient to maintain required intake rates, especially
during the dry season. Dry reserve resources can also help to
provide a more balanced diet for large herbivores during the wet
season. In this case, the fecundity resources provide the bulk of the
energy and nutrient intake and the dry reserve resources provide the
fibre intake and gut fill (Prins, 1996). Thus, dry reserve resources
can make an important contribution to diet in both the wet and dry
season, and consequently can also be referred to as staple resources
(Owen-Smith, 2002, p255). Examples of dry reserve resources are
medium-height grasses of intermediate quality, such as T. triandra,
which dominates on midslopes (Bell, 1970) or in intermediate
rainfall regions (McNaughton, 1983; McNaughton, 1985). In
Serengeti National Park (SNP) wildebeest temporally move to
these mid-grass-dominated habitats during periods of low-rainfall
within the wet season or once rains have ceased at the
commencement of the dry season (Maddock, 1979). This same
movement pattern can be observed at a local landscape-scale with
non-migratory large herbivores on productivity gradients
determined by increasing soil depth down the catena in western
Serengeti (Bell, 1970). Use of T. triandra as a reserve forage during
the dry season is widespread across Africa for many species,
including warthog Phacochoerus aethiopicus, impala Aepyceros
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melampus, gazelles, wildebeest, zebra Equus quagga, buffalo and
white rhino Ceratotherium simum (Maddock, 1979; McNaughton,
1985; Owen-Smith, 1988; Venter and Watson, 2008; Kleynhans
et al., 2011). Reserves of forage as standing hay during the dry
season (a dry reserve resource) would be the major food source for
large herbivores in semi-arid savannas of PAs or cattle ranches,
where wetlands or high-rainfall regions (>1000mm annual rainfall)
are absent.

In addition to reserves of forage that dry out (senesce) during
the dry season, grasses and sedges growing in wetlands or in high-
rainfall regions, which remain green during the dry season
(Figures 6B, 7A), constitute an important reserve of green forage
for large herbivores (a green reserve resource). The protein and
energy content of forage drops dramatically as it dries and senesces
(Sinclair, 1975; Ellis and Swift, 1988; Owen-smith, 2008),
underscoring the value of green forage during the dry season.
Widely distributed medium and tall floodplain grasses, such as
Echinochloa spp., Panicum repens, Setaria sphacelata, Ischaemum
spp., Loudetia simplex, Leersia hexandra and a wide range of sedge
species, are characteristic of shallow- and intermediate-flooded
zones on African floodplains. These grasses form important
reserves of green forage for species such as wildebeest, zebra,
buffalo, kob (Kobus kob), lechwe (Kobus leche), warthog and
hippo over the early- and mid-dry season (see Fynn et al., 2015).
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of Wildlife Research (Fynn et al., 2014).

Green forage is available longer into the dry season with increasing
annual rainfall (Breman and De Wit, 1983; McNaughton, 1985) or
with increasing flood depth and duration (Vesey-FitzGerald, 1960;
Sheppe and Osborne, 1971; Tinley, 1977; Kamweneshe, 2000; Fynn
et al, 2015). Thus, large herbivores follow the receding floodwaters
towards the deeper flooded areas as the dry season progresses (Fynn
et al,, 2015; Keemekae, 2022). In moist riparian habitats with a
dense tree canopy, Panicum maximum remains green over the early
dry season and provides an important source of green forage for
several large herbivore species (Owen-Smith, 1988; Ben-Shahar,
1991; Kleynhans et al., 2011).

Buffer resource

At the wet end of rainfall- or flooding-induced productivity
gradients (Figure 2), where growth can be maintained all year
(Figures 4, 6), tall, robust grasses and sedges and reeds (Phragmites
spp.) may dominate. These robust plants, when mature, provide
forage that is too coarse and indigestible for use by large herbivores
in most years, so they receive the least grazing pressure (Figure 3).
In the event of a drought year, however, these coarse, high-biomass
species may provide the only available forage, which despite its low
quality, provides some energy and protein, thus reducing the rate of
use of body stores over the drought period. Ungrazed, low-quality
forage can buffer large herbivore populations against collapse
during extreme drought events (e.g. Walker et al., 1987;
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Macandza et al,, 2004); hence the term buffer resource (Owen-
Smith, 2002, p255 Figure 2) or key resource (Illius and
O’Connor, 2000).

Typical examples would be tall, coarse grasses such as
Hyparrhenia spp. and Loudetia kagerensis in the highest rainfall
regions of the Serengeti (1000-1200mm). These provide “...the last
reservoir of green forage available at the end of the dry season”
(McNaughton, 1985). The sedges of the Amboseli Swamps in Kenya
provided critical buffer resources during the drought of 1969,
supporting an estimated 75 000 kg of large herbivore biomass
km™? (Western, 1973). Grasses with high concentrations of
aromatic compounds, such as various Cymbopogon spp. and
Bothriochloa spp., are often ignored by large herbivores in years
with normal rainfall (e.g. McNaughton, 1983; Perrin and Brereton-
Stiles, 1999; Macandza et al., 2004), but are readily eaten in dry years
when more preferred forages have been depleted (e.g. Macandza
et al., 2004). When grasses and sedges are depleted during the dry
season and drought years, cattle, elephant and a variety of other
large herbivores, including wildebeest, increase intake of browse
(Hensman et al., 2012; Selebatso et al., 2018; Weeber et al., 2020).
Browse is forage at the wet end of moisture gradients because trees
with their deep root systems can access the water table during the
dry season, thereby providing green forage in drylands when grasses
have dried out. The key difference between reserve and buffer
resources is whether they are eaten every dry season (reserve) or
only during drought years (buffer). The differentiation of reserve
and buffer resources is determined by habitat productivity effects on
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FIGURE 7

(A) Buffalo foraging on medium-height green forage on floodplains
of the Savuti Channel, Botswana during the late dry season — a
green reserve resource (photo credit, Richard Fynn). (B) Zebra and
cattle on floodplains of the Okavango Delta, Botswana benefiting
from fresh regrowth after fire during the late dry season — a bridging
resource (photo credit, Richard Fynn). The late dry season is the
hottest and driest time of the year in African savannahs with at least
four to five months since the end of the rains, hence forage quantity
and quality in drylands has reached its lowest levels. In this context,
access to green reserve resources and bridging resources is
exceptionally important for maintaining energy and protein intake
during the late dry season.

the biomass and quality of forage or by species-specific effects on the
concentration of aromatic compounds (phytochemicals).

Bridging resource

A bridging resource (Owen-Smith, 2002, p243, 344) provides a
critical ‘steppingstone’ of relatively energy- and protein-rich forage
across seasonal periods of resource scarcity (late dry season).
Without access to bridging resources in the late dry season large
herbivores may suffer declining body stores (Owen-Smith and
Cooper, 1989; Owen-Smith, 2002, p344; Parrini and Owen-Smith,
2010). In addition, bridging resources may play a critical role in
enabling pregnant females to meet their rapidly increasing energy
and protein intake requirements as their foetus enters its final
months of development before the rains arrive (Taylor, 1985). Thus,
a bridging resource substitutes for a fecundity resource at the end of
the dry season when fecundity resources are dry and depleted and
nutritional and heat stress for large herbivores is at its highest (in
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dryland savannas lacking bridging resources). Consequently, apart
from its importance for preventing loss of body condition, a
bridging resource is a critical resource for ensuring optimal foetus
development and ultimately high birth rates and high calf size at
birth. Calf size at birth determines calf survival and sets the stage for
maximum reproductive output over the lifetime of female calves
(Michael et al., 2019). To meet elevated energy and protein
demands, a bridging resource must be relatively digestible and
rich in energy and protein (Figures 7B, 8). During the late dry
season, bridging resources are provided by fresh regrowth of grasses
and sedges after fire or grazing in habitats at the wet end of
ecological productivity gradients (Figures 2), such as wetlands or
very high rainfall areas (Vesey-FitzGerald, 1960; Breman and De
Wit, 1983; McNaughton, 1985; Parrini and Owen-Smith, 2010;
Fynn et al., 2015; Figure 7B).

For example, regrowth of Panicum repens resulted in a positive
protein balance for buffalo during the hottest and most resource
limited time of the annual cycle in lake shore grasslands after flood
recession and warming during the late dry season in Matusadona
National Park, Zimbabwe, (Taylor, 1985; Figure 8). Thus, while
large herbivores in dryland savanna regions during the late dry
season are generally failing to meet even baseline maintenance
requirements for energy and protein (e.g. Sinclair, 1975), these
buffalo were exceeding the elevated requirements for a pregnant
female carrying a rapidly developing foetus (Figure 8). In addition
to the production of bridging resources in wetland habitats, high-
rainfall regions (>900 mm m.a.p.) also have sufficient soil moisture
during the late dry season to support bridging resources. For
example, in the high rainfall regions of the Serengeti/Mara system
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FIGURE 8

Estimated protein requirements for buffalo relative to estimated
protein intake in Matusadonna National Park, Zimbabwe (adapted
from Taylor, 1985). As the lake level drops during the late dry season
(September to mid-November), which is the hottest and most
resource limited time of the annual cycle, the lake shore grasslands
become exposed allowing new growth of Panicum repens, thereby
forming a bridging resource that elevated protein intake by buffalo
well above requirements (grey shaded area). Open circles, estimated
protein requirements; closed circles, estimated protein intake. Dr
Russell Taylor has granted permission to the authors to reuse this
figure from his PhD thesis (Taylor, 1985).
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up to 40% of annual rainfall may occur during the dry season,
stimulating regrowth after grazing or fire (McNaughton, 1985).

Medicinal resources

Historically, ecologists and agronomists focused on the negative
effects of secondary compounds on large herbivores. They were
viewed as digestion inhibitors and toxins that set limits on the
amount of forage and animal could consume (Rhoades, 1979).
Thus, agronomists selected against secondary compounds in the
forage varieties they developed, rather than considering the
importance of diverse arrays of plant species and secondary
compounds in promoting health (Freeland and Janzen, 1974). As
a result, we little appreciate how herbivores might benefit from
secondary compounds, and we know little about their roles in the
movement patterns that emerge as wild or domesticated herbivores
forage on different plant species across landscapes.

As case in point, tannins, once notorious for their adverse effects
on herbivores (Rhoades, 1979), are increasingly recognised as
important in health (Min et al, 2003). Eating plants high in
tannins is a way for herbivores to reduce internal parasites (Min
and Hart, 2003). Tannins also alleviate bloat by binding to proteins
in the rumen (Waghorn, 1990; Tanner et al., 1995; Min et al., 2006).
By making protein unavailable for digestion and absorption until it
reaches the more acidic abomasum, tannins also enhance nutrition
by providing high-quality protein to the small intestines (Barry
et al, 2001), which enhances immune responses and increases
resistance to gastrointestinal nematodes (Niezen et al., 2002; Min
et al.,, 2004). The increase in essential and branched-chain amino
acids improves reproductive efficiency (Min et al.,, 2001). Tannins in
the diet are a natural way to reduce methane emission in ruminants
(Woodward et al., 2004), a key issue regarding ongoing efforts to
diminish the influence of livestock on global warming. Finally,
tannins and many other secondary compounds eaten in modest
amounts by herbivores can improve the quality of meat for human
consumption (van Vliet et al., 2020; van Vliet et al., 2021).

Phytochemically-rich diets for large herbivores include primary
compounds, such as energy, protein, minerals, and vitamins, and a
host of other so-called secondary compounds—including but not
limited to phenolics, terpenoids, and alkaloids—that can also have
health benefits (Engel, 2002; Provenza et al., 2015; Provenza, 2018).
While meeting needs for macronutrients requires a high proportion
of energy- and protein-rich plants in the diet, this is not likely to be
the case for meeting medicinal needs. Targeted intake of plants rich
in specific secondary metabolites will likely suffice for medicating
therapeutically and eating small amounts of a variety of plants
regularly will suffice prophylactically. Thus, the dominant plants in
the diet are likely selected for nutritional purposes, though they may
also provide serendipitous prophylactic effects against parasites and
disease, while plants rarely eaten might be selected for therapeutic
medicinal purposes (Provenza, 2018).

The importance of secondary compounds in the health,
productivity, and well-being of herbivores is important given the
rise in drug-resistant bacteria and parasites (Provenza, 2018).
Reliance on synthetic drugs increases greatly for livestock fed low

Frontiers in Conservation Science

10.3389/fcosc.2023.1133329

diversity, phytochemically impoverished diets, such as animals
restricted to feeding on monospecific planted pastures or grain-
based rations in feedlots (Provenza et al., 2015; Provenza et al.,
2019). Conversely, livestock given access to phytochemically rich
pastures are healthier and more productive due to enhanced
immune responses, fewer internal parasites, and less susceptibility
to diseases (Provenza and Villalba, 2010). The logical conclusion is
that wild herbivores, who lack access to veterinary inputs, must
counter disease and parasites by eating a wide variety of
phytochemicals in the diverse plant communities of
their landscapes.

While any primary or secondary compound can be toxic when
eaten in excess, they can also have health benefits when consumed
in moderation and combinations with different secondary
compounds (Provenza et al., 2003; Provenza et al,, 2015). Plant
diversity thus influences diet diversity (Pansu et al, 2019) and
diversity of medicinal resources (French et al.,, 2018), which all affect
health (Provenza et al., 2015; Provenza, 2018; Provenza et al., 2019).
Phytochemicals in diverse mixes of rangeland plants reduce parasite
egg and larval production (Moreno et al., 2012; Acharya et al., 2014;
Mengistu et al., 2017), and worm loads (Lange et al., 2006; Shaik
et al., 2006). Combinations of secondary compounds—rather than
reliance on individual compounds to which parasites can easily
adapt—maintain various parasites at low levels and play a vital role
in maintaining body stores and increasing vigour by enhancing
immune responses and reducing losses of nutrients (Provenza and
Villalba, 2010).

Livestock can self-medicate therapeutically and prophylactically
(Provenza, 2018). For example, in the Mediterranean scrublands of
Israel, Damascus and Mamber breeds of goats have different
proclivities to use the high-tannin foliage of Pistacia lentiscus
(Landau et al,, 2010). Damascus goats eat Pistacia lentiscus in
ways that act prophylactically. Conversely, Mamber goats, who
reluctantly dine on Pistacia lentiscus, use foliage from the plant only
therapeutically. Either way, use of Pistacia lentiscus alleviates
nematode infection in all goats. Likewise, goats infected with
gastro-intestinal nematodes eat more tannin-rich browse than
non-infected goats, which strongly reduces faecal egg counts of
the parasite (Amit et al., 2013). Similar results were shown for sheep
(Lisonbee et al., 2009; Villalba et al., 2010; Juhnke et al., 2012).
Medicinal resources are not restricted to antimicrobial and
anthelmintic effects but can act on physiological processes and
organ function. For example, glycosides at the correct dose may
improve heart function (Durmic and Blache, 2012).

Livestock learn to use different medicines to rectify different
maladies. Sheep learn to use sodium bicarbonate to alleviate illness
from eating too much grain, polyethylene glycol to counteract food
containing high levels of tannins, and dicalcium phosphate to
counteract food with high levels of oxalic acid (Villalba et al,
2006). When fed grain or food with tannins or food with oxalic
acid, sheep choose the medicine that rectifies the malady.

While livestock can self-medicate therapeutically, eating a
variety of phytochemically rich plants also enables health
prophylactically and to protect against diseases and pathogens
through anti-microbial, anti-parasitic, immune-boosting, and anti-
inflammatory properties (Provenza and Villalba, 2010; Villalba et al.,
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2010; Villalba et al., 2017; Beck and Gregorini, 2020).
Phytochemicals reduce oxidative stress and inflammation, and
enhance immunocompetence (Provenza, 2018). Compared with
pastures that lack plant diversity, animal welfare and wellbeing—
including nutritional, physiological, and immunological status—all
improve when livestock forage on diverse mixtures of plants
(Villalba et al., 2017; Villalba et al., 2019; Beck and Gregorini,
2020; Redoy et al., 2020; Garrett et al., 2021; Nakajima et al., 2021;
Garrett et al., 2022). This helps explain why they require fewer
antiparasitic drugs or antibiotics; they also have low levels of
morbidity and mortality compared with animals forced to forage
on pastures with few plant species devoid of phytochemical richness
(Glasser et al., 2009; Provenza et al., 2019).

For many herbivores, the bulk of any meal is composed of 3 to 5
plants, but they often eat small amounts of 50 to 75 plants during
the day. Historically, we did not appreciate the medicinal properties
of these minor components of the diet, best eaten in variety and
small doses. In that regard, large herbivores feeding in diverse
landscapes eat a high-diversity of plant species that likely promote
their health (Owen-Smith and Cooper, 1987; Kartzinel et al., 2015).
Kudu at Nylsvlei Nature Reserve in South Africa eat 60 woody
species and over 100 forb species (Norman Owen-Smith pers.
com.). While the amount of phytochemically rich plants (forbs
and woody species) in the diet of large herbivores varies greatly
across species, most grazers include a significant amount of these
non-grass/sedge species in their diets (Kartzinel et al., 2015;
Selebatso et al, 2018). For example, cattle and buffalo included
over 40% of non-grass species in their wet season diets (Kartzinel
et al,, 2015), while wildebeest, gemsbok Oryx gazella and springbok
Antidorcus marsupialis included 5%, 29% and 56% of these non-
grass species in their dry season diets, respectively (Selebatso et al.,
2018), although non-grasses in some wildebeest populations can
exceed 33% during the dry season (Weeber et al., 2020).

Complementarities among secondary compounds enable
herbivores to meet needs for energy and protein while eating
health-promoting phytochemicals. For example, mule deer eat
more when offered sagebrush and juniper (12.3 g/kg BW), plants
with different terpenes, than when they are offered only sagebrush
(4.2 g/kg BW) or juniper (7.8 g/lkg BW) (Smith, 1959). Lambs eat
more of foods that contain either nitrates or oxalates than when they
can eat food that contains only one of these secondary compounds
(Burritt and Provenza, 2000). Availability of nutritious alternatives
and experience learning to mix different compounds both influence
food choice when the preferences of lambs with 3 months’
experience mixing tannin, terpenes, and oxalates were compared
with lambs naive to the toxin-containing foods (Villalba et al,
2004). Throughout the study, lambs with experience ate remarkably
more than naive lambs of the foods containing the secondary
compounds, whether access to nutritious alternatives was ad
libitum (811 vs. 71 g/d) or restricted (1509 vs. 607 g/d).

While complementarities among secondary compounds are an
important but little understood area of plant-herbivore interactions,
even less is known about how the sequences of eating plants with
different compounds affects foraging. Sheep eat much more food
with terpenes when they first eat food with tannins (Mote et al,
2008). These findings are consistent with landscape-level studies
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that show ewes with a high preference for sagebrush, a shrub high in
terpenes, also consume more bitterbrush, a shrub high in tannins
(Seefeldt, 2005). Cattle decrease time eating endophyte-infected tall
fescue when they first graze tall fescue alone for 30 minutes followed
by trefoil, alfalfa, or alfalfa-trefoil combination for 60 minutes
(Lyman et al,, 2011). Conversely, when the sequence is reversed,
cattle forage actively on trefoil, alfalfa, or trefoil-alfalfa combination
and then forage actively on fescue throughout the 90-min meal.
These patterns of foraging are similar for sheep (Lyman et al., 2013).
By herding in grazing circuits, shepherds in France use empirical
understanding of complementarities and landscape-level plant
diversity to stimulate food intake and more fully use the range of
plants available (Meuret and Provenza, 2015).

As with nutritional resources, the distribution and variety of
medicinal resources can be linked to ecological gradients across
landscapes because beta diversity is maximised across ecological
gradients with different soil nutrient and moisture characteristics
(Figure 2). Ecological gradients influence plant composition and beta
diversity, while disturbance gradients promote alpha and beta diversity
(Burkepile et al., 2017), both of which promote phytochemical
diversity in large herbivore diets (Provenza et al., 2009; Pansu et al,,
2019). The concentrations of primary and secondary compounds are
influenced by environmental conditions - soil fertility, soil moisture,
sunlight, past herbivory — and the associated plant composition and
diversity (Bryant et al., 1983; Coley et al., 1985). Changes in
phytochemicals produced by plants with changing soil nutrient and
moisture status (Bryant et al., 1983; Coley et al., 1985), combined with
species-specific effects on the nature of phytochemicals produced,
maximises phytochemical diversity across ecological gradients.

Large herbivores may respond to heterogeneity in plant
phytochemicals across ecological gradients through adaptive
foraging driven by learned diet and habitat selection behaviors for
specific plant species and combinations of species and their
phytochemicals (Provenza et al., 2007; Provenza, 2018). Thus,
large herbivores may respond therapeutically to disease and
parasites but can also benefit prophylactically by having high
diversity diets through foraging across ecological gradients
(Figure 1). Large herbivores that have learned to use these
phytochemically-rich landscapes have an advantage of living in
landscapes that are nutrition centres and pharmacies with vast
arrays of primary and secondary compounds. The prophylactic and
therapeutic basis of plant secondary metabolites for enabling large
herbivores to deal with various diseases, parasitic infections, and
toxic compounds in forage is, thus, well established. The
implication is that secondary compounds have key functional
roles as medicinal resources for sustaining the health of large
herbivores, and thereby the productivity of their populations, and
should be considered as a class of FARs (Figure 2).

Large herbivore anatomical traits,
resource selection and species
coexistence

When considering FARs for large herbivores it is essential to
recognise that their body size, digestive anatomy and mouth
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anatomy greatly affects the functionality of different resource types
for maximising intake rates (Murray and Illius, 2000; Arsenault and
Owen-Smith, 2008; Codron et al., 2008; Hopcraft et al., 2012). Thus,
selection of specific resource classes and habitat types is dependent
on abiotic and biotic factors determining the types of resources and
predation risk in combination with the contextual factors of
anatomical traits and environmental variation, as well as
anthropogenic impacts (Figure 1). Body size is an important
factor determining selection for different grassland structural
states because greater intake requirements with increasing body
size necessitates consumption of more abundant lower quality
forage to meet their intake requirements (Hopcraft et al., 2010;
Sensenig et al., 2010; Miiller et al., 2013; Steuer et al., 2014).
However, specialised mouth adaptations may greatly modify
intake rates of large herbivores on different grass heights (Murray
and Illius, 2000), resulting in mouth anatomy being a key factor
determining selection for grass height (Arsenault and Owen-Smith,
2008). Narrow-mouthed large herbivores (beyond a certain body
size) cannot maintain sufficient intake rates on short grass, with the
reverse being true for broad-mouthed large herbivores on tall grass
(Murray and Illius, 2000).

Mouth anatomy (together with body size) determines the height
of grass considered as a fecundity resource during the wet season for
the large herbivore species in question. Narrow-mouthed grazers,
such as roan and sable antelope, waterbuck (Kobusellipsiprymnus)
and reedbuck (Redunca arundinum), can be more selective of plant
parts, selecting fresh digestible leaves on medium height and tall
grasses while avoiding unintentional intake of indigestible stems
and low-quality dead leaves (Jungius, 1971; Grobler, 19815 Schuette
et al., 1998; Murray and Illius, 2000; Knoop and Owen-Smith, 2006;
Kassa et al.,, 2007; Havemann et al., 2022). During the wet season,
roan and sable antelope eat high-quality leafy grasses of medium
height, such as Andropogon spp., Panicum maximum, Panicum
coloratum, Digitaria eriantha and Andropogon and Hyparhenia spp
(Grobler, 1981; Schuette et al., 1998; Knoop and Owen-Smith, 2006;
Hensman et al., 2013; Havemann et al., 2022). Thus, these medium
height leafy grasses, as opposed to lawn grasses of short grass
grazers, can be fecundity resources for narrow-mouthed grazers.
The greater selective capacity of narrow mouthed grazers enables
them to switch to very tall grasses (>1.8m) growing in drainage
sumps and to browse in woodlands during the dry season
facilitating intake of green forage when most grasses have dried
out (Schuette et al., 1998; Knoop and Owen-Smith, 2006; Kassa
et al., 2007; Hensman et al., 2012; Selebatso et al., 2018). Trees and
shrubs have much deeper root systems than grasses, enabling them
to access soil moisture in deeper layers and maintain green leaves
much later into the dry season than grasses. Very tall grasses
growing in poorly drained sumps (wet meadows, vleis, dambos)
also retain green leaves much later into the dry season than short
grasses (Knoop and Owen-Smith, 2006; Fynn et al., 2014). Most
narrow-mouthed tall grass grazers it appears are non-migratory,
often living in woodlands all year round (Jungius, 1971; Grobler,
1981; Schuette et al., 1998; Murray and Illius, 2000; Knoop and
Owen-Smith, 2006; Kassa et al., 2007), where the only source of
green forage in the dry season is the leaves of woody species or on
very tall grasses in poorly drained sumps.
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Thus, having a narrow mouth is a key adaptation for being able
to forage effectively in lower quality taller grass habitats in
backcountry woodlands, thereby avoiding competition with high
densities of short grass grazers in high-quality short grasslands.
Short grasslands are generally favoured by wildebeest, gazelles,
impala, warthog and zebra (Arsenault and Owen-Smith, 2008;
Bhola et al,, 2012). Thus, variation in mouth anatomy provides a
key mechanism facilitating coexistence among a guild of large
herbivore species by enabling spatial partitioning of foraging sites
across landscapes. In addition, by restricting themselves to lower
quality tall grasslands in backcountry woodlands, narrow-mouthed
grazers avoid high densities of predators associated with high
densities of grazers (Harrington et al., 1999).

By contrast, the broad-mouths of short grass grazers, such as
wildebeest, enable greater bite size on short grasses than narrow-
mouthed grazers (Murray and Illius, 2000). However, their inability
to forage effectively on tall grasses and browse (Murray and Illius,
2000), constrains broad-mouthed grazers to foraging dominantly
on shorter grasses throughout the year with much less browse
intake during the dry season than narrow-mouthed grazers
(Selebatso et al., 2018). Consequently, broad-mouthed grazers
often migrate to floodplains or high-rainfall areas during the dry
season where they can find grasses retaining green leaf (Maddock,
1979; Fynn et al., 2014; Naidoo et al., 2014; Bennitt et al., 2016;
Sianga et al., 2017a). With broad-mouthed grazers requiring short,
high-quality forage they favour fresh regrowth of grasses after fire or
grazing (Vesey-FitzGerald, 1960; Sensenig et al., 2010; Hempson
et al, 2015). Spatial partitioning of foraging sites due to mouth
anatomy is also observed with woodland caribou (Rangifer
tarandus) in Boreal regions. Woodland caribou have specialised
mouth adaptations to forage on lichens in old growth forests,
thereby avoiding much overlap of moose, and their associated
predators (wolves), where moose favour browse on regrowth in
clear felled forests (Bergerud and Elliot, 1986; Rettie and Messier,
2000; Wittmer et al., 2005). It appears, therefore, that mouth
anatomy plays a critical role in niche diversification and
coexistence among large herbivores in both African and North
American ungulates.

Several anatomical innovations result in divergences from the
typical seasonal foraging patterns of narrow and broad mouthed
grazers. While buffalo have a broad mouth, their very large
body size combined with use of their tongues to increase bite size,
necessitates that instead of short grasses being favoured, they prefer
medium height leafy grasses in areas with lower concentrations of
grazers (Bhola et al., 2012). Consequently, buffalo favour the same
backcountry woodland habitats as roan and sable antelope during
the wet season (Vesey-FitzGerald, 1960; Taylor, 1985; Prins, 1996;
Bennitt et al., 2016; Sianga et al., 2017a). With their broad mouths,
however, buffalo cannot forage effectively for green leaf on tall
grasses and browse in woodlands during the dry season so they
retreat to floodplains at this time (Vesey-FitzGerald, 1960; Bennitt
et al, 2016; Sianga et al, 2017a). In addition, body size can
determine predation risk for a large herbivore, which can
influence habitat selection for large herbivores smaller than
buffalo (Sinclair et al., 2003; Hopcraft et al., 2012; Yoganand and
Owen-Smith, 2014). The implication is that a habitat type may be
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essential for the viability of a large herbivore population, not only
through its specific nutritional resources but also by minimising
predation risk. For example, wildebeest benefit from open, short
grass habitats, not only because they provide higher forage quality
than tall grass habitats but also because they provide much better
visibility for the detection of predators (e.g. Yoganand and Owen-
Smith, 2014). The small-bodied antelope, Oribi (Ourebia ourebi),
forage in short grass habitats for the better forage quality and
visibility that they provide but rest in tall grass habitats to avoid
detection (Everett et al., 1991). Wildebeest drop their calves in open,
high visibility habitats, whereas sable and roan antelope hide their
calves in tall grass and scrub far from areas with high densities of
predators. Large body size also facilitates greater ability to survive
on low-quality forage by being more able to cope with processing
coarse forage (having a larger mouth and chewing ability) and by
having a lower metabolic rate relative to food intake (Miiller
et al., 2013).

Thus, body size and mouth anatomy are critical morphological
adaptations that enable a wide range of different foraging strategies
and predator avoidance mechanisms across landscapes and seasons.
There appear to be three main foraging and predator avoidance
strategies of large herbivore species over the annual cycle. First,
those with specialised broad mouths (e.g. wildebeest) or small
enough body size (e.g. impala and gazelles) favour habitats with
high visibility, thereby minimising predation risk: they rely on early
detection and flight from predators. Second, those with narrow
mouths (but greater body size than gazelles) can forage in tall grass
habitats and woodlands far from high concentrations of short grass
grazers where predator densities are high: they rely on spatially
avoiding predators. Their ability to use browse effectively in the dry
season enables them to remain all year round in these habitats
(Hensman et al., 2013; Havemann et al., 2022). Third, those with a
tongue sweep strategy for increasing bite size that constrains them
to foraging on medium height leafy grasses in woodlands far from
high concentrations of short grass grazers (e.g. buffalo). Their large
body size and defensive abilities in large herds enables them to
forage in woodlands and scrub where visibility is low: they rely on
fending off predators. Another anatomical trait that also promotes
niche differentiation on forage quality gradients is gut anatomy,
with hind gut fermenters being able to ingest more low-quality
forage than ruminants, which outweighs any advantage of longer
retention times on digestive efficiency (Miiller et al., 2013). These
different anatomical traits account, to a large degree, for coexistence
of the wide diversity of large herbivore species across heterogeneous
African savanna landscapes. However, considering the emphasis
that has been placed on body size in the Jarman-Bell hypothesis, it
appears that mouth anatomy has been greatly neglected as a
mechanism of coexistence and in can even override the effect of
body size as a determinant of grass height selection e.g. with white
rhino (Arsenault and Owen-Smith, 2008).

Discussion

In this synthesis we attempt to provide an understanding of the
range of functional forage resource classes and medicinal resources
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(FARs) required by large herbivore grazers over the annual cycle in
the context of their anatomical traits (Figure 1). Additionally, we
develop a framework linking the FAR classes to ecological
productivity gradients at various scales determined by spatial
variation in soil moisture availability on topographic, rainfall or
hydrological gradients at various scales (Figure 3), as well as by
spatial variation in grazing intensity (Figure 3). We show how large
herbivores rely on a diverse range of functional resource classes
(FARs) to enable them to respond to seasonal and interannual
variation in forage quantity and quality and to their own variation
in intake requirements for various resources. Consequently,
reducing access by large herbivores to any class of FARs will
negatively impact their populations (Illius and O’Connor, 2000;
Owen-Smith, 2002; Owen-Smith, 2004). We also introduce the
concept of medicinal resources as a critical functional adaptive
resource class that has been all but ignored in large herbivore
foraging ecology theory. We show that productive and healthy
herbivore populations are dependent upon access to a wide diversity
of plants and the associated phytochemicals that they provide
for therapeutic and prophylactic defence against toxins, parasites
and disease.

We also show how the perception of the functionality of these
resources by various large herbivore species is determined by their
anatomical traits, such as body size, mouth anatomy and digestive
anatomy, which also determines predation avoidance strategies.
Body size determines vulnerability to predation, whereas various
combinations of body size, digestive anatomy and mouth anatomy
determine selection for grass height and also predation avoidance
strategies. Although body size is an important trait to account for,
mouth anatomy can play a dominant role in determining selection
for different grassland structural states. For example, while larger
body size generally results in selection for a taller grass, lower
quality diet, the exceptionally broad mouth of the very large bodied
white rhino enables it to forage effectively on short grazing lawns
(Arsenault and Owen-Smith, 2008). By contrast, the narrow mouth
of the small-bodied reedbuck enables it to forage effectively in tall
grassland (Jungius, 1971). Consequently, niche diversification and
large herbivore species coexistence is determined by the various
combinations of body size, digestive anatomy and mouth anatomy.

Access to the full range of FARs along environmental
productivity gradients is being compromised by anthropogenic
effects, such as ecosystem fragmentation and climate change. Lack
of access to reserves of forage in the more productive regions of
ecological gradients can result in declining body stores and
starvation during the dry season and droughts, leading to
population collapse (Walker et al., 1987; Ellis and Swift, 1988;
Illius and O’Connor, 2000; Owen-Smith, 2004). Thus, the wettest
end of productivity gradients is critical for preventing starvation
during droughts (a buffer or key resource), thereby pointing to the
importance of these wet zones for adaptation to predicted increased
temperature and drought frequency under climate change (Cai
et al., 2014; Engelbrecht et al, 2015). Lack of access to high-
quality (fecundity) resources in the less productive regions of
ecological gradients compromises growth and reproduction,
which can result in declining population size (Gaillard et al,
2000; Owen-Smith, 2004; Parker et al., 2009). It becomes clear,

frontiersin.org


https://doi.org/10.3389/fcosc.2023.1133329
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org

Fynn and Provenza

therefore, that wet season fecundity resources should also be
considered as key resources, not just dry season reserve and
buffer resources, because large herbivore populations cannot
attain a large population size without access to fecundity
resources. In addition, without access to appropriate plant
diversity distributed across ecological gradients, the health and
productivity of large herbivore populations is expected to suffer.
The most productive and stable herbivore populations will,
therefore, be those with access to the full range of FARs on
ecological productivity and disturbance gradients.

Fecundity in large herbivore populations is determined not only
by sufficient intake of energy and protein, but also by sufficient
intake of key minerals. With minerals such as Ca, Na and P being
essential for pregnancy and lactation, as well as for several essential
physiological processes (Kaspari, 2020), most known migrations in
Africa are to saline regions for the wet season (Maddock, 1979;
Breman and De Wit, 1983; Joos-VandeWalle, 2000; Bartlam-Brooks
et al., 2011; Fynn and Bonyongo, 2011; Bradley, 2012; Fynn et al,,
2014; Naidoo et al, 2014). Non-migratory large herbivores use
patchy saline areas in the landscape during the wet season, such as
sodic sites and nutrient hotspots (McNaughton, 1988; Grant and
Scholes, 2006; Anderson et al., 2010; Augustine et al., 2011). Saline
zones of ecological gradients support the lowest plant productivity
along these gradients, having the shortest growing season and the
lowest biomass production (Figure 4). As conditions progressively
dry out after the last rains and fecundity resources and drinking
water become depleted, large herbivores tend to move up the
productivity gradient as the dry season progresses, selecting taller
lower quality grasses and sedges, which function as ungrazed
reserves of forage (Bell, 1970; Fryxell and Sinclair, 1988; Hopcraft
et al,, 2010; Fynn et al., 2015). Large herbivores increasingly forage
in deeper-flooded zones of wetlands as the dry season proceeds
(Vesey-FitzGerald, 1960; Sheppe and Osborne, 1971; Tinley, 1977;
Kamweneshe, 2000), especially during droughts (Western, 1973).
Similarly, wildebeest migrate further up the rainfall gradient in
Serengeti in dry years than in wetter years (Maddock, 1979).

With these observations as a background, our FAR-ecological
gradient framework has important implications for research and for
conservation and development planning across broad landscapes,
especially in the context of climate change (Cai et al., 2014;
Engelbrecht et al., 2015) and accelerating fragmentation of
landscapes (Ogutu et al., 2011; Morrison and Bolger, 2014;
Lovschal et al., 2017; Veldhuis et al., 2019). For example, data on
topography, soils, hydrology, rainfall and remote-sensed seasonal
NDVTI can be modelled to produce soil moisture/productivity
gradients in a GIS, allowing the development of a spatially
explicit FAR resource map. FAR mapping can be used to guide
development of new PAs or upgrades of existing PAs, by assessing
the optimal spatial configuration that a PA requires to include the
full range of FARs needed to maintain productive and stable large
herbivore populations. FAR mapping will also provide an objective
approach to habitat suitability assessments for different large
herbivore species, allowing an assessment on whether certain
large herbivore species can be introduced to a conservation area
and where certain forage resource deficits may occur.
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Pereira and Gregorini (2022) show how remote sensing and GIS
can be used to assess the spatial distribution of phytochemically-rich
plants thus enabling people to visualize potential healthscapes for wild
or domestic herbivores. The maps they created using advanced image
classification of botanical composition and phytochemicals show the
distribution of phytochemicals in plants in ways that enable managers
to make better grazing management decisions for more productive,
sustainable, and healthy grazing systems. Assessment of healthscapes is
a paradigm shift in rangeland management thinking with potential
applications for conservation planning, such as in determining the
optimal spatial configuration of PAs.

In addition, modelling can be used to assess the role that
different FAR classes play in determining the productivity and
stability of large herbivore populations, such as what would
happen if access to certain FAR classes was lost through
ecosystem fragmentation, or if drought frequency was increased
under climate change or how the wet end of ecological gradients
mediates the impacts of drought (e.g. Illius and O’Connor, 2000;
Owen-Smith, 2002, p255; Owen-Smith, 2004). Modelling could also
assess how management options, such as implementing fire
management or strategic livestock grazing to stimulate regrowth
of short, high-quality forage in drylands during the wet season (a
non-saline fecundity resource), or in wetlands or high-rainfall
regions during the dry season (a bridging resource), would affect
large herbivore population productivity, after accounting for large
herbivore anatomical traits (e.g. Gordon, 1988; Fynn et al., 2016).
Increasing the coverage of short grassland may benefit broad
mouthed grazers, such as wildebeest and white rhino, but will
likely negatively impact narrow-mouthed grazers (Harrington
et al., 1999; Murray and Illius, 2000; Arsenault and Owen-Smith,
2008; Bhola et al, 2012). It is, therefore, essential to consider
herbivore anatomical traits to understand how they perceive and
respond to various FAR classes and to predation risk (Harrington
et al., 1999; Murray and Illius, 2000; Arsenault and Owen-Smith,
2008). For example, populations of narrow-mouthed, tall grass
grazers, such as roan and sable antelope in Kruger National Park
collapsed after placement of artificial water points in backcountry
waterless regions far from perennial rivers (Harrington et al., 1999).
This unintended consequence of management could have been
avoided by consideration of how FARs are distributed on grazing
gradients determined by distance to perennial water (Sianga et al,
2017b; Figure 3). Artificial water points may disrupt these
landscape-scale grazing gradients, with various consequences for
large herbivores with different anatomical traits (Harrington et al.,
1999; Sianga et al., 2017b).

Conclusions

We provide a forage resource-environmental gradient
framework for understanding how large herbivores in African
savannas assess and respond to variability in forage resources and
their seasonal demands for resources, as well as to predators,
parasites and disease. We demonstrate that various large
herbivore foraging responses and predation avoidance strategies
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are mediated by their anatomical traits, which also facilitates their
coexistence. We highlight that mouth anatomy has been neglected
as a key anatomical trait determining large herbivore selection for
grass height. Our framework provides a basis for refining and
developing our understanding of factors affecting conservation of
diverse guilds of large herbivores in African savannas under
landscape fragmentation and climate change.
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