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The selection of foods in any environment depends on a variety of factors, including the nutrient availability and
antifeedant loads in the component habitats. How these nutritional properties vary and covary in time and space
is not well known, particularly among wild plant species. We collected plant samples from several habitats
within the Cradle of Humankind World Heritage Site in South Africa, and measured their macronutrient and
antifeedant properties in order to explore how season, habitat, plant type, and plant organ affected the quality
of these potential plant foods. Our results have implications for early hominin use of similar habitats.
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1. Introduction

Every bite an animal makes represents a decision to consume a
particular food. Over time this series of decisions can have life or
death consequences for the consumer. A large body of research has de-
veloped to ask why certain plant foods are chosen over others, and how
thismay relate to the habitats inwhich the consumer lives (e.g., Hughes,
1990; Johnson et al., 2006; Manly et al., 2007). The foods that each con-
sumer chooses, and the habitats fromwhich they select these foods, are
determined in part by the animal's intrinsic digestive capacity, in part by
the selectivity of the individual animal, and in part by the kinds of plants
that are available at each particular point in time in each habitat
(Duncan and Gordon, 1999). It is generally accepted that mammals se-
lect their foods due to the nutritional qualities of these foods (Lindroth,
1989). However, these nutritional qualities can vary significantly both
among habitats and between seasons, and it is likely that mammals
iden University, Einsteinweg 2,

nry).
must be flexible in their food choices in response to this variation
(Lindroth, 1989).

The human fossil record indicates that early hominin species made a
variety of different dietary choices. Several key sites (e.g., Sterkfontein,
Swartkrans, Drimolen, Kromdraai, Gladysvale, Coopers, Malapa,
Rising Star) in the Cradle of Humankind World Heritage Site of South
Africa provide an abundant fossil record of some of the earliest
hominins, including Australopithecus africanus, Paranthropus robustus,
Australopithecus sediba and early Homo. Some hominin taxa, such as
P. robustus, show high within-individual variation in stable carbon iso-
tope ratios, suggesting seasonal or interannual dietary changes
(Sponheimer et al., 2006). However, the same taxon has much lower
between-individual variation than, for example, Au. africanus, in which
the stable carbon isotope compositions indicate high levels of inter-
individual dietary variation (Ungar and Sponheimer, 2011; van der
Merwe et al., 2003; Ungar and Sponheimer, 2011). Some of these
hominin species preserve isotope, microwear, and phytolith evidence
suggesting they consumed foods predominantly from forested areas,
despite environmentalmarkers indicating they lived in open landscapes
(Henry et al., 2012). Clearly, these hominins were choosing different
foods and different habitats in which to feed. This variety of behaviors
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is likely due in part to the kinds of nutrients available across the
landscape.

Reconstructions of the environments surrounding the cave sites in
the Cradle emphasize the patchy and mosaic nature of the
paleolandscape. In their recent paper, Peterson et al. (2018) summarize
thepaleoecological data from several of themajor fossil-bearing sites. At
Makapansgat, analyses of the habitat preferences of bovids and other
large mammals (Reed, 1997; Vrba, 1980), small mammal isotopes and
microwear (Hopley et al., 2006), and preserved pollen (Cadman and
Rayner, 1989) all indicate a closed, wooded environment, though grass-
lands, edaphic grasslands and bushlandswere also present. Sterkfontein
was slightly more open, with the large mammal communities (Reed,
1997; Vrba, 1980) and isotopic compositions (Lee-Thorp et al., 2007)
suggesting medium density woodland in the immediate vicinity of the
cave and grassier and bushier habitats in the broader region. Neverthe-
less, dense temperate woodland is represented by pollen and fossil
wood (Bamford, 1999). Swartkrans was even more open, with dry
grasslands and edaphic grasslands represented by the large mammals
(Reed, 1997; Vrba, 1980), though the micromammals suggested the
presence of riverine woodland as well (Avery, 2001; Denys, 1992). In-
terestingly, the hominin fossils from the site seem to be preferentially
associated with closed habitat fauna (de Ruiter et al., 2008). Clearly,
the hominins had access to a wide range of habitats, likely in the form
of ecotones from grassland to forest and edaphic grasslands along
rivermargins (Reed, 1997). It is important to note, however, that recon-
structions of the paleolandscape based onmaterial from the cave sites is
inherently biased toward dryer periods, during which the caves were
open and bones could accumulate (Pickering, 2018). This bias may
also overemphasize the importance of open habitats, but would not ne-
gate the overall mixed nature of this region.

Broader climate reconstructions based on both terrestrial and ma-
rine sedimentary records indicate alternations of wetter and drier pe-
riods across Africa in the Plio-Pleistocene, with evidence for increased
variability and aridity during several distinct periods. The first two of
these, one from c. 2.9–2.4 Ma and the other peaking at 1.8 Ma are di-
rectly relevant to the fossil material preserved in the Cradle of Human-
kind (deMenocal, 2004; Pickering and Kramers, 2010). These dryer
periodswould havemeant more open environments, andmore deposi-
tion in cave sites.

Some have questioned whether the grassland component of these
habitats would have been as prevalent as they are today, given that
human activity including fire management, grazing, and tree-clearing
may contribute to the relatively treeless aspect of the current-day land-
scape (Mucina and Rutherford, 2006). A variety of data suggests that
these grassland biomes are in fact ancient, likely due to naturally occur-
ringfires (Bond et al., 2003), climate regimes (particularly rainfall under
b1000 mm) (Staver et al., 2011), and/or soil nutrient availability
(Milewski and Mills, 2015). Even if wildfires were not as prevalent in
the past, the cold climate and low rainfall that characterizes this region
is likely sufficient for the presence of open grassy biomes, as suggested
by the fossil grassland-adapted fauna. Grasslands may have been less
dominant than today, but it is clear that hominins in this region had ac-
cess to a wide variety of habitat types.

To better understand how and why hominins may have chosen the
foods they did from this diversity of habitats,we need to be able to iden-
tify how the inherent nutrients of their food plants varied across the
landscapes. Most studies focus on seasonal changes within a habitat,
but with a few notable exceptions (e.g., Codron et al., 2006; Sept,
2001) there has been little focus on nutrient variation across habitats.
These landscape-level variations may have been a strong influence of
hominin food choices.

Several factors are known to influence plant nutritional values.
Plants vary in protein, fiber and other content between seasons, and
as they age (Lindroth et al., 1986). The part of the plant also determines
its quality as a food, with tree leaves generally being a better resource
than the stems of those plants. Broad categories of plants, such as
grasses, trees, and forbs also predictably differ in terms of their nutri-
tional properties, to the point foragingmodels incorporating such infor-
mation in an attempt to explain herbivore food choices oftenmatchwell
to observed diets in the field (Belovsky, 1990; Owen-Smith and Cooper,
1987, 1989). Given that habitats aremade up of distinct communities of
plants with different proportions of each plant type, as well as different
primary species, the nutrition available to a consumer will vary from
habitat to habitat (as noted in Stoner, 1996). And finally, while the in-
trinsic properties of each plant taxon likely differ from one to the
other, it is possible that some taxa or types of plants are more variable
in their nutritional properties than others either within or between
habitats.

There has been little consideration of the pattern of covariation of
nutritional properties in which all of these potential influences are si-
multaneously considered (e.g. habitat, season, plant part and plant
type), and the relative importance of each influence compared. Sept's
(2001) study is a notable exception. Using the appearance and fre-
quency of certain plants across modern East African landscapes, she
modeledwhere a variety of hominins (with different dietary and behav-
ioral constraints) could have met their nutritional needs. While a
pioneering study, it was limited by a lack of direct nutritional and
antifeedant properties of the individual plants in each habitat, and it
did not consider the within-taxon variability in nutritional qualities
over time and space. Only by examining all of these factors at the
same time can we have a meaningful comprehension of how the nutri-
tional landscape may vary, and which of the influences should be most
carefully considered. Such an understanding is vital for making in-
formed predictions about where a species relying primarily on plant
foods, such as a hominin, would have foraged on a landscape. By
collecting information about the nutritional properties of plants
among habitats within a constrained landscape, we can both better un-
derstand the factors that influence the variation among these speci-
mens, and also ask several important questions about the variation
among these plants:
1.1. Is the nutritional variation among habitats greater than that between
seasons?

Both habitat variation and seasonal variation are known to influence
an animal's feeding behavior (Romanowski and Żmihorski, 2009). How-
ever, the relative importance of these two factors might determine, for
example, if an animal chooses to migrate seasonally across a landscape
or if they staywithin the same general area andmake use of a variety of
microhabitats within the same constrained environment (Alerstam
et al., 2003). These data may help us understand the within-individual
variation in isotopes seen among P. robustus – were these hominins
staying in place and tracking local seasonal changes, or did they travel
among habitats?
1.2. Which habitats are most similar to each other? Which are most differ-
ent? What drives this variation?

An animal's patch choice depends onwhether their minimumnutri-
tional requirements aremet. If sufficient nutrients cannot be obtained in
one patch the animal must make a decision to leave and forage else-
where. In many cases, animals choose a mixture of foods from different
habitats in order to meet nutrient requirements. For example, moose
must consume aquatic plants in order to meet minimum sodium re-
quirements, but must also forage on forbs and tree leaves to meet pro-
tein and energy requirements (Belovsky, 1978). This leads to the
moose dividing its time between beaver ponds and woodlands.
Hominins likewise had tomeet nutritional requirements, but if a variety
of habitats all provide the required nutrition, then thismight lead to the
high between-individual variation such as seen in Au. africanus.
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1.3. Which habitat has the most calories? Which has the most protein?

Recent studies have indicated that primate species will focus on a
narrow ratio of protein to non-protein energy (NPE) (e.g., Takahashi,
2018), and that the ideal ratio broadly depends on the dietary category
(i.e., frugivore, folivore, etc.) to which that species belongs. However, in
periods of dietary constraint such as a seasonal change in food availabil-
ity, some species, including humans and some frugivorous primates,
will prioritizemeeting protein requirements andwill even consume ex-
cess NPE to meet the protein goal (Felton et al., 2009; Righini et al.,
2014; Takahashi, 2018). Other species, such as gorillas, prioritize NPE
during periods when fewer fruits are available, and will overconsume
protein (Rothman et al., 2011). Clearly, the availability of protein energy
and NPE can drive how animals use their landscape. By exploring how
these limited nutrients vary among habitats we can make predictions
about how different kinds of herbivores may have used the landscape.

1.4. Where is the antifeedant load the least?

Mammalian herbivores actively select against plant physical and
chemical defenses, such as phytoliths and phenols (Bryant and
Kuropat, 1980). Plants which are heavily browsed or grazed also in-
crease the production of these antifeedants (Karban and Myers, 1989;
Massey et al., 2007). We can look across a landscape to see which
habitats, plant types, and plant parts are least protected, and if this pro-
tection correlateswith nutritional properties in those plants.While less-
protected plant parts may seem like more likely targets for consumers,
it is also possible that plants put less energy into protecting lower nutri-
ent parts, making them less desirable foods.

1.5. Where is there the most bio-available nutrition? Are certain plants bet-
ter choices than others?

Given the preference for protein and calories and the aversion to
antifeedants among most mammalian herbivores, those habitats, plant
types, plant parts, and seasons in which the sought-after nutrients are
least protected might have been key resources across this landscape.
We can explore whether preferred nutritional qualities co-vary with
antifeedants, and how this co-variation could influence which plant
types, plant parts, or habitats in which hominins foraged. Several au-
thors have suggested that wetland and near-water habitats would
have been preferred, as they potentially contained many nutrient-rich
foods (Reed, 1997; Wrangham et al., 2009). Among food types, the un-
derground storage organs of biennial or perennial plants have been pro-
posed to be key resources (Dominy et al., 2008; Macho, 2014). We
therefore explored whether wetlands were themost nutritionally valu-
able, and how the roots of USO-producing plants compared to other
plant parts.

1.6. Which plants and habitats are the most reliable? Which are the least?

When faced with the potential for high antifeedant loads or low nu-
tritional qualities, mammalian herbivores are challenged to determine
what will constitute a good food source. Many of these factors are not
apparent upon visual inspection of the plant item, and the herbivore
must have other means of predicting and/or assessing food quality
(Illius and Gordon, 1990). The predictability of habitats, that is, an
animal's ability to know beforehand whether a habitat will have food
at any given time, has been implicated in the evolutionary development
of migration among birds (Alerstam et al., 2003). It has also been sug-
gested as a reason why different troops of Howler monkeys choose dif-
ferent foods – given low predictability of antifeedants (Glander, 1982),
these primates consume only those individual plants which they
know are safe (Stoner, 1996). Within the Cradle, we can examine the
within-taxon and within-habitat variability to see if certain plants or
habitats were more reliable or predictable sources of nutrients.
Finally, a combined analysis of the variation within plant nutritional
properties across a landscapemay reveal unexpected patterns about the
potential importance of certain categories of plants or particular
habitats.

2. Methods

In order to explore how plant nutritional qualities and antifeedant
properties varied across a landscape relevant to human evolution, we
collected plants from five distinct habitats within the Cradle Game Re-
serve. Permission to perform this research and collect samples was
given by The Gauteng Provincial Government Department of Agricul-
ture and Rural Development Directorate of Conservation Permits Office
(permit to collect and convey protected plants, number 0204; and per-
mit for the exportation of a protected plant, number 1582). This reserve
lieswithin the Cradle of HumankindWorldHeritage Site, roughly 50 km
northwest of Johannesburg, South Africa. While the areas within the
Cradle Game Reserve likely do not directly match the exact habitats in
which early hominins lived, they provide an analogous range of habi-
tats, including open grassland, open woodland, and both river and wet-
land habitats. The predominant local vegetation type is the Rocky
Highveld Grassland (Low and Rebelo, 1996), which is a fire-
maintained grassland with patches of woodier vegetation. Open grass-
lands are found generally on exposed hills and ridges, while woodlands
are generally found in valleys or on somewhat protected hillsides. The
summer (October–March) is hot and rainy (650–700 mm), while the
winter (April–September) is usually cold and dry (close to 0 mm),
often dipping below freezing, and subject to frequent wildfires.

Previous work in the game reserve by our group (Codron et al.,
2015) has identified several habitats within theGame Park, which differ
from each other in terms of water availability, substrate, and predomi-
nant plant taxa.We chose five of these areas, eachwith differing charac-
teristics. These included one open grassland (Bloedveld or BV), one
riverine habitat (Tick River or TR), one marshy habitat (Peter's Vlei or
PV), and two wooded habitats, one more open (Dolomite Open Wood-
land or DOW) and one more dense (Kudu Hill or KH) (Fig. 1).

Within each habitat, we used Modified-Whittaker sampling plots
measuring 20 × 50 m in order to establish the abundance of the major
plant taxa (Stohlgren et al., 1995). Within each sampling plot, we then
chose four sampling sites, hereafter called ‘replicates’, at roughly the
corners of a 20 × 20 m square in the middle of the sampling plot. At
each replicate site, we collected material from the two most common
trees and the two most common grasses in that sampling plot, and
from any forbs and sedges that were found within the sampling plot.
In many cases, this involved moving away from the exact corner of
the square to the closest representative of that species. We chose only
the two most common grasses and trees for several reasons. First,
these taxa represented the majority of the biomass available to con-
sumers from each habitat, and were therefore more relevant for de-
scribing the nutritional profile of each habitat. Second, less-common
taxawere sufficiently rare that it would have been impossible to acquire
four replicates. Finally, we were limited in our ability to process larger
number of specimens so had to be selective in the plants we sampled.

From each taxon, we collected all of the seasonally available plant
parts, aiming for representative samples of leaves, stems, fruits, flowers,
and roots.When sampling trees it was usually possible to collect enough
material from a single individual; however for grasses and herbaceous
species it was occasionally necessary to collect material from several in-
dividual plants at the replicate site in order to have enough material for
sampling. After collecting the major taxa, we then looked for species
that showed signs of having actually been consumed.We collected sam-
ples for nutritional analysis in one wet season (January 2013) and one
dry season (July 2013).

Each plant part wasmanually separated from thewhole plant. Fruits
were processed entire (e.g. not separated into seed and flesh), as the
rare fruits found in this landscape are small (b3 cm) and fleshy, and



Fig. 1. Representative photos of each of the five habitats included in our study. The top row shows each habitat during the dry season (January 2014) and the bottom row during the wet
season (July 2014). From left to right the five habitats are grassland (Bloedveld or BV, 25°54′37.65″S, 27°51′45.57″E), river margin (Tick River or TR, 25°55′1.69″S, 27°52′36.25″E), marsh
(Peter's Vlei or PV, 25°55′10.31″S, 27°51′52.83″E), openwoodland (Dolomite OpenWoodland orDOW, 25°54′40.64″S, 27°50′38.06″E) andmore densewoodland (KuduHill or KH, 25°55′
13.57″S, 27°50′8.47″E). The upper left photo includes members of the team during the sampling.
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are often consumed whole by baboons (Peters et al., 1992; Peters et al.,
1992). Each sample (one plant part of one replicate) was weighed, and
then placed into a food dehydrator (Sedona food dehydrator SD-9000
series). The sample was allowed to dry at 35 °C until the weight no lon-
ger changed. Samples were brought back to Germany where the nutri-
ents were measured.

Wemeasured drymatter, crude ash, crude protein, crude fiber, neu-
tral detergent fiber (NDF), acid detergent fiber (ADF), and lignin at lab-
oratories of the Institute of Animal Nutrition, Nutritional Diseases and
Dietetics of the Leipzig University Faculty of Veterinary Medicine.
These nutritional qualities were measured according to standard
methods, which are described in Appendix A. Phytoliths, tannins, poly-
phenols, and lipidsweremeasured in the laboratories of the Plant Foods
in Hominin Dietary Ecology research group at the Max Planck Institute
for Evolutionary Anthropology. We had to adapt several methodologies
for analyzing these nutritional qualities and antifeedants, which are also
described in Appendix A. Non-structural carbohydrates (NSC) were cal-
culated by subtraction of lignin, crude protein, total ash and NDF from
total drymatter. NDF is the only fiber fraction containing hemicelluloses
in addition to cellulose and lignin. Thus, NDF represents best index of
energy available from total insoluble fiber.

From these values, we then calculated gross (GE) andmetabolizable
energy (ME) values for each sample. GE represents the intrinsic caloric
value of the food, equivalent to the values one would achieve by bomb
calorimetry. We did not do direct calorimetry and instead calculated
GE based on Kamphues (2014) with modifications as suggested by
Pagan (1999). These publications suggest the following energetic values
per component: 17.5 kJ/g NSC, 23.9 kJ/g protein, 39.8 kJ/g lipid, and
20.1 kJ/g NDF. Metabolizable energy is the amount of energy that is
available to the consumer when the constraints of digestion are
accounted for, and thus is a slightly more relevant measure of the en-
ergy value of the plant. We estimated ME by using standard conversion
factors (Atwater factors) for NSC, protein and lipids (16.7 kJ/g, 16.7 kJ/g
and 37.6 kJ/g respectively), and adding an additional 6.7 kJ for each
gram of NDF. This latter value was calculated by Conklin-Brittain et al.
(2006) as the energy available to a chimpanzee from the digestion of
fiber. We felt this value, rather than others developed for ruminants,
for example, was appropriate for a study exploring the nutrition avail-
able to early hominins. However, in the same study Conklin-Brittain
and colleagues do note that foods with higher lignin values will have
lower digestibility of NDF fraction, suggesting that our metabolizable
energy values will be slightly too high for the foods with a greater per-
centage of lignin (e.g., tree leaves). Furthermore, we recognize that the
Atwater factors may indicate a slightly too high value for proteins from
plants (Schakel et al., 1997). We have used the standard values,
however, in order to avoid errors in estimating the correct values and
to make our results more directly comparable to previous work
(e.g., Conklin-Brittain et al., 2006).

A large number of plant specimens were collected, only about half
were nutritionally analyzed. Some plant parts were avoided, because
we judged them to be unlikely food sources for most mammalian
feeders (e.g., grass roots, tree stems). Some species did not provide
enough material for nutritional analysis. Finally, we focused on taxa
that were found in multiple habitats in order to better explore within-
species, between-habitat variation. In total, we performed nutritional
analyses on 277 samples, from 33 taxa. Our raw data are available on
Figshare (https://doi.org/10.6084/m9.figshare.6825596).

We were interested in exploring how the intrinsic properties of the
plants available on the landscape would affect their nutritional proper-
ties. As explained “above” Introduction, several studies have suggested
that these nutritional properties vary within taxa among habitats,
among different parts of the plants, and between seasons. Furthermore,
broad categories of plants (e.g. forbs vs. grasses) have been shown to be
relevant determinants of diets, rather than individual species (Belovsky,
1984, 1990).We chose to test how thesemain potential drivers of plant
nutritional properties (habitat, season, plant part, and plant type)might
variously affect the plants in our study. We measured and calculated
more than 10nutritional properties, however,making a simple relation-
ship difficult to test. We therefore first performed a factor analysis on all
of the combined nutritional data to reduce these ten variables into a
smaller number of factors which explain some level of co-variation
among our nutritional data.

2.1. Details of the statistical analysis

We examined the effects of season (dry or wet), habitat (factor with
levels BV, DOW, KH, PV, and TR), plant part (flower, fruit, leaf, root,
stem) and plant type (forb, grass, sedge, tree) on the nutritional quali-
ties of the plants in three ways (see Table 1 for a list of our variables
and their abbreviations in the model). To avoid problems of highly cor-
related variables in the PCA (see statistical analyses, below), we used
values for hemicellulose and cellulose instead of ADF and NDF in the
final analysis. Hemicellulose was calculated by subtracting ADF from
NDF, and cellulose was calculated by subtracting lignins from ADF. For
the first approach we first conducted a factor analysis of all of the nutri-
tional variables (comprising ash, protein, hemicellulose, cellulose, lig-
nin, fat, phenols, tannins, total energy, and metabolizable energy but
not phytolith content) and modeled how the derived factors were af-
fected by season, habitat, plant type, and plant part. Secondly, we fitted
individual models for each nutritional component (this time including

https://doi.org/10.6084/m9.figshare.6825596
Image of Fig. 1


Table 1
Testednutritional and antifeedant properties and their abbreviations used in the statistical
analyses.

Plant property Abbreviation Description

Crude ash true_ash Percent of ash in dry matter
Crude protein true_protein Percent of protein in dry matter
Cellulose cellulose Percent of cellulose in of dry matter,

calculated by subtracting acid detergent fiber
(ADF) from neutral detergent fiber (NDF)

Hemicellulose hemicellulose Percent of hemicellulose in dry matter,
calculated by subtracting lignin from ADF

Lignin true_lignin Percent of lignin in dry matter
Tannin percent_tannin Percent of tannins in dry matter
Phenols percent_phenol Percent of phenols in dry matter
Crude lipids percent_lipid_dry Percent of lipids in dry matter
Phytoliths percent_phyt_dry Percent of phytoliths in dry matter
Total energy calc_gross_energy Total energy in mJ/kg, based on Kamphues

(2014) and Pagan (1999)
Metabolizable
energy

calc_met_energy Bioavailable energy in mJ/kg, based on
Conklin-Brittain et al. (2006)

Table 3
Fixed and random effects used in the modeling.

Fixed effects:

Variable
name

Levels Explanation

Season Wet Plants collected in January 2013
Dry Plants collected in June 2013

Site BV Bloedveld open grassland
DOW Dolomite open woodland
KH Kudu Hill woodland
PV Peter's Vlei wetland
TR Tick River river margin

Simple_organ Flower Inflorescence
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phytoliths), to explore how they were affected by season, habitat, plant
type, and plant part. Phytoliths were excluded from the factor analysis
because we had both nutritional and phytolith data for too few
specimens to meet the sample size requirements of the factor analysis.
Finally, we performed some simple comparisons of individual nutri-
tional properties to see how they varied across the landscape.

Prior to conducting the analyses we inspected the distributions of
the variables and transformed them where required to achieve a more
symmetric distribution. We natural log transformed our variables
true_ash, percent_lipid_dry, percent_phenol, and percent_tannin, and
we square root transformed calc_met_energy (after subtracting itsmin-
imum) and true_lignin. The data were appropriate for a factor analysis
as indicated by Bartlett's test of sphericity (χ = 1906.2, df = 45, P b

.001) and the Kaiser–Meyer–Olkin measure of sampling adequacy
(0.708). The first three principal components in a PCA analysis ex-
plained 75% of the cumulative variance, therefore we determined
three factors with the factor analysis. The first three factors accounted
for 66.0% of the variance in the data. Factor 1 correlated positively
with percent_tannin, percent_phenol, and percent_lignin and nega-
tively with cellulose and hemicellulose, and accounted for 33.4% of the
variance. Factor 2 correlated positively with true_protein and
percent_lipid_dry, and accounted for 18.4% of the variance; and factor
3 correlated positively with calc_gross_energy and negatively with
true_ash and accounted for 14.2% of the variance (Table 2). Metaboliz-
able energy loaded nearly equally on all three factors (33 on factors 1
and 3, 29 on factor 2).

For the three factors, we then fitted linear mixed models (LMM, see
Baayen, 2008) to explore how the plant and site variables explained the
pattern seen in each factor (Supplementary Information Models 1–3).
Table 2
Results of the factor analysis. Indicated are the loadings of the variables on the three factors
(largest loading per variable in bold), Eigenvalues of the factors and the percent of vari-
ance in the data each explained.

Variable Factor 1 Factor 2 Factor 3

log.percent_tannin 0.97 0.21 −0.06
log.percent_phenol 0.96 0.26 0.02
sqrt.true_lignin 0.57 0.15 0.17
hemicellulose −0.60 −0.38 0.15
cellulose −0.63 −0.47 0.16
true_protein 0.25 0.88 −0.09
log.percent_lipid_dry 0.45 0.64 0.21
log.true_ash 0.14 0.29 −0.94
calc_gross_energy 0.03 0.1 0.54
sqrt.calc_met_energy 0.33 0.29 0.33
Eigenvalue 2.184 1.331 0.9960
% variance explained 33.452 18.472 14.201
As fixed effects we included site, season, plant type, and plant organ,
while the individual and the species of plant were included as random
intercepts. To keep type I error rate at the nominal level of 5% we in-
cluded a random slope of season (manually dummy coded and then
centered) within plant species (Schielzeth and Forstmeier, 2009; Barr
et al., 2013). We could not include any interactions among the fixed ef-
fects because none of the four fixed effects was fully crossed with any
other. See Table 3 for the fixed and random effects used in all of our
models.

To explore the variability or reliability of nutritional components
within seasons, sites, plant types and plant organs, we then fitted linear
mixed models using the same fixed and random effects, but instead
using the absolute residuals from Models 1 through 3 as the response
variable (Supplementary Information Models 4–6). This test is analo-
gous to a Levene's Test for an ANOVA. Furthermore, because some of
our predictions involved analysis of specific nutrients (e.g. protein,
phytoliths), we fitted linear models with the same structure (same
fixed and random effects) with each of the individual nutrient variables
as the response (Supplementary Models 7–17).

For all models except 4–6,we then tested the significance of the four
fixed effects as a whole by comparing each full model with a respective
null model lacking the fixed effects but having the same random effects
structure (Forstmeier and Schielzeth, 2011). For Models 4–6 we tested
the individual fixed effects by re-running the model excluding each
fixed effect one by one. We inspected QQ-plots of the residuals and re-
siduals plotted against fitted values to check whether the assumptions
of normally distributed and homogeneous residuals were fulfilled.
These plots indicated no severe violations of these for the tests of the
factors nor for the tests of the individual nutrient variables. For each
model we evaluated its stability by excluding the levels of the random
effects, one at a time. These indicated that the models were largely ro-
bust even when individual plants or species were removed. Collinearity
was not an issue for any of the models as indicated by a maximum
Fruit Reproductive part, including seeds, drupes, nuts
Leaf For trees, leaves were stripped from branches and

petioles were included. For grasses leaves including
the sheathes were separated from the culm

Root Any underground part, including storage organs
where available

Stem For trees the stems were usually only lateral shoots or
branches, for grasses the stems were usually the culm
with a minimal amount of leaf sheathes

Plant_type Forb Low-growing herbaceous dicotyledonous plants that
did not fall into any of the other plant categories

Grass Monocotyledonous plants in the family Poaceae
Sedge Monocotyledonous plants in the family Cyperaceae
Tree Tall (N3 m) woody dicotyledonous plants

Random effects
plant_id (multiple) a unique number given to each plant individual

replicate. Multiple plant parts are represented from
each replicate.

Species (multiple) the unique species of plant, of which there were
multiple replicates

season.code (multiple) a random slope of season within species
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Generalized Variance Inflation Factor of 1.28 (Fox and Monette, 1992;
Quinn and Keough, 2002). We fitted the models in R (version 3.3.1; R
Core Team, 2016) using the function lmer of the R package lme4 (version
1.1-12; Bates et al., 2015), and Variance Inflation Factors were deter-
mined using the function vif of the package car (version 2.1-2; Fox and
Weisberg, 2011). For models 1–6, the sample size was the same: 225
measures conducted for 58 individual plants of 31 species. The sample
sizes for the tests of the individual nutrients ranged from 237 to 259
measures of 62 to 104 individual plants of 31 to 60 species for the
models of the individual nutrients (some models included more taxa
than the factor analyses, depending on the number of samples we had
processed for each nutrient or antifeedant).

3. Results

3.1. Approach 1: Factor analysis of nutritional properties

This test explored which of our main proposed drivers of variation –
plant type, plant organ, habitat (site), and season –most strongly influ-
enced the overall variation in nutritional properties, as represented by
factor analysis. Each factor represented a combination of several of our
nutritional properties.

For each of the three factors, the full model was clearly significant as
compared to the respective null model (range of χ: 94.33–156.94, all df
= 12, all P b .001), indicating that fixed effects in themodel (i.e., season,
site, plant type, and plant organ) explained a significant amount of var-
iation in the factors. More specifically, organ appeared to have a signif-
icant influence on all three factors (range of χ: 46.67–117.46, all df = 4,
all P b .001), and the samewas the case for site (range of χ: 15.69–32.25,
all df = 4, all P b .001). Plant type had a significant effect on factor 1 (χ
= 30.97, df = 3, P b .001), but not on factor 2 (χ = 5.94, df = 3, P =
.114) or factor 3 (χ=5.68, df=3, P= .128). Finally, seasonalwas a sig-
nificant influence only on factor 2 (χ=9.515, df= 1, P= .002), and not
for factor 1 (χ= 2.26, df = 1, P = .136) or factor 3 (χ= 0.013, df = 1,
P = .910). (Supplemental Tables)

3.1.1. Interpretation of factor 1
As noted above, factor 1 correlated positively with percentage of lig-

nin, tannins, and phenols, and negatively with cellulose and hemicellu-
lose. Lignin, tannins, and phenols are strong antifeedants that can
reduce the positive nutritional qualities of food by binding or sequester-
ing proteins (Rhoades, 1979, and citations therein). Cellulose and
Fig. 2. Each sample included in our analysis is indicate by their loadings on factor 1 and factor 2. I
is indicated by the color. In (b) the site towhich each sample belongs is indicated by the letter. V
range of other habitats.
hemicellulose are the structural fibers found in plant materials, and
they require specialized gut adaptations and microbial associations in
order to be digested. Plant type, plant organ, and habitat all influenced
the variation in factor 1, but season did not. Unsurprisingly, grasses
had significantly lower values for factor 1, forbs and sedges moderate
values, and trees were higher (Figs. 2a, 3). The quantities of these
antifeedants and fibers did not seem to vary between seasons, and the
differences among plant parts, while significant, were not large, with
leaves having higher values and fruits and stems having low values. A
bit surprising was the variation among habitats. Despite the preponder-
ance of grasses in the Bloedveld open grassland habitat, this was the
area with the highest values on factor 1, driven in part by the high
values of factor 1 for the two trees sampled in this habitat (Diospyros
lycioides and Searsia lancia). The trees alone do not explain this pattern,
however, since among the grasses, those fromBloedveld also had higher
loadings on factor 1 than those from other sites, indicating both greater
antifeedants and lower cellulose and hemicellulose (Fig. 2b). Kudu Hill,
in contrast, had the lowest values for factor 1, despite being a more
heavily forested area, indicating both fewer antifeedants and higher
fiber content. Both grasses and trees in this habitat had lower values
for factor 1. Fig. 3b reveals a bimodal distribution for factor 1 values in
Bloedveld, DOW, Kudu Hill, and to some extent, Tick River, reflecting
differences between grasses and trees. An herbivore seeking to mini-
mize antifeedants would therefore do well in Kudu Hill, regardless of
whether they were a browser or grazer, though the higher cellulose
and hemicellulose contents of these foods may deter non-ruminants
who are unable to digest these resistant fibers.

Model 4 tested whether there was significant variation within any
of our fixed effects (season, habitat, plant type, and organ), and
allowed us to assess which of the states for these fixed effects was
most variable. Of the fixed effects, plant type showed significant influ-
ence on the absolute residuals (χ = 9.557, df = 3, P = .023). Sedges
have generally high values, reflecting their increased absolute resid-
uals on Model 1 (Fig. 4a). This indicates that they are a particularly
unreliable food source, with some individuals having higher than ex-
pected values of factor 1, and others lower than expected values. An
herbivore choosing to consume sedges could not predict prior to the
first bite whether that individual sedge was strongly protected by lig-
nin, tannins, and phenols, nor how much fiber it contained. The roots
of sedges (including storage organs) are no exception to this pattern,
with some falling quite high on factor 1 and others rather lower
(see Fig. 1a).
n (a) the organ towhich each sample belongs is indicated by the letter,while the plant type
isibly, grasses separate from trees, while plants from KuduHill cluster at themargin of the

Image of Fig. 2


Fig. 3. Factor 1 varied significantly according to type, site and organ. Loadings for all samples on factor 1 separated by (a) plant type; (b) site; and (c) organ.
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3.1.2. Interpretation of factor 2
Factor 2 was positively correlated with protein and lipid, the most

energy-dense nutritional components we measured. This factor varies
significantly with three of the fixed effects (site, season, plant organ)
but not with plant type, possibly due to the high variability in protein
valueswithin each plant type (Fig. 5). Among plant organs,flowers con-
tain the highest values, followed by leaves. Fruits and roots have inter-
mediate values while stems are very low, indicating very low protein
and fat values. Factor 2 is the only factor which was strongly influenced
by season. Perhaps unsurprisingly, valueswere higher in thewet season
than in the dry, indicating more protein and lipids in the wet season.
The very forested Kudu Hill had by far the highest values for factor 2,
driven both by high values for the trees and for the grasses (Fig. 1b).
While trees represented the greatest biomass, the understory grasses
were abundant and would have been a good source of nutrition. Our
previous study of the mechanical properties of these grasses also sug-
gests they may have been valuable foods for early hominins (Paine
et al., 2018). This should be tempered, however, by our observation
that the very-protein rich grasses found in Kudu Hill, notably the Setaria
verticillata, were fiercely protected in the dry season by spiky panicles
that clung together and would stick to any available surface. Though
likely difficult to consume, we note that this grass is favored by baboons
(Altmann, 1998), and the mechanical protection is possibly a response
to high foraging pressure on this taxon as well as an efficient means of
seed dispersal. Peter's Vlei, the marshy area, had low values on factor
2, suggesting this habitat had little to offer in the way of protein and
lipids.

Model 5 assessed the variation within each of our fixed effects for
Model 2. None of the four fixed effects appeared to have higher than ex-
pected variation in protein and lipid content.
Fig. 4. The models of the absolute residuals from Model 1 and Model 3 indicated that some gr
Model 1 plotted according to plant type. Sedges have higher values, indicating higher variab
has slightly but significantly higher values than the other sites. (c) Absolute residuals from Mo
the other plant types, while leaves were particularly low.
3.1.3. Interpretation of factor 3
Factor 3 was correlated positively with gross energy and negatively

with ash. We found it quite interesting that metabolizable energy did
not follow the same loading pattern as gross energy, but note that the
loading of metabolizable energy was not particularly strong on any fac-
tor (Table 2). Because the calculation of metabolizable energy depends
on the herbivore chosen as the model consumer, the measure of gross
energy might better represent the energy available to all consumers in
a habitat. Factor 3 was strongly influenced only by site and organ.
Roots had lowest values (lots of ash, little energy) and leaves were
highly variable (Fig. 6). We were surprised by the low value of roots
on factor 3, given that the roots in our analysis include only those we
specifically thought might be of the highest nutritional value, including
Typha, Juncus, and several sedges (Kyllinga, Mariscus). These roots are
often mentioned as good sources of NSC (sugars and starches)
(Schoeninger et al., 2001; Laden and Wrangham, 2005; Marlowe and
Berbesque, 2009; Schoeninger et al., 2001). Gross energy was the only
variable that accounted for NSC yet it was the variable on which these
roots had the lowest values. Despite having potentially higher NSC
values, roots did not contain enough of the other nutritional compo-
nents (proteins, lipids, NDF) to achieve high energy value. In contrast
to the pattern observed for factor 2, Bloedveld had the highest loadings
on factor 3, indicating high gross energy and low ash, distantly followed
by Kudu Hill and DOW (Fig. 7). Peter's Vlei had the lowest scores, while
Tick River was not much higher. This is likely due to the higher struc-
tural fiber values in the plants at Bloedveld. Gross energy is calculated
using proteins and lipids but also NSC and NDF, the latter of which
was much higher at Bloedveld than at Kudu Hill. For animals who are
able to access the energy available in NDF, Bloedveld would provide
more calories than Kudu Hill.
oups of plants were more variable (less reliable) than others. (a) Absolute residuals from
ility in Model 1. (b) Absolute residuals from Model 3 plotted according to site. Kudu Hill
del 3 plotted according to organ. Roots have slightly but significantly higher values than

Image of Fig. 3
Image of Fig. 4


Fig. 5. Factor 2 varied significantly according to site, season and plant type. Loadings for all samples on factor 2 separated by a) site, b) season, and c) plant type.
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The examination of the variability within loadings on factor 3
(Model 6) revealed that site and plant organ had differing levels of var-
iation (Fig. 4b and c). Leaves were much less variable than the other
plant organs, indicating these would be rather reliable foods in terms
of their gross energy and ash content. Possibly due to the abundance
of grasses, Bloedveld had the least variation within factor 3, again mak-
ing it a predictable habitat. Kudu Hill was the most variable, and there-
fore least predictable in terms of ash and gross energy content.

3.2. Approach 2: LMMs of individual nutritional qualities as a factor of site,
season, plant part and plant type

We fitted LMMs to each individual nutritional variable, and compar-
ison to the full null models clearly revealed significance (range of χ:
24.73–219.39, all df=12, all P ≤ .02). The patterns among the individual
variables followed broadly the patterns for the factors on which they
most strongly loaded during the analysis of Approach 1. We briefly dis-
cuss each individual nutritional variable below, in the same order as
they loaded on the factor analysis. Detailed results are presented in
the Supplemental Tables Models 7–17.

Tanninswere strongly influenced by season, organ, and type. Grasses
had lower tannin content than forbs and sedges, while trees had quite
high values. Leaves had relatively high tannin content, but roots were
surprisingly high. The roots in our analysis were those specifically cho-
sen for their potential edibility, including the rhizomes and corms from
the aquatic plants in Peter's Vlei, so this high value was unexpected.
Fruits and stems had generally low values of tannins. Tannins were
higher in the wet season.
Fig. 6. Factor 3 varied significantly according to site, and organ. Loadin
Phenols follow a very similar pattern to tannins, in that season, organ,
and type, and to a lesser extent site were strong drivers of variation.
Trees had the highest phenol content, while grasses had the lowest.
Stems, and to a lesser extent fruits, had less phenol than leaves and
roots. Bloedveld had the greatest amount of phenols and Kudu Hill the
least but the difference was not as striking as among the other chemical
antifeedants, and the other sites had intermediate values. Wet season
samples had more phenol.

Lignins were strongly influenced by plant type and site. Organ
was not a significant driver of variation in lignin. Trees stand out
as having exceptionally high lignin content. Kudu Hill and Bloedveld
are the two endpoints on the range of lignin values among sites, but
Kudu Hill is the clear outlier among the sites in having very low lig-
nin values.

The two main non-lignin fiber components, cellulose and hemicellu-
lose, were both strongly affected by type and organ, but only cellulose
was also influenced by site. Grasses stand out as having drastically
higher cellulose and hemicellulose content, followed by sedges. Forbs
and trees had generally much lower values (up to 13% less). Sedges
seem to havemore hemicellulose than cellulose. The pattern of cellulose
and hemicellulose differs among plant organs. Cellulose is lowest in
roots and slightly higher in fruits. Leaves and flowers have intermediate
valueswhile stems have the highest values. In contrast, hemicellulose is
lowest in fruits, followed by roots. Leaves and flowers are again inter-
mediate and stems highest. Cellulose is highest in Peter's Vlei, while
the other sites cluster more closely, with Tick River having the lowest
values, followed closely by Kudu Hill and DOW, and Bloedveld being
somewhat higher.
gs for all samples on factor 3 separated by (a) site, and (b) organ.

Image of Fig. 5
Image of Fig. 6


Fig. 7. As in Fig. 2, each sample included in our analysis is plotted according to their
loadings on factor 2 and 3. The sites are indicated by letter and the plant type by color.
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Protein varied significantly according to plant organ, season, and site.
Flowers had the highest protein content, while fruits and stems were
lowest. Leaves and roots hadmoderate to high values.Wet season sam-
ples had more protein than dry. Differences among sites were the most
striking, however, with Kudu Hill having the highest protein content,
with a large gap between this habitat and all others (Fig. 8). While
values in Bloedveld were low, Peter's Vlei had the lowest values.

Despite loading with protein on factor 2, lipid values varied signifi-
cantly only with plant type and plant organ. Trees had the highest con-
tent of lipids, and sedges the lowest, while grasses and forbs had
moderate values. Fruits were relatively lipid-rich, while roots and
stems had the lowest lipid values.
Fig. 8. The percentage of protein within all plants from each site. Kudu Hill plants have
much higher protein values than other sites.
Calculated gross energy varied significantly only with plant organ,
and was highest in fruits, likely driven by the high percentage of lipids
in these plant organs. Flowers were next highest, followed by stems,
leaves, and finally roots. Again the low values of roots was a surprise,
given our choice of those roots thought to be themost potentially valu-
able for a hominin consumer.

A significant amount of variation in percentage of ash is explained by
plant organ and by site. Roots and leaves have more ash than fruits do,
while stems and flowers appear to be more moderate. Bloedveld has
the lowest ash content while Tick River had the highest. Surprisingly,
given the generally high percentages of protein and gross energy,
Kudu Hill also had high percentages of ash. While ash does not provide
calories, it could provide salts or other vitalminerals. Given the lowphy-
tolith content of the plants in KuduHill (see below), this ash is not likely
to be dominated by silica.

Of all of our models exploring the effect of season, site, type, and
organ on the individual nutritional components, the one for calculated
metabolizable energy was least strongly supported, though still signifi-
cant (P= .020). It varied significantly only with plant organ, with fruits
having the highest availablemetabolizable energy, while all of the other
plant organs had relatively low levels. Roots have the lowest values,
again suggesting these food resources would not have been of great
value to hominin foragers.

A significant amount of the variation within phytolith content was
explained by each of our fixed effects (plant type, plant organ, season,
and site), though season was only significant at the P b .05 level. As ex-
pected given the known distribution of phytoliths across plant types
(Piperno, 2006), grasses and sedges had significantly more phytoliths
than did trees or forbs. Somewhatmore surprisingly, roots and inflores-
cences had the highest values of phytoliths, while leaves had moderate
values. Stems and especially fruits had low values. Dry season plants
had more phytoliths, but this difference was less pronounced than
that between types or organs. The two woodland habitats, DOW and
Kudu Hill, had overall low phytolith contents while the two wet habi-
tats, Tick River and Peter's Vlei had higher values. Bloedveld, the grass-
land, had a surprisingly moderate phytolith content.

The analyses of individual nutrients revealed a stronger effect of sea-
son than was present in the factor analyses. Proteins, lignins, tannins,
and phytoliths all had strongly seasonal variation. Overall, however,
site, plant type, and plant organ more strongly influenced the nutri-
tional qualities of the plants we sampled, suggesting these aremore im-
portant to consider when predicting how nutrients vary across a
landscape.
3.3. Approach 3: Correlations among individual nutritional properties

3.3.1. Protein vs. non-protein energy
As presented above, previous studies of primates and other animals

have emphasized that animals prefer a fixed ratio of protein energy to
NPE in the long term, but during food stress somewill prioritize protein
energywhile otherswill prioritizeNPE dependingon the foods available
in their environment. We calculated the protein energy (as 0.239 × g
protein in 100 g of dry plant) and NPE (0.398 * % lipid + 0.201 * %
NDF+ 0.175 * % NSC) in kJ per gram of plant material. NSC is calculated
as 100 – (% protein + % NDF + % lipid + % ash). The plot of protein vs.
NPE reveals that the grasses and trees from Kudu Hill are exceptionally
high in protein, though relatively lacking in NPE (Fig. 9).Whilewewere
unable to sample many fruits, these clearly stood out from the other
plants in having very high NPE. The specimen with the highest NPE
was the fruit of Ximenia caffra from Kudu Hill. The tree is commonly
known as the large sourplum and is a member of the olive family. The
fruit pulp is regularly consumed by humans and baboons (Peters et al.,
1992). The other plant organs with high NPE values (above 20 kJ per
100 g) were the stems of grasses and forbs, though these were usually
low in protein.

Image of Fig. 7
Image of Fig. 8


Fig. 9. The energetic value of plants is given as a ratio of the kilojoules derived fromprotein
versus those derived fromnon-protein sources (lipids and carbohydrates). The plant types
are indicated by colors and the sites are indicated by letter. Grasses generally have low
protein and high non-protein energy (NPE), with the exception of several samples from
Kudu Hill that show the opposite pattern.

Fig. 11. The percentage of phytoliths is plotted against the percentage of protein in all
samples. The plant types are indicated by colors and the sites are indicated by letter.
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3.3.2. Protein vs. antifeedants
While the protein and NPE energy content are important,

antifeedants such as lignins, phenols and phytoliths may increase the
costs of digestion. Therefore in Fig. 10 we compared protein vs. quanti-
ties of phenols and tannins, and for a reduced data set for whichwe had
phytolith data, we plotted protein vs. phytoliths (Fig. 11).

Previous studies have shown that plants produce increased chemical
protection (tannins and phenols) in response to damage by herbivores
Fig. 10. The combined percentage of lignins and phenols is plotted against the percentage
of protein in all samples. The plant types are indicated by colors and the sites are indicated
by letter.
(Karban and Myers, 1989). If protein-rich plants were preferentially
consumed, then we might expect them to have higher percentages of
lignins and phenols. There was a significant relationship between pro-
tein and the combined percentage of lignins and phenols in grasses
only (Spearman's ρ −0.479, P b .000), but not in the other plant
types. However, thedirection of the correlation in the grasseswas oppo-
site to what we expected – protein-rich grasses had a lower percentage
of lignins and phenols than protein-poor plants. In particular, the high-
protein plants in Kudu Hill were distinctly low in lignins and phenols,
further emphasizing their nutritional value.

Plants increase phytolith production in response to grazing (Massey
et al., 2007). Aswith tannins and phenols, if protein-rich plants are pref-
erentially sought out by consumers, then it is possible that protein-rich
plants would have high phytolith contents. However, we found no sig-
nificant correlation between protein and phytoliths, evenwhenwe con-
sidered the four plant types separately (Spearman's ρ ranged from
−0.03 to 0.25). This lack of relationship between protein and phytoliths
may suggest that high protein plants are not preferentially foraged in
this landscape, perhaps due to the plants using other means of protec-
tion against foraging, or due to other restrictions (e.g., unfavorable
fiber contents).

4. Discussion

The factor analysis, GLMs of the factors, andmodels for each individ-
ual nutrient have provided us the ability to answer the discrete ques-
tions posed in the introduction to this paper.

4.1. Which habitat has the most calories? Which has the most protein?

Protein clearly and significantly varied among habitats, with Kudu
Hill having the most protein in both grass and tree leaves. Calories had
a less clear pattern, with both gross and metabolizable energy showing
no consistent significant variation amonghabitats. However, fruitswere
always the most calorie-rich plant organs, supporting the idea they
were important hominin foods (e.g., Dunbar, 1976; Peters and Vogel,
2005), and suggesting that habitats with more fruits may have been
preferred, at least during periods when fruits were available.

Protein and lipid content, two of themajor components of energy for
non-ruminant consumers, loaded together on factor 2. The LMM of

Image of Fig. 9
Image of Fig. 10
Image of Fig. 11
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factor 2 again indicated that Kudu Hill was potentially the most desir-
able habitat, though the assessment of variability in factor 3 suggested
that Kudu Hill was perhaps the least predictable habitat, at least in
terms of gross energy and ash content. This variability might be driven
by the relatively high ash content of the Kudu Hill plants.
4.2. Where is the antifeedant load the least?

Phenols, tannins, and lignins were most common in trees and in
leaves. Bloedveld (the open grassland) stood out as having the highest
non-silica antifeedant load, but surprisingly had only moderate phyto-
lith content. Kudu Hill had by far the lowest concentrations of all
antifeedants, making it an attractive habitat.
4.3. Where is there the most bio-available nutrition? Are certain plants bet-
ter choices than others?

Calculatedmetabolizable energywas the least well-supported of our
individual nutritional properties, and was found to be highest in fruits.
The roots included in our study, which comprised mostly those poten-
tially valuable USOs fromwetland taxa, were very low in calculatedme-
tabolizable energy. Other means of looking at bio-available nutrition,
namely looking at protein vs. antifeedant content, indicated quite
strongly that the plants available in Kudu Hill provided the highest pro-
tein with the lowest costs. Surprisingly, the wetland and near-water
habitats in our analysis (Tick River and Peter's Vlei) were never charac-
terized by high amounts of any of the preferred nutritional qualities,
suggesting these habitats would not be particularly valuable to
hominins. Furthermore, the sedge USOs included in our studies had
quite high cellulose and hemicellulose values, and were unreliable in
terms of antifeedant content. This strongly suggests that the sedge
USOs available in the Cradle region were not typically valuable foods.
4.4. Which habitats are most similar to each other? Which are most differ-
ent? What drives this variation?

In most cases, Bloedveld and Kudu Hill stood out as the most differ-
ent to each other, though not always in the anticipated ways. We ex-
pected that Bloedveld would have had moderate protein values (and
higher in the wet season when new growth was available) and lower
tannin, phenol and lignin values, given that these antifeedants are
often associated with trees. We had further expected a high phytolith
content in Bloedveld, given the abundance of grass taxa. We observed,
however, that the protein values were rather low and the chemical
antifeedantswere quite high in this grassland habitat. Phytolith content
was high, but lower than that of the two wetland habitats.

The two water-associated habitats, Peter's Vlei and Tick River, were
similar in some of our analyses, probably because of the presence of
sedges in both habitats. Sedges were quite poor foods, and generally
stood apart from grasses and trees in their nutritional properties.
4.5. Is the nutritional variation among habitats greater than that between
seasons?

The variation in all three of our factors was strongly influenced by
site, while season strongly influenced the variation only in factor 2.
We could interpret this to mean that habitat was perhaps more impor-
tant than season in driving nutritional variation. However, in the ab-
sence of strong patterns in metabolizable energy, factor 2 represents
the most calorically valuable qualities of plants (proteins and lipids).
These vary between seasons, suggesting that proteinmight be restricted
in most of these habitats on a seasonal basis.
4.6. Which plants and habitats are the most reliable? Which are the least?

Sites were not clearly more or less variable for factor 1 and 2, but for
factor 3 (which is correlated positivelywith gross energy andnegatively
with ash) Kudu Hill stood out as a variable habitat. Though protein and
lipid values in this habitat are high, the low fiber and high ash content of
the plants in this habitat could have driven this variability in factor 3.
Sedges weremore variable on factor 1, suggesting that their antifeedant
and fiber content could not be reliably predicted.

5. Conclusions

All of our driving factors (season, habitat, plant type, and plant
organ) strongly influenced the various plant nutritional and antifeedant
properties, both in combination and individually.Wewere unable to as-
sess any interactions among our variables, and therefore could not as-
sess, for example, the combined effect of season and habitat. However,
our results allowed us to explore the patterns of variation among
these plants, which were occasionally surprising.

Despite strong temperature and rainfall variation between seasons
in the Cradle region, most nutritional properties remained relatively
constant between the wet and dry seasons. Only tannins, phenols and
protein differed among seasons, and all three were higher in the wet
season. The amount of increase was rather low: on average across all
of the samples, the protein value increased by about 0.7% in thewet sea-
son, while the tannin and phenol contents increased by about 0.1%.

Habitats had a stronger effect on the nutritional value, suggesting
that patch choice models may be appropriate for exploring hominin
feeding behaviors. Woodland habitats, particularly that at Kudu Hill,
were more nutritionally valuable than we had anticipated. Grasses
from these wooded environments were generally good resources
with relatively high protein contents and low chemical and mechani-
cal antifeedant contents. These plants may be particularly important
in the dry season, when protein content among all of the sampled
plants was lower. However, these grasses do not appear to have
much in the way of NPE, so would not be good for an animal that le-
verages NPE.

Sedges, USOs, andmost other plants available fromwetland or river-
edge habitats in our study area were surprisingly low in protein, NPE,
and calculatedmetabolizable energy. These poor nutritional values sug-
gest that wetlands and river edges would have been marginal habitats
for hominins, at least within theHighveld floristic region that character-
izes the Cradle today.

TheHighveld region inwhichwe sampled is unlikely to be represen-
tative of most potential hominin landscapes across Africa. Similarly ele-
vated and therefore cold semi-arid plains or plateaus are limited to the
central provinces of South Africa, the Ethiopian highlands and some re-
gions in the Maghreb. Plant communities in areas exposed to freezing
temperatures are different than those in warmer climates, and are gen-
erally reduced in the number of taxa and may have different seasonal
patterns. Future projects exploring nutritional and antifeedant variation
in more representative habitats may help us to better understand how
hominins may have used their landscapes in different climatic, tectonic
and environmental contexts.
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