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Abstract Geophagy, the intentional consumption of
earth materials, has been recorded in humans and other
animals. It has been hypothesized that geophagy is an
adaptive behavior, and that clay minerals commonly
found in eaten soil can provide protection from toxins
and/or supplement micronutrients. To test these
hypotheses, we monitored chimpanzee geophagy
using camera traps in four permanent sites at the
Budongo Forest Reserve, Uganda, from October
2015-October 2016. We also collected plants, and
soil chimpanzees were observed eating. We analyzed
10 plant and 45 soil samples to characterize geophagic
behavior and geophagic soil and determine (1)
whether micronutrients are available from the soil
under physiological conditions and if iron is bioavail-
able, (2) the concentration of phenolic compounds in
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plants, and (3) if consumed soils are able to adsorb
these phenolics. Chimpanzees ate soil and drank clay-
infused water containing 1:1 and 2:1 clay minerals and
> 30% sand. Under physiological conditions, the soils
released calcium, iron, and magnesium. In vitro Caco-
2 experiments found that five times more iron was
bioavailable from three of four soil samples found at
the base of trees. Plant samples contained approxi-
mately 60 pg/mg gallic acid equivalent. Soil from one
site contained 10 times more 2:1 clay minerals, which
were better at removing phenolics present in their diet.
We suggest that geophagy may provide bioavailable
iron and protection from phenolics, which have
increased in plants over the last 20 years. In summary,
geophagy within the Sonso community is
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multifunctional and may be an important self-med-
icative behavior.

Keywords Soil eating - Detoxification -
Micronutrients - Primates - Simulated digestion

Introduction

Humans and other animals eat a variety of nutritive
and non-nutritive materials to sate cravings and
physiological needs. However, little is known about
geophagy, the deliberate consumption of weathered
earth materials, (e.g., soil from the forest floor, termite
and other insect mounds, earthen bricks). Geophagy
has been observed in over 300 species of mammals,
birds, and reptiles (Young et al. 2011) and more than
130 species of non-human primates (NHP) (Pebsworth
et al. 2019). Within the genus Pan, researchers have
documented geophagy in Pan paniscus (bonobo)
(Kano and Mulavwa 1984), Pan troglodytes schwein-
furthii (East African chimpanzee) (Mahaney et al.
2005; Reynolds et al. 2015), Pan troglodytes troglo-
dytes (Central African chimpanzee) (Basabose 2002),
and Pan troglodytes versus (Western chimpanzee)
(Gaspersic¢ and Pruetz 2011).

Despite the high prevalence of geophagy across
many species, the causes and consequences of this
behavior among chimpanzees and other animals are
not well understood. Two adaptive hypotheses have
been posited: that soil provides supplementation of
micronutrients that may be lacking in the diet and that
it confers protection against plant secondary com-
pounds (Gilardi et al. 1999; Johns 1986; Ta et al.
2018), parasites (Bicca-Marques and Calegaro-Mar-
ques 1994; Knezevich 1998), and pathogens (Ketch
et al. 2001).

Under the supplementation hypothesis, soil pro-
vides micronutrients that are deficient in the diet
(Kreulen 1985). Micronutrient deficiencies can
adversely affect health and increase the risk of disease
(Rode et al. 2003). A corollary is that if geophagy
supplements micronutrients, it would occur more
frequently when animals require more nutrients and
might be prone to deficiencies, e.g., while pregnant or
lactating. Previous chimpanzee geophagy studies have
documented that mineral acquisition is plausible, but
did not analyze eaten soil under physiological
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conditions (Mahaney et al. 1996, 1997, 2005; Rey-
nolds et al. 2015). One primate study has used in vitro
Caco-2 experiments (Pebsworth et al. 2013). It showed
that even though iron was present in soil eaten by
chacma baboons, the iron was not bioavailable. While
it has not been suggested for non-human animal
geophagy, it should be noted that soil eating by
humans has been associated with micronutrient defi-
ciencies rather than corrections (Abrahams 1997,
Miller et al. 2016; Reid 1992; Severance et al. 1988;
Young 2010).

Under the protection hypothesis, geophagy is
considered a behavioral strategy to mitigate GI
distress. Most consumed soils contain clay minerals,
which can provide protection by directly adsorbing
agents that cause GI distress (Dominy et al. 2004;
Gilardi et al. 1999; Ta et al. 2018), reinforcing the
luminal epithelium of the GI tract (Gilardi et al. 1999;
Gonzélez et al. 2004; Said et al. 1980), and lysing
bacterial cells (Papaioannou et al. 2005). Plant
secondary compounds naturally occur in many dietary
items consumed by NHPs and can result in both
chronic and temporary GI distress, including nausea,
diarrhea, and vomiting. In addition to causing GI
distress, plant secondary compounds can reduce the
palatability of a plant and inhibit proteolytic enzymes
that are important for breaking down proteins into
amino acids (DeGabriel et al. 2009; Gurian et al. 1992;
Hladik 1977; Oates 1978). Non-human primates use a
variety of physiological, morphological, and behav-
ioral adaptations to contend with plant secondary
compounds. Studies have shown that soil eaten by
NHPs adsorbed polar plant secondary compounds like
alkaloids and phenolics (Johns 1986; Ta et al. 2018);
however, nonpolar compounds like terpenes were
poorly adsorbed (Ta et al. 2018). These studies used
pure commercially available compounds that resem-
bled those found in the diet but did not use plant
extracts eaten by humans or NHPs.

A corollary is that if geophagy were protective, it
would occur more frequently among individuals with
diets high in plant secondary compounds. Previous
chimpanzee geophagy studies have explored the
protection aspect by assessing adsorption of toxins
thought to be found in the diet (Aufreiter et al. 2001).
This study tested soil protection by measuring whether
alkaloids were adsorbed by soil eaten by chimpanzees.
They tested four pure alkaloid compounds that
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resembled those found in the diet but did not create
extracts from plants eaten by chimpanzees.

Previous chimpanzee geophagy studies have tested
the supplementation hypothesis by digesting soil
samples with an acid (ammonium oxalate) that
resulted in dissolution of the soil elements by the GI
tract but did not realistically simulate GI conditions
(Aufreiter et al. 2001). Another study used “aqua
regia” to digest soil samples, which also does not
simulate GI conditions (Reynolds et al. 2015). Con-
sequently, these results may have overestimated the
amount of micronutrients that were available to
chimpanzees. To date, no studies have used an
in vitro technique to determine whether micronutrients
present in soil eaten by chimpanzees were bioavail-
able. Such tests demonstrate bioavailability under
in vitro conditions. Further, in vivo testing is required
to show that micronutrients are, in fact, bioavailable.

Therefore, the objective of this study was to
improve our understanding of geophagy and its
potential for micronutrient supplementation and pro-
tection by examining geophagy among East African
chimpanzees living in the Budongo Forest. We used
the following innovative techniques: camera traps to
monitor permanent geophagy sites, a soil digestion
that simulated physiological conditions, extracts cre-
ated from plants eaten by the chimpanzees, and in vitro
Caco-2 cell assay to assess iron bioavailability. We
posited that:

1. Under physiological conditions, consumed soils
would not provide micronutrients.

2. Consumed soils would adsorb the plant secondary
compounds that were found in these chimpanzees’
diet.

3. Because micronutrient demands are not equiva-
lent, we posit that female chimpanzees would
spend more time at geophagy sites.

Methods
Study site and subjects

The Budongo Forest Reserve (1.617-2.0°N,
31.367-31.766°E) is a moist semi-deciduous tropical
forest located in the Masindi District of western
Uganda (Eggeling 1947; Plumptre and Reynolds
1996). There are four main forest types: Cynometra-

dominated, mixed, colonizing, and swamp (Eggeling
1947). Rainfall averages 1600 mm per year and
exhibits a bimodal pattern, with a main annual dry
season occurring during December—February (Rey-
nolds 2005). A trail system has been cut across the
local floodplain tracts that cross the main study area of
the forest. Trails are 0.5 m wide and are cut 100 m
apart forming 100 m x 100 m blocks. The trails form
a grid that is labeled with numbers and letters.
Humans, chimpanzees, and other animals use this
trail system (Fig. 1).

From September 2015 to October 2016, we
observed the Sonso community of chimpanzees (Pan
troglodytes schweinfurthii) who live within and
around the Budongo Forest Reserve. During the study,
there were 59 members of the community: 22 adult
females (8 lactating), 11 adult males, 18 juveniles, and
8 infants.

The chimpanzees had a varied diet that included
fruits, leaves, bark, meat, and soil from permanent
geophagy sites, fine silt along riverbanks (Reynolds
et al. 1998), and termite mounds (Reynolds et al.
1998, 2015; Tweheyo et al. 2006). The permanent
geophagy sites are located along the River Sonso,
which contained clean, clear (not clay-infused) water
(Fig. 2). After it rains, clay particles become sus-
pended in standing water. Because clay is a compo-
nent of soil, we include the consumption of clay-
infused water as geophagy.

We monitored four permanent geophagy sites used
by the Sonso community of chimpanzees (Fig. 2).
Three were located in the Sonso community’s home
range (N6, G6, and 4/6) and are located at the base of
trees. N6 is at the western edge of the chimpanzee’s
home range; G6 and 4/6 are in the core area of their
home range. The fourth site was located in Waibira,
which is not in the community’s core range but rather
the periphery of their home range. This site was not
located at the base of trees.

All applicable international, national, and institu-
tional guidelines for the care and use of the chim-
panzees were followed. All research undertaken and
reported complied with The University of Texas at San
Antonio’s Institutional Animal Care and Use Com-
mittees (IACUC) and approved in protocol #PA005-
10/18.
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Fig. 1 Sonso community of chimpanzees moving along the trail system in the Budongo Forest Reserve (Photo credit, PA Pebsworth)

Camera traps

We monitored behavior at four permanent geophagy
sites using Bushnell Trophy camera traps. Cameras
were activated by infrared motion and heat detection.
We positioned the cameras approximately 20 cm
above the ground near fixed locations where chim-
panzees and other animals were observed eating soil.
Cameras operated continuously, except when the
memory card became full, batteries failed, or a camera
malfunctioned. We programmed camera traps to take
59-s videos with a 1-s interval between videos, and all
cameras were synchronized by date and time. Cameras
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were checked several times per month to ensure they
were functional and to exchange batteries and SD
cards.

For each video, we documented date, time, site,
visibility, whether the chimpanzees stopped at the
geophagy sites or were in transit. When the chim-
panzees stopped at the geophagy sites, we documented
age-class and the sex of adult individuals, whether
there was standing water, and use of plant material
(leaves or moss) to extract soil and clay-infused water.
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Fig. 2 Four permanent
geophagy sites (N6, G6, 4/6,
and WB) used by
chimpanzees in the
Budongo Forest are located
along the Sonso River
(modified from the official
Budongo Conservation
Field Station trail map)

Nature Reserve

Vomseeersor @oool,

G6
Waibira

@ geophagy sites
trail
road
aavee river

Plant collection and plant secondary compound
extraction

We collected and dried ten dietary items known to
contain plant secondary compounds that the chim-
panzees ate during the study. Dried plant samples were
exported with Uganda National Council of Science
and Technology (UNCST) permit NS 548, and also
received phytosanitary certification from the Ugandan
Ministry of Agriculture on Export license #1804. At
the University of Ottawa, they were ground with a
Wiley mill to pass through a 30 mesh screen and
extracted with 80% ethanol (1:20 w:v), filtered, then
dried using a rotary evaporator and a lyophilizer, as
described elsewhere (Spoor et al. 2006).

Clay-infused water collection and screening

Two samples of standing clay-infused water were
collected at all four geophagy sites when water began
to accumulate during the rainy season (n = 8). We
screened these samples in the field for available iron
using a ferrozine assay test (see Bioavailability of
Iron).

Soil collection and preparation

Forty-five soil samples were collected at four perma-
nent sites exactly where chimpanzees had been
observed and camera traps captured them eating soil
(Fig. 2). No control samples were collected because
there were no obvious areas in the camera traps view
that were avoided by the chimpanzees. Using a clean
trowel, approximately 150 g of soil was collected and
placed in a sealable polyethylene bag. Samples were
labeled and photographed in accordance with best
practices (Young et al. 2008). Each sample was
subsequently dried and homogenized.

Physical characterization of soil

Forty-five soil samples were analyzed and archived at
Makerere University, Kampala, Uganda. Makerere
University’s Soils Department processed and analyzed
the samples for pH and particle size. The samples were
air-dried, pounded and then passed through a 2-mm
sieve to remove any debris. Soil pH was measured in a
1:2.5 soil/water ratio. Particle size distribution was
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measured using the hydrometer method (Bouyoucos
1962).

Soil samples received phytosanitary certification
from the Ugandan Ministry of Agriculture on Export
license #1803 and were shipped to the James Hutton
Institute, the University of Ottawa, and Cornell
University, where mineralogical, chemical, and
bioavailable iron analyses were conducted.

Soil mineralogical and chemical characterization

From the 45 samples collected, we selected eight
samples that were representative of the samples
collected at the geophagy sites. We characterized the
mineralogical composition of the bulk and <2 um
clay size fraction using these eight soil samples (one
from N6, two from G6, two from 4/6, and three from
Waibira) using quantitative X-ray diffraction (XRD)
procedures at the James Hutton Institute. The number
of samples analyzed is proportional to the frequency of
geophagy at the site, the size of the site, and how many
areas within the site were used by the chimpanzees.
Preparation and analysis followed techniques
described elsewhere (Hillier 1999; Omotoso et al.
2006).

The same eight bulk soil samples were also
analyzed for total major element geochemistry by
X-ray fluorescence spectrometry (XRF) on fused glass
beads (Phillips PW2404), total organic carbon content
by combustion (Thermo Finnegan Elemental Analyzer
FlashEA 1112 Series), and oxalate extractable iron,
aluminum, silicon, manganese, and phosphorus
(Farmer et al. 1983).

Supplementation and detoxification analyses
Simulated digestion procedures

We digested the 10 plant and 8 soil samples using a
modified, physiologically based extraction method
(Gilardi et al. 1999; Klein et al. 2008; Ruby et al.
1996). Soil collected at geophagy sites (1 g) was
suspended in 50 mL of simulated gastric fluid (SGF)
with pepsin (pH = 1.2). 2.5-mL aliquots were drawn
and treated with varying concentrations of each plant
extract. Samples were incubated under agitation
(250 rpm) at 37 °C for 1 h with simulated gastric
fluid (SGF). Next, the pH was adjusted to 5.5-6.0
using 1.0 M sodium bicarbonate (NaHCO3) to mimic
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intestinal conditions and 2.5 mL of simulated intesti-
nal fluid (SIF) with pancreatin was added to each
sample. The samples were then incubated for 2 h at
37 °C under agitation. After incubation, the samples
were centrifuged at 3900 rpm. For each sample, a
2-mL aliquot of the supernatant was transferred to a
Falcon tube where 2 mL of methanol was added to
precipitate the enzymes. These samples were then
centrifuged at 3900 rpm to yield the final supernatant
for chemical analyses. Simulated digestive fluids were
prepared according to USP specifications (US Phar-
macopeia 2017).

Element release from soil under biological conditions

We used two methods to examine elements released
from the digested soils. The first method was the
simulated physiological digestion, as described above
but without pepsin and pancreatin. The second method
was modified from Gilardi et al. (1999), where 1 g of
soil was digested under agitation for 1 h in 0.01 M
hydrochloric acid (HCI). The rationale for using the
second method was to measure the concentration of
Na, K, and P released from the soils as the simulated
digestive fluids contain NaCl, NaOH, and KH,PO,.
After digestion, the soil samples were analyzed by
inductively coupled plasma emission spectroscopy
(ICP-ES) and mass spectrometry (ICP-MS) at the
University of Ottawa (ICP-ES: Agilent (Varian)
VistaPro ICP spectrometer; ICP-MS: Agilent 8800
triple quadrupole ICP-MS). The limit of detection
(LOD) was the following ppm: Al 0.1, Ba 0.0, Ca 0.2,
Fe 0.0, K 0.6, Mg 0.0, Mn 0.0, Na 0.3, P 0.5, S 0.8, Sr
0.0.

Bioavailability of iron

We assessed bioavailability of iron using two different
techniques: ferrozine assay and the Caco-2 cell culture
model. The colorimetric ferrozine assay measures
Fe'? and Fe™ in water (Riemer et al. 2004), and we
tested two clay-infused water samples at each
geophagy site. Ferrous ions form a complex with the
chromogen ferrozine, and the intensity of the color is
proportional to the iron concentration in the sample.
We measured bioavailable iron in four soil samples,
one per geophagy site, using the Caco-2 cell culture
model in which ferritin levels of colon cells grown
in vitro approximate bioavailability (Glahn et al.
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1998). Fewer samples were analyzed due to expense
and limited soil sample. Preparation and analysis
techniques are as previously described (Pebsworth
et al. 2013; Seim et al. 2013).

Phenolics and detoxification trials

We measured total phenolics of ten Ugandan plant
extracts using the Folin—Ciocalteu reagent with gallic
acid as the standard and 50% methanol as the blank
(control) as previously described (Spoor et al. 2006).
Subsequently, we determined the average gallic acid
equivalents (GAE) adsorbed from plant extracts by
soils from three of the four geophagy sites (G6, 4/6,
WB) and two reference clay minerals: kaolinite (1:1
clay mineral) and montmorillonite (2:1 clay mineral).
N6 was excluded as little geophagy occurred there.
We compared mean adsorption of phenolics for the 10
relevant plant extracts by site and two reference clay
minerals (sample 15 from WB, 9 from G6, and 5 from
4/6, kaolinite, and montmorillonite).

Statistical analyses

We ran basic statistics in Stata 15 (StataCorp.
2017. Stata Statistical Software: Release 15. College
Station, TX: StataCorp LLC). We used X? to test
whether any age-class or sex frequented geophagy
sites more frequently than would be anticipated if each
group equally visited sites, proportional to their
representation in the community. We set alpha to 0.01.

We used the Kruskal-Wallis test with a post hoc
Dunn’s test to determine whether there was a differ-
ence in phenolic adsorption between geophagy sites
and two reference clay minerals: montmorillonite and
kaolinite. We set alpha to 0.05.

Results
Camera traps

Four camera traps operated from October 1, 2015 to
October 26, 2016 (n = 1568 camera trap days), of
which some cameras were non-operational for 203
camera trap days (13.0%). During this time, cameras
captured 1185 videos of chimpanzees at four perma-
nent geophagy sites (Fig. 2). Of these videos, 108
(9.1%) were of chimpanzees moving through the sites

and were excluded from the analyses (n = 1077). The
majority of videos were taken at sites 4/6 (n = 516)
and G6 (n = 361), which are located within the core
area of the chimpanzee’s home range (Newton-Fisher
2003) (Fig. 2). The fewest videos were captured at N6
(n = 28), which is located at the western edge of the
Sonso community’s home range. The fourth site,
Waibira, is located at the eastern edge of the commu-
nity’s home range and captured 172 videos (Fig. 2).

We assessed chimpanzee presence at geophagy
sites by age-class and sex: adult females were present
in 43.0% of videos, adult males 11.9%, juveniles
31.4%, and infants 13.7% (Fig. 3). Infants were not
observed eating soil but represent the number of
lactating females present. These frequencies are
significantly different than expected under the null
hypothesis (X* = 37.09, df = 3, p < 0.0001). Adult
females (lactating and non-lactating) spent more time
than expected at geophagy sites eating soil or drinking
clay-infused water and adult males and juveniles spent
less time than expected.

Clay-infused water consumption

Chimpanzees primarily consumed clay-infused water
at sites 4/6, G6, and N6. Visibility was poor in
approximately 3.1% of the videos, but the remaining
videos showed chimpanzees using several techniques
to collect clay-infused water: (1) they picked and
masticated leaves or moss and used them as a
“sponge” and then placed the sponge into their
mouths, (2) they put their heads into holes located at
the base of tree roots and suctioned the clay-infused
water out, and (3) they placed their hands into the

600
500
400
300
200

100

Number of videos present

0
Adult females Adult males Juveniles Infants
Age-class & sex present at geophagy sites

Fig. 3 Age-class and sex present at permanent geophagy sites
in Budongo Forest Reserve
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holes and drank out of their hands or off the tips of
their fingers.

Soil consumption

The chimpanzees primarily consumed soil at one site,
Waibira (WB) 90.2% versus 9.8% at other sites.
Depending on the season, they used four different
techniques to eat soil or drink clay-infused water
(Fig. 4A-D).

Soil physical characterization

Particle size distribution analysis demonstrated that
soils at the four geophagy sites contained large
quantities of sand. The eight soil samples were
classified as sandy loam, sandy clay, loamy sand,
and silt loam (Table 1).

Soil chemical characterization

The soil samples ranged in pH from 6.1 to 7.3. The
oxalate extractable iron data showed that all eight
samples ranged from 569 to 6403 ppm corresponding
to between 6 and 28% of total iron in a poorly/non-
crystalline form. Organic carbon contents were
indicative of organic matter contents of 1% or less in
most soils with two samples, one from G6 and one
from 4/6 geophagy sites, having higher organic carbon
contents (Table 2).

Soil mineralogical characterization

The XRD results for the soil samples showed large
proportions of quartz, which presumably account for
the large amounts of sand and silt recorded by particle
size analysis.

The XRD analysis of the clay fraction (< 2 pm)
indicated that kaolinite, a 1:1 clay mineral, an
expandable (i.e., swelling) 2:1 clay mineral, and an
appreciable amount of X-ray amorphous material
were present in the samples (Table 2). The expandable
clays from the Waibira site show features indicative of
mixed-layering of smectite with kaolinite, whereas at
the other locations the expandable clays appear more
uniformly smectitic in character. Other minerals
present included minor/trace amounts of feldspars,
mainly potassium forms, and minor/trace rutile,
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anatase, and ilmenite. No crystalline iron oxides were
detected.

The bulk soil geochemistry showed that total iron in
the soils ranges from 9372 to 22,522 ppm
(0.94-2.25%). Although a minor amount of total iron
may occur in ilmenite, the combination of mineralog-
ical and geochemical analyses indicated that the main
location of iron must be in clay minerals, principally
the expandable swelling clays, since no other minerals
that can accommodate iron were present in the
samples.

Element release from soil under biological conditions

Element release analyses using techniques that simu-
lated biological conditions showed that some samples
yielded calcium (Ca), iron (Fe), and magnesium (Mg)
in quantities greater than 5 ppm (Table 3). These
analyses also demonstrated that there was agreement
between the two digestion methods with the exception
of the elements (K, Na, P) that were present in the
extraction fluid (Table 3). With regards to iron, HCI
digestion values were consistently higher and ranged
from 5.3 to 36.9 while the PBET method values ranged
from 0.3 to 2.1.

The extractions also showed the presence of minor
amounts of heavy metals in the soil samples. The
range of values was as follows: arsenic (As)
0.26-1.79 ppm, cadmium (Cd) 0.33-2.24 ppm, chro-
mium (Cr) 10.44-19.94 ppm, and lead (Pb)
7.13-11.20 ppm.

Bioavailability of iron

The ferrozine assay test suggested that clay-infused
water from all four sites contained iron. The Waibira
site showed the fastest and darkest change in color
suggesting that more iron was present at this site than
the other sites in Budongo.

The Caco-2 cell culture model showed, however,
that iron found in geophagic soil at Waibira was not
bioavailable, but was bioavailable at N6, G6, and 4/6
(Fig. 5).

Phenolics and detoxification trials
Total phenolics of eight plants commonly eaten and

two barks infrequently eaten by the chimpanzees
revealed that GAE was high (Table 4).
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Fig. 4 Chimpanzee geophagy feeding behavior at Waibira.
A Chimpanzees dipped their hands or their fingers into the soft
soil and licked the soil off, B while suspended, chimpanzees
suctioned up clay-infused water with their mouths, C they

picked and masticated leaves and then used them as a “sponge”
or napkin and then placed the sponge into their mouths, D they
broke off clumps of dry soil and ate them directly (Photo credit,
PA Pebsworth)

Table 1 Soil texture of

; . Soil sample % Sand % Silt % Clay Texture classification

eight soil samples from

geophagy sites used by the N6 (3) 66 20 14 SL

Sonso community of G6 (2) 56 2 2 SCL

chimpanzees in the

Budongo Forest Reserve G6 (9) 68 18 14 SL
4/6 (5) 86 8 LS
4/6 (8) 86 8 6 LS

Sample # in () WB (2) 68 16 16 SL

SL sandy loam, SCL sandy WB (7) 36 50 14 SiL

clay, LS loamy sand, SiL silt WB (15) 66 16 18 SL

loam

The five earth samples (G6, 4/6, Waibira, and two
reference clays) evaluated suggest that plant phenols
found in leaves, seeds, bark, and flowers are better
adsorbed than fruit (Table 5). The negative values are

likely due to the lack of biological replicates (N = 1)
and the limit of detection. It is unlikely that the
negative values were caused by phenolics in the soil
being released after digestion, as this would have been
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Table 2 Bulk soil mineralogy (XRD), total organic carbon content (TOC), major element geochemistry (XRF), and oxalate

extractable iron

Analysis N6 (3) G6 (2) G6 (9) 4/6 (5) 4/6 (8) WB (2) WB (7) WB (15)
XRD (wt%)
Quartz 69.2 68.3 72.1 80.7 80.7 59.8 58.3 54.2
K-Feldspar 0.0 7.6 7.0 0.8 1.6 0.0 0.0 0.0
Plagioclase 1.7 0.5 04 0.6 0.3 0.5 0.4 0.3
Anatase 0.1 0.1 0.0 0.0 0.0 0.1 0.0 0.1
Rutile 0.9 0.9 0.9 0.5 0.5 0.6 0.6 0.5
Ilmenite 0.6 0.5 0.5 0.8 0.6 0.2 0.1 0.1
2:1 (S and K/S) 9.0 44 25 2.0 2.1 19.2 21.9 24.5
1:1 (K) 10.5 11.9 8.7 4.8 53 9.7 9.2 11.0
Amorphous 8.0 59 8.0 9.9 8.8 9.8 9.4 9.3
TOC (wt%) 0.64 0.46 2.60 1.61 0.64 0.39 0.49 0.45
XRF (wt%)
Si0, 82.64 84.11 84.22 88.24 91.01 80.06 79.84 77.76
Al,O4 6.86 7.12 5.38 2.99 2.99 9.38 9.46 10.92
TiO, 1.11 1.01 0.94 1.28 1.25 1.09 1.05 1.07
Fe,05 3.22 1.99 1.48 1.41 1.34 2.49 2.54 2.86
Mn;04 < 0.05 0.05 < 0.05 0.05 < 0.05 0.12 0.08 0.07
MgO 0.33 0.19 0.14 0.10 0.10 0.44 0.44 0.47
CaO 0.16 0.11 0.16 0.21 0.12 0.29 0.29 0.32
K,O 0.80 1.88 1.65 0.55 0.58 0.64 0.62 0.70
Na,O 0.19 0.07 0.08 0.07 0.08 0.09 0.10 0.10
P,05 0.12 < 0.05 0.06 0.06 0.06 < 0.05 < 0.05 < 0.05
710, 0.11 0.11 0.10 0.12 0.15 0.08 0.08 0.08
LOI@1000 °C (After LOD) 427 3.33 5.95 4.78 2.63 4.99 5.00 5.57
Total 99.81 99.97 100.16 99.86 100.31 99.67 99.5 99.92
Oxalate (mg kg™ ")
Al 264 78 159 54 45 322 367 460
Fe 6405 1813 2185 783 569 1767 1625 1440
Mn 109 128 33 23 12 697 394 303
P 313 ND 63 ND ND ND ND 103
Si 336 129 165 ND ND 267 302 313
Oxalate (wt%)
AlO4 0.05 0.01 0.03 0.01 0.01 0.06 0.07 0.09
Fe,03 0.92 0.26 0.31 0.11 0.08 0.25 0.23 0.21
MnO 0.01 0.02 0.00 0.00 0.00 0.09 0.05 0.04
P,0s5 0.07 ND 0.01 ND ND ND ND 0.02
Si0, 0.07 0.03 0.04 ND ND 0.06 0.06 0.07
Total iron (mg kg™") 22,522 13,919 10,352 9862 9372 17,416 17,766 20,004
% Oxalate Fe/total Fe 28 13 21 8 6 10 9 7

Budongo sites = N6, G6, 4/6; Sample # in ()

WB Waibira, K kaolinite, S smectite, K/S kaolinite/smectite, XRD X-ray diffraction, TOC total organic carbon, XRF X-ray

fluorescence spectrometry, LOI loss on ignition, LOD loss on drying, ND no data
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Table 3 Geophagic soil Macro elements Al Ba Ca Fe K Mg Mn Na P S Sr
samples from the Budongo
Forest Reserve, Uganda Sample
analyzed for micronutrients N6 3 (HCL) 36 05 66 368 BDL 48 07 05 BDL BDL 0.1
(ppm) using inductively
coupled plasma (ICP) N63 (PBET) 19 04 67 12 10114 47 05 9812 7064 BDL 0.1
N6 7 (HCL) 32 04 67 369 BDL 47 04 04 BDL BDL 0.1
N67 (PBET) 1.7 03 68 14 9754 45 02 9498 6844 BDL 0.1
N6 9 (HCL) 37 09 87 332 BDL 63 11 13 BDL BDL 0.1
N69 (PBET) 20 05 89 15 10043 62 07 9629 7029 BDL 0.
G6 2 (HCL) 16 05 45 226 BDL 22 12 04 BDL BDL 0.1
G62 (PBET) 10 03 53 17 100l.1 22 08 09546 697.8 BDL 0.1
G6 4 (HCL) 15 05 48 128 BDL 17 04 BDL BDL BDL 0.1
G64 (PBET) 07 02 47 10 9971 16 03 9656 699.8 BDL 0.1
G6 9 (HCL) 15 03 82 170 BDL 13 03 BDL BDL 11 0.l
G69 (PBET) 09 02 73 21 9468 13 03 9174 6592 BDL 0.1
4/6 5 (HCL) 09 01 96 76 BDL 14 03 BDL BDL BDL 0.
4/6 5 (PBET) 0.6 0. 103 20 9471 15 03 9217 661.6 BDL 0.1
4/6 8 (HCL) 07 01 45 53 BDL 1.0 0.1 BDL BDL BDL 0.0
4/6 8 (PBET) 09 0.1 7.6 21 9919 18 02 9507 6913 BDL 0.1
4/6 10 (HCL) 16 02 69 96 BDL 22 01 BDL BDL BDL 0.1
Soil samples digested with 4/6 10 (PBET) 1.1 02 7.5 09 1021.1 24 0.1 1021.8 7173 BDL 0.1
hydrochloric acid (HCL) WB2 (HCL) 47 05 150 94 BDL 47 16 12 BDL BDL 02
and a physiologically based WB 2 (PBET) 34 04 148 14 9366 47 07 9666 6551 BDL 02
extraction test (PBET) WB7(HCL) 49 04 155 87 BDL 51 1.1 26  BDL BDL 02
zz(r)‘;ﬁ’ll;gsy“s’iltlzgtf:;;g;fgeo WB 7 (PBET) 20 03 153 04 9395 52 04 9908 6598 BDL 02
(BUD) N6, G6, 4/5, and one WB 13 (HCL) 58 04 190 82 BDL 57 11 32 BDL BDL 02
site in the neighboring WB 13 (PBET) 23 03 179 03 9609 55 05 10098 6748 BDL 0.2
f&“};‘?unity of Waibira WB 15 (HCL) 56 06 178 76 BDL 55 10 33 BDL BDL 02
WB 15 (PBET) 2.1 03 184 03 10251 55 05 10589 7186 BDL 0.2

BDL below detection limit

accounted for by the 50% methanol blank (control).
More research is needed to determine what factors
(e.g., presence of sugars, fiber) affect soil adsorption.

The soil from the Waibira site that contained more
2:1 clay minerals removed more phenolics and was
comparable with montmorillonite. Soils from G6 and
4/6 removed fewer phenolics and were comparable to
kaolinite (Fig. 6). Using the Kruskal-Wallis test with
a post hoc Dunn’s test, WB 5 and montmorillonite
were significantly different (p < 0.05) from kaolinite
but not G6 9 or 4/6 5.

Discussion

In this study, we characterized both geophagic
behavior and geophagic soil using cutting-edge

techniques including 13 months of camera trap data,
a soil digestion that simulated intestinal biochemistry,
and Caco-2 in vitro experiments to assess bioavail-
ability of iron. We found evidence in support of both
the supplementation and protection hypotheses.

East African chimpanzees have been studied the
longest, and more information on geophagy has been
collected than for other subspecies of chimpanzees
and bonobos (Goodall 1963; Mahaney et al. 1997;
Nishida and Uehara 1983; Tweheyo et al. 2006).
Bonobos have been observed eating termite mound
soil, but little else is known (Kano and Mulavwa
1984). A dietary ecology study conducted on Central
African chimpanzees documented geophagy from
fecal samples and only 0.1% of samples contained
soil (Basabose 2002). Geophagy has also been
observed in Western chimpanzees, but only traces of
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Fig. 5 Tron bioavailability in four geophagic soil samples
measured in triplicate. Total iron (in parentheses) and ferritin
formation values are mean = SEM, n = 4. Total iron was
calculated from ICP data and iron bioavailability, based on
ferritin data from Caco-2 experiments. Baseline refers to cell
ferritin levels in wells without soil, which is a quality control
measure used to confirm that the media was free of contaminant
iron

soil were found in their diet (GaSpersi¢ and Pruetz
2011). It is not possible to compare geophagy among
chimpanzees, but all subspecies eat soil but seemingly
to varying degrees and with different earth materials.

Chimpanzees are a fission—fusion society and do
not move cohesively. In the past, researchers docu-
mented soil consumption using focal animal observa-
tion. This technique works well when chimpanzees do
not return to the same source (e.g., termite mounds).
However, camera traps are ideal when the same sites
are used repeatedly. The Sonso community of chim-
panzees residing in the Budongo Forest Reserve
regularly frequented permanent geophagy sites to eat
soil and drink clay-infused water. At three permanent
geophagy sites, the chimpanzees primarily drank clay-
infused water. It should be noted that if the chim-
panzees were seeking only water, it was readily
available nearby at the Sonso River (Fig. 2). The
ferrozine-based assay indicated that there was iron
present in clay-infused water at all four permanent
sites. The fourth geophagy site was located in Waibira.
At this site, chimpanzees ate soil which adsorbed
phenolic compounds present in their diet.

Table 4 Total phenolics

quantification of ten
Ugandan ethanolic plant
extracts consumed by
chimpanzees in the
Budongo Forest Reserve

Latin name and common name Plant part Gallic acid equivalent (pg/mg extract) £ SD
Celtis mildbraedii Leaves 60.0 £ 0.2
Natal white stinkwood

Cynometra alexandri Seeds 64.0 = 0.5
Uganda ironwood

Ficus exasperata Fruits 62.1 = 0.3
Forest sandpaper fig

Ficus mucuso Fruits 61.7 £ 0.2
Kabalira

Cordia millenii Fruits 599 £ 0.2
Drum tree

Broussonetia papyrifera Fruits 59.1 £ 0.1
Paper mulberry

Ficus exasperata Bark 63.7 £ 04
Forest sandpaper fig

Alstonia boonei® Bark 61.1 £ 1.0
Stool wood

Broussonetia papyrifera Flowers 647 £ 14
Paper mulberry

Khaya anthotheca® Bark 329.5 + 30.5

“Appears to be used
medicinally
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Table 5 Adsorption of total phenolics in eight Ugandan plant extracts (400 pg/mL) by soil from three geophagy sites (G6, 4/6, WB)

and 2 reference clay minerals under simulated digestion

Soil G6 (9) 4/6 (5) WB (15) Kaolinite Montmorillonite
Plant extract Average gallic acid equivalents adsorbed + SD (pg/mg soil)

Celtis mildbraedii leaves 39.1 £39 17.8 £ 5.5 20.7 £ 2.8 149 + 7.8 265 £5.5
Cynometra alexandri seeds —58+44 29 +11.7 13.6 £ 84 155 £ 29 44.6 £ 0.1
Ficus exasperata fruits — 249 £ 39 149 + 2.8 20.7 £ 1.5 139+ 24 18.7 £ 1.1
Ficus mucuso fruits 4.8 £0.1 10.7 £ 0.1 - 1.0+£0.1 —1.0+£0.1 7.8 £0.1
Cordia millenii fruits -39+ 17 — 126 £ 1.7 29+ 0.1 - 514+ 17 8.7+ 0.1
Broussonetia papyrifera fruits 13.6 £ 29 0.1 £34 10.7 £ 0.1 1.0+ 1.7 11.6 £ 1.7
Ficus exasperata bark 26.2 £ 5.0 155 + 34 36.8 £ 1.7 174 £ 0.1 426 £ 1.7
Broussonetia papyrifera flowers 252 + 6.7 31.0 £ 6.7 30.0 £ 6.1 73 +2.1 41.7 £ 6.1

40 4
30 4 “V

20 +

Average GAE adsorbed (1g/mg soil)

Soil treatment

Fig. 6 Average phenolics adsorbed + SE (pg/mg soil) by soil
from three of four geophagy sites and two reference clay
minerals for ten plant extracts consumed by chimpanzees.
Phenolics adsorption is expressed as gallic acid equivalents
(GAE)

Geophagy seems to be increasing in Budongo. A
10-month study conducted in 1998 observed geophagy
four times in 8 months (Tweheyo et al. 2006). A
subsequent 16-month study in 2000 observed geo-
phagy three times. A third 16-month study conducted
in 1997-1998 identified soil in 21.1% (n = 34) of fecal
samples analyzed for diet (Fawcett 2000). Since 2000,
the chimpanzees have become more habituated to
humans and the frequency of geophagy also appears to
have markedly increased (Reynolds et al. 2015). The
1077 episodes of geophagy captured on camera traps
in this study underestimate soil eating, as cameras did

not capture geophagy at termite mounds and other
locations where the chimpanzees are known to eat soil
(Reynolds et al. 2015; Tweheyo et al. 2006).

An increase in geophagy could be motivated by a
need for protection from gastrointestinal distress
caused by an increased concentration of plant sec-
ondary compounds over time. In 1998, Reynolds et al.
reported the mean condensed tannin content for the top
12 foods consumed by the Budongo chimpanzees. At
this time, no food item had greater than 30-ppm
tannins and four had almost no tannin present.
Although we can’t compare our total phenolics data
with 1998 tannins data because of the difference in
techniques, all plants tested contained appreciable
levels of phenolic compounds. Additionally, results
from Kibale National Park, also located in Uganda,
have documented a decline in the nutritional quality of
tropical leaves (Rothman et al. 2015). Indeed, it has
been demonstrated that a consequence of climate
change is a decline in the nutritional composition of
leaves and greenhouse experiments have found that
elevated CO, levels resulted in a 19% increase in
condensed tannins (Marsh et al. 2013). Studies have
shown that tannins are potent inhibitors of iron
bioavailability so an increase in dietary tannins could
require additional iron to be consumed in order to meet
iron requirements (Glahn et al. 2002).

Even though camera traps did not capture all
geophagy episodes, they proved valuable at docu-
menting chimpanzee soil-eating repertoire and pat-
terns of geophagy unique to age-class and sex were
revealed (Fig. 3). One such behavior was the chim-
panzees’ use of leaves when eating soil (Fig. 4A, C). It
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is possible that soil or clay-infused water enhanced the
pharmacological properties present in the leaves used
(Klein et al. 2008). Alternatively, this community
possesses considerable leaf technology (Gruber et al.
2009) and they may be using leaves to keep their hands
clean, as well as absorbing clay-infused water.

Micronutrients were available from the soil but not
in great concentrations (Table 3). Regardless, in
addition to iron some soil samples had calcium and
magnesium in quantities greater than 5 ppm, which
suggests that some micronutrients were available from
eaten soil.

Past human and non-human primate studies have
found little bioavailable iron in geophagic soils
(Pebsworth et al. 2013; Seim et al. 2013). For example,
soil eaten by chacma baboons in South Africa
contained approximately 6 ng ferritin/mg cell protein,
which was just slightly greater than the baseline
(Pebsworth et al. 2013). Conversely, three of four soil
samples from permanent geophagy sites (4/6, G6, N6)
contained approximately 20 ng ferritin/mg cell pro-
tein, i.e., appreciable amounts (Fig. 5). The fourth
geophagy site, Waibira, had high total iron levels, but
bioavailable iron levels were below the baseline. This
indicates that components of the sample were able to
complex iron and thus strongly inhibit iron bioavail-
ability. The Caco-2 cell bioassay is extremely sensi-
tive to bioavailable iron; thus, the trace amounts
present in the baseline digest (containing only the
digestive enzymes and culture media) typically yield
cell ferritin levels in the 2-7 ng ferritin/mg cell protein
range. From extensive experience, we know that
values below baseline resulting from exposure to a
sample indicate strong complexation of the iron in the
sample and thus extending to the trace iron in the
digest solutions (Ariza-Nieto et al. 2007).

Geophagy sites 4/6, G6, and N6 are located at the
base of trees, and it is possible that trees exude
phytochemicals that enhance iron bioavailability or
that iron was more exchangeable at these sites
(Kobayashi et al. 2018). It is also possible that iron
was made bioavailable by soil bacterial activity.
Cursory Illumina-based 16S sequencing revealed that
microbial DNA from N6 contained abundant amounts
of typical soil microbial populations (e.g., actino-
mycetes and acidobacteria) in and sparse amounts of
iron oxidizers and iron reducers (Emerson, unpub-
lished data). More microbiology work needs to be
completed, but this result suggests that some
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microbiological iron mobilization is taking place at
geophagy sites in Budongo. Previous studies have
indicated that geophagy sites are typically on higher,
well drained, and more mature segments of the
landscape (Mahaney and Krishnamani 2003). The
Budongo soils appear to be immature and are poorly
drained during the rainy season, which could con-
tribute to iron mobilization.

Ferrozine-assays indicated that clay-infused water
found at all four permanent geophagy sites contained
iron. It should be noted, however, that this form of iron
may not be bioavailable. Iron in solution is often
tightly bound to a compound and not exchangeable to
the iron uptake transporters. There can also be large
molar excess of a compound, relative to the iron, that
outcompetes the iron transporter for the iron (Engle-
Stone et al. 2005; Glahn et al. 1995; Hart et al. 2017).
These findings are not consistent with our first
hypothesis and instead suggest plausibility of chim-
panzees eating soil to supplement micronutrients.
More research is needed to determine the factor(s) that
made iron bioavailable and whether the calcium and
magnesium were bioavailable.

Phenolic compounds were present in all plant
extracts that we tested (Table 4) and were bound by
the 1:1 and 2:1 clay minerals found in the eaten soil
(Table 2). Clay minerals were also consumed as a
colloidal suspension in clay-infused water. They
would have been concentrated because the sand would
have settled and been excluded. Waibira soils were
able to adsorb similar amounts of total phenolics as
pure montmorillonite (Fig. 6). These soils contained
more expandable 2:1 clay minerals (Table 2), which
are better at adsorbing plant secondary compounds
than kaolinite (Ta et al. 2018). During this study, the
top four foods eaten by the chimpanzees were
Cynometra alexandri, Ficus mucuso, Broussonetia
papyrifera, and F. exasperata (Villioth 2019). All
contained phenolic compounds which were adsorbed
by soil from Waibira, with the exception of F. mucuso.
These findings are consistent with our second hypoth-
esis that chimpanzees consumed soil that adsorbed
plant secondary compounds found in their diet.

Our data further indicate that adult females spent
more time than expected at geophagy sites than adult
males or juveniles (Fig. 3). Other non-human primate
studies have also documented that females spend more
time eating soil than males (Ampeng et al. 2016;
Pebsworth et al. 2012; Wrangham et al. 2014; Zhao
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et al. 2013). This may be due to an increase in
micronutrients required during pregnancy and while
lactating. These findings are also consistent with our
third hypothesis as female chimpanzees spent more
time at geophagy sites than males and juveniles.

In conclusion, the soil eaten by chimpanzees
contained elevated levels of iron that were bioavail-
able. The soils also contained 2:1 and 1:1 clay
minerals, which could provide protection from GI
distress. Sources of distress could include tannins and
other plant secondary compounds. It is likely that
these dietary toxins will increase with climate change.
We urge future conservationists, park managers, and
government policy makers to pay special attention to
geophagy sites and other areas where animals congre-
gate to eat soil. Such sites may become increasingly
vital to animal health and survival and deserve special
protection.
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