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Abstract
Geophagy is the intentional consumption of soil and has been observed in various animal taxa including human and nonhu-
man primates. Among the numerous adaptive hypotheses proposed to explain this behavior, two of them stand out: soil either 
protects the gastrointestinal tract from secondary plant compounds, parasites and pathogens, and/or supplements micronu-
trients in the diet. Few studies have characterized the physical and chemical characteristics of soils consumed by nonhuman 
primates. Here, we describe the composition of soils consumed by yellow-tailed woolly monkeys (Lagothrix flavicauda) 
in comparison with soils taken from surrounding areas. We also studied the physical aspects of geophagy sites in terms 
of accessibility, dimensions and vegetation density. This study took place at the La Esperanza field site, in northern Peru, 
between 2016 and 2018. We conducted focal follows, placed camera traps at geophagy sites and sampled soils. In total, we 
recorded 77 geophagy events. Our results highlight some aspects of soil and site selection in these arboreal primates, who 
face an increased predation risk when descending to the ground. Animals preferred smaller sites with denser surrounding 
vegetation. Composition of consumed soils was similar between geophagy sites. Soils were poor in micronutrients, but con-
tained around 20% clay. High clay content, coupled with the fact that geophagy was performed significantly more in the dry 
season, when leaf consumption is highest, lends support to geophagy as a mechanism for protection of the gastrointestinal 
tract in L. flavicauda.
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Introduction

Geophagy is the intentional ingestion of soil and soil-like 
materials (Ferrari et al. 2008; Hladik and Gueguen 1974; 
Krishnamani and Mahaney 2000; Pebsworth et al. 2019; 
Ta et  al. 2018), with soil being a non-nutritional item 

that may enhance an individual’s fitness (Huffman 1997; 
Krishnamani and Mahaney 2000). Many vertebrate species 
have been observed eating soil, such as birds, bats, ungu-
lates and human and nonhuman primates (Krishnamani and 
Mahaney 2000; Pebsworth et al. 2019; Young et al. 2011). 
The occurrence of geophagy in a large variety of animal 
taxa highlights its long evolutionary history and its widely 
hypothesized selective benefits (Abrahams and Parsons 
1996; Aufreiter et al. 1997; de Benedictis 1973; Klein et al. 
2008; Young et al. 2011).

Humans have a long history of geophagy, and it is still 
practiced in many traditional societies (Aufreiter et al. 1997; 
de Benedictis 1973; Klein et al. 2008; Young et al. 2011). 
Geophagy is practiced in human societies for medicinal pur-
poses, as a famine resource, a condiment, during pregnancy 
and in religious rituals (Abrahams and Parsons 1996; Hunter 
and Kleine 1984; Young et al. 2011). In nonhuman primates, 
geophagy has been described in 136 of the 497 recognized 
species, including 39 of 76 genera, in 287 publications 
(Pebsworth et al. 2019). The two major adaptive hypotheses 
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used to explain geophagy in nonhuman primates suggest 
that soil consumption may supplement micronutrients that 
cannot easily be found from other dietary items and/or may 
protect the gastrointestinal tract from secondary plant com-
pounds (Pebsworth et al. 2019), parasites (Knezevich 1998) 
and other pathogens (Ketch et al. 2001). Various researchers 
have concluded that multiple nonexclusive functions may 
explain geophagy, depending on diet, age, sex, reproductive 
state, ecological conditions and species involved (Krishnam-
ani and Mahaney 2000; Pebsworth et al. 2012, 2019).

Geophagy represents a serious research interest due to its 
evolutionary relevance for herbivorous and omnivorous taxa 
(Krishnamani and Mahaney 2000; Wakibara et al. 2001). Of 
the 136 primate species known to practice geophagy, ~ 40% 
are folivores, ~ 34% frugivores and ~ 11% omnivores (Pebs-
worth et al. 2019). For nonhuman primates, an herbivorous 
diet could be facilitated by geophagy, with soils adsorbing 
secondary plant compounds. The study of geophagy may 
give some insights into the evolution of human diets and 
medicine (Johns 1986). Furthermore, understanding the 
improvements in fitness that geophagy may confer can also 
help captive welfare and conservation plans for species 
threatened by habitat loss or disturbance (Pebsworth et al. 
2019).

Nonhuman primates have been observed consuming earth 
from the mounds of certain termite and ant species, for-
est floors, the bases of uprooted trees and under tree boles, 
licks, bird nests and eroded slopes (Pebsworth et al. 2019). 
Seventy percent of studies of primate geophagy described 
the soil types consumed as forest floor (39%) and termite 
mounds or arboreal termitary (35%). The forest floor cat-
egory included the floor itself, bases of uprooted trees and 
under tree boles. Detailed descriptions of soil compositions 
are lacking in most studies. Physical, chemical and/or micro-
nutrient analyses of consumed soils are provided in only 
25% of previous publications, comparisons with control 
samples were presented in 19% of publications and infor-
mation about soil sample texture in just 7% (Pebsworth et al. 
2019). Our understanding of geophagy depends on multidis-
ciplinary studies, combining both field and laboratory work 
with comparable methods (Krishnamani and Mahaney 2000; 
Pebsworth et al. 2019).

Here, we present the results of geophagy site characteri-
zation and analyses of the composition of soils consumed 
by yellow-tailed woolly monkeys (Lagothrix flavicauda). 
The analytical results of soils from surrounding areas are 
also presented for comparison. This was done to highlight 
component(s) which may play key roles in site and soil selec-
tion. L. flavicauda are predominantly frugivorous and have 
a gastrointestinal tract composed of a simple stomach and 
simple large intestine (Pebsworth et al. 2019), which makes 
digestion of cell walls and secondary plant compounds dif-
ficult (NRC 2003). This species is also highly arboreal, and 

descending to the ground greatly increases their predation 
risk. We propose two hypotheses: first, that vegetation would 
be denser around the preferred geophagy sites, as it would 
help to conceal individuals, and second, that if consumed 
soils had higher micronutrient content than those of non-
consumed soils, it would suggest that geophagy provides 
dietary supplementation. However, if soils consumed were 
chemically similar or poorer in micronutrients, but physi-
cally different, then it would suggest that geophagy may 
serve to protect the gastrointestinal tract.

Methods

Study site

The field site (S 5°39′, W 77°54′) is located in the Comu-
nidad Campesina de Yambrasbamba, near the village of La 
Esperanza, on the eastern slopes of the Andes, in Amazonas 
Department, Peru (Fig. 1). Habitat in the area is disturbed 
primary montane forest, dominated by Ficus spp., with an 
average tree height of ~ 15–25 m with some emergents of up 
to 35 m (Shanee and Shanee 2011a, b). Forests in the area 
are interspersed with pastures. Elevations are between 1800 
and 2400 m a.s.l. The wet season lasts from November to 
April with a dry season between May and October (Shanee 
and Shanee 2011a). Mean annual temperature is around 
14 °C, mean annual rainfall is around 1700 m and humidity 
is high year-round (70–99%).

Study group

As animals were not individually recognized during this 
study, we categorized them by age/sex classes. The focal 
group consisted of 24 individuals: 4 adult males, 8 adult 
females, 3 adult females with infants, 4 juvenile females and 
2 juvenile males. A previous study on the same focal group 
found that they spent approximately 30% of their time feed-
ing, 26% resting, 29% travelling, 2% in social activities and 
13% in other activities (Shanee and Shanee 2011a). Their 
diet was primarily frugivorous (46% of records), followed 
by leaves (23%), insects (19%), moss (7%), buds (3%) and 
flowers (2%)—with a significant increase in leaf consump-
tion during the dry season (Shanee 2014).

Survey design

We collected soil samples during three periods over the 
two years of the study: in May 2016 (dry season), in Janu-
ary 2017 (wet season) and in July 2018 (dry season). Soil 
sampling was simultaneous with three periods of focal 
animal follows and geophagy site monitoring using camera 
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Fig. 1  Map of study site, including surrounding protected areas and villages
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traps: February–July 2016; November 2016–March 2017 
and May–July 2018.

We defined a single geophagy event as an individual 
retrieving soil at a geophagy site; multiple individuals at 
the same site/time were classed as separate events. We 
continuously (24 h a day) monitored geophagy sites with 
digital camera traps triggered by infrared motion and heat 
sensors (Bushnell Aggressor Low-Glow 14MP Trophy 
Cam HD and Bushnell 8MP Trophy Cam HD). Camera 
traps were fixed to tree trunks facing geophagy sites, 
and synchronized by date and time. We set 1-s intervals 
between videos; thus, one event could continue across two 
videos. Seven geophagy sites were surveyed by camera 
traps: sites 1, 2, 3 and 4 during the three study periods; and 
sites 5, 6 and 7 from May 2018 until August 2018. New 
geophagy sites were identified through direct observation 
during focal animal follows. We did not monitor more sites 
as we only had access to seven camera traps, meaning we 

missed at least one additional site identified during focal 
follows.

Geophagy sites

We used a tape measure to determine the width, height 
and depth of each geophagy site. We considered the width 
as the greatest length of the horizontal axis of the cavity, 
the height as the greatest length of its vertical axis and the 
depth as the distance between the midpoint of the horizon-
tal axis and the bottom of the cavity (Fig. 2). We defined 
the size of the opening of the cavity as the product of the 
width by the height. We measured the distance between 
the access point, i.e., a tree trunk (as its projection on the 
floor) and the point from which monkeys retrieved soil. We 
attributed a qualitative degree of vegetation cover to each 
site, based on vegetation in the direct vicinity of the site: 
(1) vegetation was open and did not offer a hidden position 

Fig. 2  Examples of four categories defining the shape and surface of the opening at a geophagy site, with schematic measurements of the width 
(a), height (b) and depth (c)
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to the monkeys, (2) vegetation was open but roots around 
the site could hide the monkeys and (3) dense vegetation 
and hanging roots offered a hidden position.

Trees used for access and those under which the geoph-
agy site was located were identified to species. Leaf and, 
when available, fruit and flower samples were placed in 
newspaper and pressed in situ. Once at the camp, samples 
where fixed with adhesive paper, placed in a plastic bag 
and soaked in 90% alcohol before sealing the bag. Plant 
samples were deposited, within a week, at the Herbarium 
of the Universidad Nacional Agraria La Molina, in Lima, 
for identification.

Soil sample collection

Consumed soils (CS) were sampled from the cavity 
where monkeys retrieved soil. Soils from the forest floor 
(FF) were sampled from nearby locations, after remov-
ing the leaf litter. We collected soil from sites where we 
observed geophagy, either through direct observation or 
with camera traps (Table 1). We overlaid a sampling circle 
at each geophagy site, where the center of the circle was 
the access point to the ground (O), and the radius was 
the distance between O and the location of soil retrieval 
(A). As monkeys only removed earth from a very small 
area, we collected only one CS sample at point A. In 2016, 
we collected only one FF sample, at the edge of the cir-
cle, at the opposite side to point A. In 2017 and 2018, we 
collected four FF samples (points B, C, D and E) from 
points equidistant along the circumference of the circle. 
The distance between points O and A was the same as the 
distance between O–B, O–C, O–D or O–E, meaning that 
once a monkey was on the forest floor, the same effort was 
required to reach any of points A–E.

Soil samples were collected by hand from the surface 
soil layer, using latex gloves, which were changed for each 
sample location (Mahaney and Krishnamani 2003). We 
placed ~ 500 g (the minimum weight required by the labo-
ratory) of soil in clean Ziploc bags. Bags were sealed, after 
expelling air, and tagged in situ. Once at camp, all samples 
were placed together in a larger bag, sealed and stored in 
a dark, dry and hermetic environment.

Soil analyses

Soil samples were taken to the Laboratorio de Analisis de 
Suelos, Plantas, Aguas y Fertilizantes, of the Universidad 
Nacional Agraria La Molina in Lima, Peru, within 4 days 
of collection. Analyses were conducted following Chapman 
and Pratt (1973), with replicates of one sample run at the 
beginning of every analysis session for calibration.

All soil samples were dried at ambient temperature prior 
to analyses. Each sample was passed through a 2-mm sieve 
to remove leaf debris and macroscopic organic material. A 
hydrometer was used to determine soil texture (silt, sand 
and clay definitions followed the system of the US Depart-
ment of Agriculture). Soil pH was determined using a 
potentiometer, and electrical conductivity was measured 
for each sample. The Walkley and Black method was used 
to quantify the amount of organic material present in the 
samples (Walkley and Black 1934). Available phosphorus 
was quantified using the modified Olsen method (extraction 
with  NaHCO3 = 0.5 M, pH 8.5). Available potassium was 
quantified using extraction with ammonium acetate (pH = 7). 
Soluble ions (Ca, Mg, K, Na) were measured in soil sam-
ples through flame photometry and/or atomic absorption. 
The concentrations of Fe, Cu, Zn and Mn available in soil 
samples were quantified using the extraction method with 
Hunter solution [containing ethylenediaminetetraacetic acid 
(EDTA) and sodium carbonate] followed by atomic absorp-
tion spectrophotometry. Finally, the soluble boron content 
was determined through extraction with water and quantifi-
cation with curcumin.

Statistical analyses

We tested differences in the number of geophagy events 
between seasons using Chi-square tests. We used the 
Kruskal–Wallis rank sum tests to compare the properties of 
our samples of consumed soil. We used the Wilcoxon rank 
sum with continuity correction tests to analyze soil composi-
tion, comparing soils consumed in geophagy sites with soils 
from the forest floor for each element. All statistical analyses 
were made in R Studio 3.4 (version 2016, 1.1.383), with a 
significance level set to ≤ 0.05.

Table 1  Number of geophagy events by site, year, season and method; CT by camera trap; DO by direct observation; NDA no data available 
(camera malfunction); X unsurveyed site; - no camera trap at the site

N geophagy events CT/DO Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Total

2016: wet season 1/0 0/1 4/1 0/0 X X X X 7
2016: dry season 3/0 0/0 24/0 5/0 -/2 X X X 34
2017: wet season 1/0 0/0 0/0 0/0 X X X X 1
2018: dry season 1/0 0/0 NDA 5/0 5/0 8/2 0/6 -/8 35
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Results

Geophagy events

In total, we recorded 77 geophagy events, 20 through 
direct observation and 57 recorded by camera traps 
(Table 1). Geophagy events occurred unevenly between 
years. Animals selected specific sites for soil consump-
tion and did not always visit a site when in its vicinity. 
Sites were accessed by descending tree trunks close to 
each site, usually arriving and returning by the same route. 
We observed animals consuming earth either in situ or ex 
situ in nearby trees. We never observed them dropping the 
earth they retrieved from a site. Geophagy was a predomi-
nantly solitary behavior.

No storage capacity or battery problems occurred dur-
ing field work, except the camera trap at site 3 malfunc-
tioned in 2018, meaning no data were recorded at this site 

for the last 3 months of the study period (Table 1). Camera 
traps recorded significantly more geophagy events during 
the dry season (N = 51) than during the wet season (N = 6) 
(χ2 = 35.5, df = 1, p < 0.001) (Fig. 3). Animals showed 
significant preference for some geophagy sites, consid-
ering only camera trap records, both in 2016 (χ2 = 52.2, 
df = 3, p < 0.001) and in 2018 (χ2 = 18.3, df = 5, p < 0.01) 
(Table 1).

Site characterization

Monkeys only consumed soil from small cavities (Fig. 4), 
located on steep slopes formed by landslips. At these sites, 
soil was bare, soft, of reddish color and almost devoid of 
organic matter (Fig. 5a). Surrounding soils were visibly 
different from consumed soils: compact, of brown to black 
color, with dense roots and copious dead leaves and other 
organic matter (Fig. 5b).

Fig. 3  Number of geophagy events recorded per month both through direct observation and camera traps

Fig. 4  Geophagy site 3 at La Esperanza—a small cavity located between tree roots—with a an adult female eating soil, and, b a juvenile female 
eating soil at the same site
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The size of sites and the size of the cavity opening from 
which animals consumed soil varied between sites, as did 
vegetation density in the surrounding area (Table 2). The 
radius of our sampling circles also varied (Table 2), with a 
mean radius of 174 cm (± 62). Surface dimensions allowed 
us to classify geophagy sites in four approximate catego-
ries; square (category 1), width double the height (cat-
egory 2), width triple the height (category 3), and width 
two thirds the height (category 4) (Fig. 2). Preferred sites 
(site 3 in 2016 and site 6 in 2018) belonged to category 1 
(Table 2). Geophagy site 3 was very small compared to L. 
flavicauda adult body size (Fig. 4a), but was used equally 
by adults and juveniles (χ2 = 1.6, df = 1, p = 0.2).

There was no correlation in geophagy site use with the 
distance between the site access point and cavity opening 
for 2016 (rs = 13.2, p = 0.7) or 2018 (rs = 47.4, p = 0.5).

In two cases, the tree directly covering the geophagy 
site was used by the monkeys to access the cavity (sites 
1 and 5) (Table 3). Hedyosmum cuatrecazanum Occhioni 
roots covered geophagy site 3 (Table 3).

Soil composition

Consumed soils from the different geophagy sites were 
similar. In both sample years (2016 and 2018), consumed 
soils were acidic and similar in terms of texture and micro-
nutrient content (Table 4). The clay content of consumed 
soil samples varied from 5 to 32%. There were no sig-
nificant differences in organic material, clay, silt and sand 
content (%) (Kruskal–Wallis test: χ2 = 0.4, df = 3, p = 0.9) 
or in micronutrient content  (Ca2+,  Mg2+,  K+ and  Na+, in 
all years) (χ2 = 0.7, df = 3, p = 0.9) between soils from sites 
1, 2, 3 and 4 in 2016. In 2018, we compared the composi-
tion and particle size between all sites and found no signif-
icant difference in terms of texture (χ2 = 0.1, df = 5, p = 1) 
or micronutrient content (χ2 = 1.7, df = 5, p = 0.9). There 
was also no significant difference in the iron, boron, mag-
nesium, copper and zinc content (χ2 = 1.3, df = 5, p = 0.9). 
Similarly, pooling all 10 consumed soil samples (2016 
and 2018), we did not find any significant differences in 

Fig. 5  a Consumed soil (red and poor in organic material) and b soil sample from the forest floor (dark brown and rich in organic material). Pho-
tos taken at site 3, on 27 July 2018, at La Esperanza, Peru

Table 2  Dimensions and vegetation cover of geophagy sites, shape and surface of the opening to the cavity and radius of the sampling circle

Sites 1 2 3 4 5 6 7 8

Width (cm) 160 77 30 117 96 30 40 56
Height (cm) 100 86 28 40 50 28 23 33
Depth (cm) 50 33 32 38 40 31 27 15
Vegetation cover 2 1 3 2 3 3 1 2
Opening surface  (m2) 1.6 0.66 0.08 0.47 0.48 0.08 0.09 0.18
Opening shape (to scale)

Radius of the sampling circle (cm) 109 205 191 109 108 264 282 122
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texture or micronutrient content (χ2 = 0.4, df = 9, p = 1 and 
χ2 = 2.6, df = 9, p = 1, respectively).

Consumed soil samples differed from forest floor 
soil samples in terms of texture and in some micronutri-
ent content (Table 4). Consumed soils were slightly less 
acidic, but this was not significant (mean 4.1 ± 0.38; Wil-
coxon test: W = 246, p = 0.053). They also had a similar Na 
(mean: 0.2 ± 0.1 meq/100 g; W = 190, p = 0.7), Cu (mean 
5.2 ± 1.2 ppm; W = 3.63, p = 0.057) and Fe content (mean 
893.2 ± 717.6 ppm; W = 65, p = 0.18). Consumed soils were 
poorer in organic material than forest floor samples (W = 14, 
p < 0.001) (Fig.  6), with significantly less Ca (W = 48, 
p < 0.001), Mg (W = 31, p < 0.001), K (W = 18.5, p < 0.001) 
(Fig. 7), B (W = 4.2, p < 0.05), Mn (W = 11.1, p < 0.001) and 
Zn contents (W = 4.13, p < 0.05). Their electrical conduc-
tivity (EC) was significantly lower (W = 39, p < 0.001), as 
was cation exchange capacity (CEC) (W = 22, p < 0.001). 
Consumed soils also contained significantly more clay 
(W = 229.5, p < 0.01) (Fig. 6).

Discussion

This study provides the first structural description of geoph-
agy sites and characterization of soils consumed by Lago-
thrix flavicauda. The L. flavicauda individuals in our study 
group were selective regarding which geophagy sites they 
used, choosing sites according to physical aspect and sur-
rounding vegetation. Consumed soil came from the exposed 
subsurface layer, where landslips or tree falls had removed 
the overlying soil and organic matter. This exposure left the 
softer reddish soil of the under-layer easily accessible to 
animals. Individuals were never observed consuming soil 
from the upper surface layer, nor were they observed digging 
to access deeper soils. As a correlate of soil depth, organic 
material was more abundant in forest floor soil samples than 

in consumed soils. Ferrari et al (2008) suggested that avoid-
ance of consuming decaying organic matter could be associ-
ated with the presence of potentially harmful bacteria. In this 
way, our focal animals avoided potential health problems.

Even though the composition of consumed soils was simi-
lar between all sites, monkeys did not use sites evenly. As 
we were unable to identify a chemical or textural difference 
between soils at preferred and less visited sites, it is possible 
that other parameters play a key role in site/soil selection. 
For instance, it has been suggested that taste and texture may 
be important factors (Krishnamani and Mahaney 2000). We 
suggest that physical characteristics may also play a role in 
site selection, such as soil color and structural aspects of 
vegetation and site location. Our surveys focused on site 
selection during 2016 and 2018 as our focal group predomi-
nantly practiced geophagy during the dry season. As such, 
the lack of geophagy records at some sites in 2017 may have 
been due to surveying in the rainy season, as opposed to site-
specific physical or chemical properties.

Geophagy in highly arboreal primates, such as L. flavi-
cauda, depends on accessibility to, and safety on, the for-
est floor. Descending to ground level exposes monkeys to 
increased predation risk (Janson 1998; Link et al. 2011). Pre-
vious studies have highlighted safety as a crucial parameter 
in terrestrial geophagy (Izawa 1993; Link et al. 2011; Pebs-
worth et al. 2012). Results of studies on Ateles belzebuth and 
Alouatta seniculus suggest that licks, sites where animals 
eat soil or drink water to supplement their diet (Blake et al. 
2010), are seen as risky areas by these arboreal species (Jan-
son 1998; Link et al. 2011). There is some evidence of large 
felids, known primate predators, hunting near geophagy sites 
(Ferrari 2009; Matsuda and Izawa 2008). Pumas (Felis con-
color), ocelots (Leopardus pardalis) and margays (Leopar-
dus wiedii) are present at the study site (Shanee and Shanee 
2018). However, by far the greatest predatory pressure at 
the site comes from humans and domestic dogs. Primates 

Table 3  Tree species used by monkeys for access and the tree species above each site

At sites 1 and 5, the access tree and the tree above the site were the same specimen

Geoph-
agy site

Access tree Tree above the site

Family Genus/species Family Genus/species

1 Chloranthaceae Hedyosmum cuatrecazanum Occhioni Chloranthaceae Hedyosmum cuatrecazanum Occhioni
2 Chloranthaceae Hedyosmum cuatrecazanum Occhioni Meliaceae Cedrela montana Moritz ex Turcz
3 Melastomataceae Graffenrieda sp. Chloranthaceae Hedyosmum cuatrecazanum Occhioni
4 Cunoniaceae Weinmannia piurensis O.C. Schmidt Annonaceae Guatteria punctata (Aubl.) R.A. Howard
5 Lauraceae Nectandra sp. Lauraceae Nectandra sp.
6 Asteraceae Pentacalia sp. Rubiaceae Palicourea sp.
7 Chloranthaceae Hedyosmum goudotianum var. goudoti-

anum Solms
Unidentifiable dead tree

8 Salicaceae Neosprucea montana Cuatrec Lauraceae Nectandra olida Rohwer
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often adopt antipredatory strategies when descending to the 
forest floor. These strategies include site selection, inspec-
tion of surroundings prior to descending or increasing sub-
group size at the site (Izawa 1993; Link et al. 2011). Animals 
from our focal group almost never descended to the ground, 

except for geophagy. Once on the forest floor, the distance 
they had to cover to reach a geophagy site was short (aver-
age 174 cm), and animals usually accessed and left the site 
along the same route.

Table 4  Physicochemical properties of consumed soils (CS; N = 11) by Lagothrix flavicauda in 2016, 2017 and 2018 and means for soils from 
the forest floor (FF; N = 32)

EC electrical conductivity; CEC cation exchange capacity; significant differences between consumed soils and forest floor soils in bold; NDA no 
data available

Unit pH EC Organic material Clay CEC K P Ca2+

mS/cm % % meq/100 g ppm ppm meq/100 g

Consumed soils
 2016
  Site 1 3.88 0.03 0.99 24.4 12 80.93 1.48 0.81
  Site 2 4.6 0.03 1.72 29.64 16 46.13 1.39 0.55
  Site 3 4.32 0.02 0.92 19.64 16 33.54 2.16 0.64
  Site 4 3.95 0.04 2.3 20.7 8 86.65 5.04 0.54

 2017
  Site 1 4.44 0.69 1.38 32 23.52 90 2.1 0.97

 2018
  Site 1 4.08 0.05 1.16 17 20.16 0.9 108 0.64
  Site 4 4.43 0.02 1.9 7 18.08 60 2.2 0.62
  Site 5 4.21 0.03 2.11 17 16.48 84 1.8 0.92
  Site 6 4.95 0.08 0.61 11 16 65 3.7 6.44
  Site 7 3.91 0.04 8.2 5 28.8 71 3.4 0.55
  Site 8 4 0.04 1.06 31 16 105 1.3 0.68
  Mean±  CS 4.25 ± 0.27 0.10 ± 0.11 2.03 ± 1.18 19.49 ± 7.35 17.37 ± 3.83 65.74 ± 22.39 12.05 ± 17.45 1.21 ± 0.95

 Soils from the forest floor
  Mean  ± FF 4.04 ± 0.39 0.23 ± 0.08 26.35 ± 18.21 8.05 ± 5.02 44.26 ± 15.56 391.98 ± 278.59 81.46 ± 96.81 5.44 ± 5.93

Unit Mg2+ K+ Na+ Fe B Cu Mn Zn
meq/100 g meq/100 g meq/100 g ppm ppm ppm ppm ppm

Consumed soils
 2016
  Site 1 0.33 0.21 0.2 NDA NDA NDA NDA NDA
  Site 2 0.7 0.13 0.22 NDA NDA NDA NDA NDA
  Site 3 0.31 0.1 0.19 NDA NDA NDA NDA NDA
  Site 4 0.2 0.22 0.17 NDA NDA NDA NDA NDA

 2017
  Site 1 0.42 0.27 0.14 401.4 0.06 1.01 8.16 2.14

 2018
  Site 1 0.33 0.28 0.15 313 0.03 4.1 10.1 5.4
  Site 4 0.27 0.17 0.16 396 0.23 5.4 4.8 6.4
  Site 5 0.27 0.23 0.17 283 0.18 5.4 12.8 9.9
  Site 6 2.18 0.22 0.21 78 0.36 3.9 8.7 7.7
  Site 7 0.3 0.18 0.16 1422 0.03 5.7 14.2 11.4
  Site 8 0.25 0.25 0.15 135 0.31 3.6 5.1 6.4
  Mean±  CS 0.51 ± 0.34 0.21 ± 0.04 0.17 ± 0.02 432.63 ± 282.68 0.17 ± 0.11 4.16 ± 1.15 9.12 ± 2.78 7.05 ± 2.24

 Soils from the 
forest floor

  Mean  ± FF 2.84 ± 2.13 0.9 ± 0.43 0.24 ± 0.14 1008.31 ± 755.54 0.52 ± 0.33 5.44 ± 1.13 87.42 ± 60.89 29.61 ± 22.71
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Lagothrix flavicauda clearly preferred the two smallest 
geophagy sites (3 and 6 in 2016 and 2018, respectively), 
which also shared the same square-shaped cavity opening. 
Site 3 was just big enough to completely hide juvenile ani-
mals once within the hole, thus decreasing predation risk. 
Although their larger body size did not afford adult animals 
the same protection, they visited the site as much as juve-
niles. The shape of the cavity opening alone was not enough 
to determine preference. Site 2 had a similar opening to the 
preferred sites but was only visited once in 2016 and never 
in 2018. Vegetation in the vicinity of site 2 was very open, 
leaving them exposed, whereas site 3 had dense vegetation 
that concealed animals once they were on the ground. If 
geophagy is a learned behavior, concealment and accessibil-
ity in site selection may also be learnt.

Little information has been published on the composi-
tion and texture of consumed soils, with even fewer studies 
comparing consumed soils with soil from surrounding areas. 
Therefore, direct comparisons between studies are difficult. 
Standardization of methods for sampling and analyzing soils 
have been discussed in Mahaney and Krishnamani (2003), 
and both Young et al. (2008) and Pebsworth et al. (2019) 
make recommendations. Generally, researchers suggest that 
the supplementation hypothesis is supported when con-
sumed soils contain more micronutrients than control soils 

and conversely, that higher clay content in consumed soils 
offers support for the protection hypothesis (Pebsworth et al. 
2019). Nevertheless, comparisons are rarely robust: other 
researchers have questioned the validity of sampling control 
soils and highlighted the difficulties in collecting representa-
tive samples (Krishnamani and Mahaney 2000; Mahaney 
and Krishnamani 2003; Pebsworth et al. 2019). After com-
paring consumed soils between geophagy sites, we com-
pared them to samples from the forest floor in the vicinity of 
geophagy sites in order to consider two crucial parameters 
for an arboreal primate: site accessibility and travel distances 
once the animal is on the forest floor. In our sample design, 
the same effort was needed to reach consumed soils as was 
needed to reach control soils—dealing with a potential bias 
from the different sized radii of our circles.

Micronutrients are necessary in the structure of organs 
and tissue, hormones, maintaining osmotic pressure, pH 
balance and membrane permeability (Underwood and Sut-
tle 1999). The most commonly analyzed soil micronutri-
ents in previous studies of geophagy included As, B, Ba, 
Br, Ca, P, K, Mg, Na, Cl, Cu, Fe, Mn, N, S and Zn. Of these, 
calcium, potassium and sodium were the most frequently 
reported to be found in higher quantities in consumed soils 
(Pebsworth et al. 2019). However, little is known about the 
micronutrient requirements of wild primates (NRC 2003), 

Fig. 6  Organic material and 
clay content (%) in consumed 
soil (CS) samples and forest 
floor (FF) soil samples; ** 
significant to p < 0.01 and *** 
significant to p < 0.001

Fig. 7  Cations content 
(meq/100 g) in consumed soil 
(CS) samples and forest floor 
(FF) soil samples; *** signifi-
cant to p < 0.001
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and it is difficult to know which elements may need to be 
supplemented in the diet and in what quantities (Ferrari et al. 
2008). Amazonian soils are generally nutrient-poor due to 
the abundant rainfall and rapid nutrient uptake by plants 
(Stark and Jordan 1978). Soils consumed by L. flavicauda 
had lower content of several micronutrients (Ca, Mg, K) 
than the nearby forest floor, although even trace amounts 
could be sufficient to balance a potential deficiency. This is 
not surprising, as decomposition of organic material mainly 
occurs in the upper soil layers. Even after removing mac-
roscopic leaf debris from our samples, these dark brown 
soils were richer in organic material and contained less clay. 
Clay proportions found in previous studies varied greatly 
(between 4 and 91%), with the majority ≥ 30%. The pres-
ence of clay is a common characteristic of soils consumed 
by both nonhuman and human primates (Pebsworth et al. 
2019). Clays have high medicinal value, such as kaolinite, 
the active compound of the pharmaceutical product Kaopec-
tate (Gomes 2018; Vermeer and Ferrell 1985) used in human 
medicine to treat upset stomachs, heartburn, nausea, ulcers 
and bacterial infections. Clay minerals protect the gastroin-
testinal tract, by adsorbing secondary plant compounds and 
bacteria, reinforcing the luminal epithelium of the gastroin-
testinal tract (Ta et al. 2018; Young 2010) and by alleviating 
digestive distress and irritation, and so improve digestion 
(Krishnamani and Mahaney 2000; Pebsworth et al. 2019). 
The nature and content of secondary plant compounds are 
complex, depending on the specific item and season, being 
higher during the dry season (Pebsworth et al. 2019), and 
with leaf maturity (Glander 1982; Pebsworth et al. 2019). 
In the neotropics, fruit resources can be scarce during the 
dry season (Peres 1994). Shanee (2014) showed that leaf 
consumption, and therefore increased presence of secondary 
plant compounds, by L. flavicauda increased during the dry 
season, coinciding with the period of greater geophagy. A 
similar trend has been observed in Alouatta belzebul, which 
only practiced geophagy during the dry season, when foli-
vory was greatest (De Souza et al. 2002).

Our results highlight the complexity of the selection pro-
cess and the diversity of possible parameters involved in site 
and soil selection by L. flavicauda, and aids in understanding 
which mechanisms underlie the decision to risk descend-
ing to the forest floor. Individuals seemed to prefer certain 
geophagy sites, with personal preferences perhaps playing 
a role in site selection in some cases. We suggest the use of 
abandoned geophagy sites for comparison with preferred 
sites, as these preferences may be temporally dependent. 
To understand site selection, and subsequent abandonment, 
over time, future studies need to collect seasonal replicate 
samples for each location over several years (Mahaney and 
Krishnamani 2003). Further investigation is also crucial to 
identify which clay minerals are present in consumed soils, 

their detoxifying properties and to determine the nature and 
content of secondary plant compounds in L. flavicauda diets.

In conclusion, our study provides a first insight into soil 
and site selection for geophagy in L. flavicauda. Our results 
suggest that L. flavicauda select clay-rich soils and prefer 
smaller geophagy sites, surrounded by denser vegetation. 
These results seem to better support the protection hypoth-
esis to explain geophagy, as clay in soils can adsorb second-
ary plant compounds and therefore help these frugivorous 
primates in digesting leaf matter during periods of increased 
folivory. Finally, we suggest that for arboreal species, acces-
sibility and other physical attributes of geophagy sites play 
a role in site selection.
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