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INTRODUCTION

Pathoecology is the study of past behavioral and environ-
mental determinants of infection [1-6]. Examples of behaviors 
include crowding, sanitation, hygiene, and trade. Examples of 
environmental determinants include presence of pathogens, 
infection reservoirs, intermediate hosts as well as climate. 
These features of prehistoric life were affected by environmen-
tal factors, such as climate and soil conditions. Pathoecology 
began to emerge in the Southwest USA with the establishment 
of a link between the emergence of parasitic infections and 
Ancestral Pueblo cultural development [7]. This pathoecology 
approach was based on coprolite and mummy studies. Such 
studies resulted in the recovery of specific infection organisms, 
each with its own life cycle requirements. These life cycle re-
quirements shed light on the specific aspects of behavior and 
environment that existed at sites in prehistory.

Analyses of Andean mummies and coprolites contributed to 
the emergence of pathoecology as a concept and applied on a 
population scale. Martinson and her colleagues [1] codified 
the concept of ‘pathoecology’ to explain patterns of parasitic 
infections in archaeological sites in the Moquegua Valley of 

southern Peru. They analyzed mummies and coprolites and 
developed pathology profiles of 4 contemporaneous villages 
associated with the same archaeological culture [1,8]. This re-
search showed that the parasitism at several villages was de-
fined by occupation, trade, status, presence of domestic ani-
mals, and site location relative to fresh water access. At the 
same sites, Reinhard and Buikstra [8] analyzed the epidemio-
logical diversity of head lice infection and were able to relate 
high infestations to specific male-associated activities, such as 
elaborate hair styles and use of headwear. Additional research 
in Chile showed that aggregation imposed by the Inca on local 
populations elevated crowd infections [9]. These Andean stud-
ies were used to develop a pathoecological study from analysis 
of many mummies and coprolites excavated from several ar-
chaeological sites. We are presenting below an example of how 
pathoecology can be reconstructed from a single mummy ex-
hibiting multiple infections.

Reinhard and Bryant [6] and Reinhard [2,3] developed the 
theory of pathoecology to include Pavlovsky’s [10] concept of 
nidality in identifying foci of prehistoric infection. He com-
bined ecological factors into a predictive tool for infection. He 
included vectors, reservoir hosts, humans, and favorable exter-
nal environments. He defined a nidus as that portion of a nat-
ural geographic landscape which contains a community con-
sisting of a pathogen, vectors, reservoir hosts, and recipient 
hosts, and possessing an environment in which the pathogen 
can circulate. He further found that pathogens possessed ni-
dality. Nidality is the characteristic of an infectious agent to oc-
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cur in distinct nidi, such as being associated with particular 
geographic, climatic or ecological conditions. Reinhard [2] ap-
plied Pavlovsky’s concept to tracing interior and exterior nidi 
at Chacoan Greathouses in New Mexico. Reinhard and Bryant 
[6] and Reinhard [3] incorporate environmental and dietary 
data to explain how environmental collapse exacerbates the 
nidality of infectious diseases. White and her colleagues [11] 
applied pathoecology on a regional scale to explain patterns of 
scurvy and anemia in Belize using stable isotopic data com-
bined in an environmental perspective. Most recently, Rein-
hard and Araújo [5] applied pathoecology to devised excava-
tion strategies to test hypotheses regarding Trypanosoma cruzi 
transmission in the Lower Pecos Canyonlands of Texas and 
Coahuila. In that region, T. cruzi infection exists in a sylvatic 
cycle involving woodrats (Neotoma spp.) and triatomine in-
sects (Triatoma spp). The area’s prehistoric hunter-gatherer 
subsistence strategy impacted this life cycle directly through 
human predation on wood rats and through the construction 
of baking pits which amplified woodrat/triatomine habitat. 
That expanded the habitat suitable for both woodrats and tri-
atomine insects. The construction of baking features in rock 
shelters used by humans resulted in the close association of 
triatomines with humans [14]. They proposed field excavation 
that would test the nidi of transmission for triatomine insects 
and woodrat bone. Via molecular testing of recovered bones 
and insects, the transmission of T. cruzi would be explored.

Recently, pathoecology has benefited from new diagnostic 
methods that expand our ability to recover evidence of para-
sites. This is illustrated by the combination of molecular biol-
ogy, microscopy, and radiographic diagnosis of gross patholo-
gy applied to a mummy from Minas Gerais, Brazil.

ARCHAEOLOGICAL BACKGROUND

The northern region of Minas Gerais is a transitional zone 
between cerrado (savanna) and caatinga (desert vegetation). 
Forest formation is present in some areas, specifically along 
water courses [12]. The Site of Lapa do Boquete is located in a 
karstic canyon, the Peruaçu Valley, in the northern region of 
Minas Gerais state, Brazil (Fig. 1). The Peruaçu River’s origin is 
located on gneiss bedrock, on the bank of the Rio São Francis-
co. Its middle course cuts through Precambrian calcareous for-
mations, and in the past it was almost entirely subterranean. 
The roof collapse exposed the river bed, forming a canyon 
with cliffs 50 to 100 m high, characterized by karstic forms, in-

cluding sinkholes (dolines), and subterranean river sections 
extending 1 to 3 km in length [13-15].

Excavations at Lapa do Boquete followed natural and cul-
tural stratigraphy. Sedimentological features like color, texture, 
and composition where used to define geologic strata, and 
each stratum was divided into levels according to cultural stra-
tigraphy. Décapage excavation was done, with 3-dimensional 
plotting of artifacts, features, and excavation units [12,15].

Nine strata were found [16]. Stratum 0 dated to the historic 
period and was composed of 5 to 15 cm of sediments mixed 
with modern dry cattle manure, and great quantities of archae-
ological material. Stratum 1 dates between 500 and 2,000 
years ago. It was characterized by many hearths and abundant 
lithic artifacts. Strata 2 and 3 date between 2,000 and 6,000 
years ago [16]. Both of these strata were heavily disturbed by 
the activity of prehistoric groups that occupied the cave during 
later periods, and were disturbed by intrusive circular pits of 
20 to 40 cm in depth. These pits were dug in order to bury 
baskets containing vegetal material, such as maize, fruits, and 
nuts. The base of Stratum 3 has been dated to 5,960± 100 B.P. 
The remaining strata date to earlier Holocene occupations be-
tween 6,000 and 12,000 years ago and are characterized by 

Fig. 1. Map of Brazil showing the location of the Lapa do Bo-
quete and the Peruaçu Valley.
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lithic and faunal materials [16]. These earlier strata are not im-
mediately relevant to the discovery of parasite infections and 
will not be discussed further.

Kipnis [16] described the archaeological remains. Ceramic 
fragments were recovered from Strata 0 and 1. The ceramics 
belong to the Una tradition, which is characterized by thin-
walled, undecorated small vessels found throughout Central 
Brazil, and almost exclusively in caves or rockshelters. Some of 
the other material culture found in the upper levels are a com-
plete axe handle made of wood, beads made out of bone and 
wood, spatula-like tools made out of deer metapodials, and 
large planes used for woodworking made out of land snail 
(Strophocheilidae) shells. The latter 2 are relatively common 

in all levels. Stratum 1 contained 28 plant taxa [16]. These in-
cluded cultivated plants, such as Gossypium sp. (cotton), Mani-

hot sp. (manioc), Phaseolus (bean), and Zea mays (maize). 
Six human burials were found at Lapa do Boquete. One in 

stratum 1, another in stratum 2, and 4 in the older strata. 
Chronologically, 3 of the 6 burials range from ca. 7,000 to ca. 
4,500 years ago, and the other 3 range from ca. 1,200 to ca. 
600 years ago [17]. One male adult and a child (10-14 years 
old) were buried between 600 and 1,000 years ago. The adult 
male was dated by radiocarbon method to 560± 40 years ago 
[18]. This is the focus of the studies in this review.

The body of the adult male was loosely flexed, wrapped in 
plant leaves, and buried with baskets (Fig. 2). The man’s head 
was wrapped in plant fibers. Numerous artifacts were buried 
with him, including a dart thrower (atlatl), containers made of 
gourds, a ceramic pot, and numerous tools [17]. The arms, 
legs, abdominal skin, and some muscles were well preserved. 
Although healed fractures of the foot phalanges were identi-
fied, there were no skeletal signs of violence. Lumbar spondy-
losis was observed. Researchers observed pronounced dental 
wear, caries, and dental abscesses. A large fecal mass, illustrated 
via ct-scan [18,19] (Fig. 2), suggested that the individual expe-
rienced megacolon at the time of death.

PARASITOLOGICAL DIAGNOSES

Ferndandes and his colleagues [18] analyzed 2 samples of 
bone (rib and metacarpus) and 5 samples of soft tissue from 
different places of the body for T. cruzi DNA. The sample in-
cluded tissue in contact with a coprolite. Researchers success-
fully recovered T. cruzi genotype I from the individual [18,20]. 
This study linked the gross pathology of Chagas disease direct-
ly with the infectious agent. This landmark study is the first to 
link pre-Columbian T. cruzi with Chagas disease in Brazil. It is 
likely that the individual had a broadly dispersed parasitic 
load because T. cruzi I DNA was found in all tissue samples.

Another ground-breaking aspect of the Peruaçu study was 
the molecular refinement of microscopic diagnosis of trema-
tode eggs (Fig. 3). Coprolites were present in the mummy and 
were analyzed by Sianto and her colleagues [19]. Eggs of a 
common intestinal parasite, hookworm, and an unusual intes-
tinal parasite, Echinostoma spp. were found. Hookworm eggs 
were relatively rare in this sample, and only 5 were observed. 
Echinostoma spp. eggs were abundant and numbered 8,300 
eggs per gram of coprolite. This suggested that the individual 

Fig. 2. The upper image is redrafted from Prous and Schlobach 
[17, pp 18-19]. The plan view shows the individual’s bones in sol-
id black. The head was wrapped in leaf foliage. A dart thrower 
(seteira in Portuguese, atlatl in archaeological parlance), basketry, 
gourd containers, and a ceramic vessel were buried this the indi-
vidual. The cross section of the burial shows the man’s placement 
relative to major artifacts. The lower image shows the CT-scan of 
the pelvic girdle showing a large fecal mass indicated by the ar-
row.
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and fish are the likely cause of the infection evidenced by the 
mummy. The infection nidi were water sources where human 
activity overlapped with the intermediate hosts that were eaten 
by humans.

Hookworm infection has a great antiquity in Brazil, among 
hunter-gatherers and horticulturalists [21]. Reinhard [2] pre-
sented a case that irrigation promoted hookworm infection 
among people who practiced agriculture. The best soils for 
survival are sandy or loamy. They require shady and wet con-
ditions because they are killed by desiccation and heat. This is 
especially true for the hookworm species known from the pre-
historic New World, Ancylostoma duodenale. The nidi for infec-
tion were areas contaminated with human feces. This could 
have included areas immediately surrounding, or even within, 
human habitations.

T. cruzi has a moderately complex life cycle [5,18,20,23,24]. 
The intermediate hosts are insects of the subfamily Triatomi-
nae. These insects feed on blood by biting vertebrates. Intracel-
lular amastigotes destroy the intramural neurons of the auto-
nomic nervous system in the intestine and heart. The megaco-
lon evident on the Lapa do Boquete mummy was caused by 
this destruction of the large intestine neurons. The peristalsis is 
disrupted, and the colon fills with feces. T. cruzi also exhibits 
transplacental or transmammary infection. Infection can also 
occur by eating food contaminated with trypomastigotes, ei-
ther in the form of triatomine feces in plant foods or blood 
from incompletely cooked meat. 

For ancient T. cruzi infection in Texas cave settings, Reinhard 
and his colleagues [25] hypothesized that several pathoecolog-
ical aspects of human, parasite, and vector interaction caused 
the infection in prehistoric peoples. Prehistoric people fre-
quently deposited large amounts of vegetal material in their 
rockshelter habitations as discovered in Lapa do Boquete. This 
created a good environment for triatomine bugs which trans-
mit T. cruzi. Humans worked and slept in the natural shelter 
provided by the cave. Thus, they were in close proximity to the 
bugs which promoted infection. Eating raw meat from infect-
ed reservoir hosts, including rodents and armadillos can cause 
infection [26]. Analysis by Kipnis [16] showed that armadillo 
meat was commonly eaten in a poorly cooked state. Armadil-
los are a reservoir host for T. cruzi and the habit of eating ar-
madillo meat may have caused some infections.

The pathoecology of the Lapa do Boquete mummy can be 
reconstructed from his parasites. The environment was moist 
and warm. The soils where the man walked and worked in-

had a true infection. The morphology of the eggs could be de-
scribed with certainty and were consistent the Echinostoma ge-
nus. The species level diagnosis could not be reached with cer-
tainty, but the eggs were most consistent with those of Echinos-

toma luisreyi. Leles and her colleagues [21] showed that the 
DNA sequence of the ancient eggs was consistent with the spe-
cies Echinostoma paraensei. Therefore, molecular biology led to 
a more refined diagnosis at the species level.

PATHOECOLOGY IN THE PERUAÇU VALLEY

Echinostoma includes common intestinal flukes of aquatic 
birds and mammals. In this case, the species of Echinostoma 
that infected the mummified man is most likely E. paraensei 
[19,21]. The life cycle for the genus is complex involving snails 
as the first intermediate hosts. The second intermediate host is 
unknown, but could be other snails, leeches, fish, or tadpoles. 
In this intermediate host, they remain encysted until the inter-
mediate host is eaten by a definitive host. In the case of E. par-
aensei, a definitive host is Nectomys squamipes, the South Amer-
ican water rat. This is an omnivorous mammal with a diet 
ranging from fruits and leaves to insects and small fish. 

Various vertebrates and snails can be found throughout the 
year in the Peruaçu Valley region that serve as intermediate 
and definitive Echinostoma host. Human predation of snails 

Fig. 3. Echinostome egg as illustrated in Sianto’s original article 
describing the egg morphology [19]. 
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cluded shaded, warm, sandy-loamy deposits where hookworm 
larvae could remains active. The environment supported wet-
land adapted intermediate and definitive hosts for Echinostoma 
spp. Snail shells of the family Strophocheilidae were com-
monly found in the site. However, species in this family are 
not recorded as E. paraensei intermediate hosts. The snails 
Biomphalaria glabrata and Physa rivalis are E. paraensei interme-
diate hosts [27-29]. Consumption of intermediate hosts, prob-
ably fish, was the source of Echinostoma infection [19]. There 
are no recorded cases of E. paraensei infection in humans, so 
this is a provocative finding. 

Each of these infections has a distinct nidality. T. cruzi has 
the most restricted nidi. A nidus for T. cruzi is an enclosed area 
where the infected triatomine is associated with sleeping hu-
mans. The caves in the Peruaçu Valley, including Lapa do Bo-
quete, were the primary nidi for infection. In the case of infec-
tion by eating contaminated meat, the nidus extended over 
the area overlapped by human hunters and armadillos.

The nidus for hookworm infection must include soil some-
what close to fecal deposits where humans and infective larvae 
are active. Areas near latrines or agricultural fields contaminat-
ed with feces are common nidi for hookworm infection. The 
most common method to control for hookworms is to use 
footwear, but Behnke and colleagues [30] document problems 
with the wearing of sandals among modern agriculturalists in 
Mali. They state [30, p 352], “soil sticks to sandals, making 
them uncomfortable and frustrating to wear when tilling soil, 
and risking damage. As a result of this practice, those who of-
ten wore shoes still became infected through bare skin.” Lapa 
do Boquete inhabitants wore sandals or were barefoot. Thus, 
simple footwear left them open to infection. Relevant to Lapa 
do Boquete pathoecology, Schad and his colleagues [31] docu-
mented another scenario for hookworm infection. They found 
that in West Bengal, villagers defecated in areas around the vil-
lage peripheries. People used the same areas day after day for 
this purpose. As a result, hookworm larvae proliferated in 
those areas and the brief time spent by humans in the con-
taminated areas was sufficient for hookworm infection.

In conclusion, the spectrum of parasites from a single indi-
vidual reveals a relatively complex pathoecology for his com-
munity of horticulturalists. Risk of hookworm infection was 
associated with fecal contamination in moist areas without 
adequate foot protection. Echinostome infection resulted from 
the consumption of intermediate host fish or mollusks. T. cruzi 

infection may have cycled in sleeping areas or through inges-

tion of reservoir hosts. 
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