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Abstract

The impact of coprolite taphonomy on parasite remains and aDNA recovery has
been recognized. In general, coprolites from sites protected by geologic features
such as caves and rock shelters exhibit the best preservation. In contrast, copro-
lites from open sites can be badly affected by taphonomic processes as shown by
analyses of parasite eggs. For eggs, the impact of mites and free living nematodes
has been quantified. Mites are associated with poor pinworm egg preservation. In
other studies, percolation of water through sediments has a negative impact on egg
recovery. We note that dietary remains can also decompose at open sites. Through
scanning electron microscopy (SEM), we present examples of screened but chemi-
cally untreated microscopic remains. “Panorama” SEM images provide an excellent
visual overview of the taphonomy of dietary remains. For this study, our focus is on
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Southwestern coprolites as a demonstration of diversity within a single region. Ex-
amples from caves and rock shelters were examined first to describe the taphonomic
challenges for protected sites. Then, attention was turned to coprolites from open
sites. In general, the challenges noted for parasite preservation are seen for other
microfossils. However, the preservation of lignin, sporopollenin, calcium oxalate,
and siliceous microfossils is generally better than cellulose structures. These obser-
vations are relevant to the selection process of samples for aDNA analysis and immu-
nological study. This is especially relevant for the gut microbiome since decomposer
fungi and bacteria molecular signals could be recovered in metagenomic analysis.
Keywords Scanning, electron, microscopy, Coprolite, Microfossils, Imaging,
Taphonomy

Our goal is to present the taphonomic processes of decomposition
within coprolites. This is progressively more important as molecular
analyses are increasingly applied to samples (Tito et al. 2008, 2012).
Because molecular analyses are expensive, especially the metagenomic
approach to defining ancient gut microbiomes, there is value to char-
acterizing the levels of decomposition manifest in any sample of in-
terest. Samples that are highly decomposed can be put on low priority
relative to ideal preservation for costly specialized analyses. Charac-
terizing the level biological activity can provide evidence towards ad-
ditional genetic sequences that have decomposer origins.

The value of coprolite data has increased over the last decades. Be-
cause of increased interest in evolution of gut microbiome and ap-
plications to Type II diabetes, Bryant and Reinhard et al. (2012) des-
ignated coprolites as the “missing links” to understanding human
health. ELISA (enzyme-linked immunosorbent assay) methods have
been used to identify immunological residues (Gongalves et al. 2002;
Marlar et al. 2000; Morrow and Reinhard 2016). In addition, lessons
from prehistory can be used in the development of modern, sustain-
able food production (Denevan 1995; Isendahl and Smith 2013). Cop-
rolites are the best source of subsistence data from the perspective
of quantification of the consumption of plant foods. Therefore, they
should be a source of foundational data for analysis of food use sys-
tems. However, not all coprolites have the same information potential.
As we move forward into a new period of molecular and biochemical
study, we need to assess the impact of taphonomy on information po-
tential of coprolite samples. It is our purpose to demonstrate the range
of postdepositional conditions that affect microremains.
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Taphonomic conditions affect the preservation of coprolite compo-
nents. For example, research showed that parasite eggs preserved less
well in open sites compared to shelter or cave enclosed sites (Reinhard
1992; Reinhard and Clary 1986). Specific studies assessing parasite
egg taphonomy defined the influences of site formation on parasite
egg preservation (Morrow et al. 2016; Racz et al. 2015). Specifically,
five sets of factors affect parasite eggs: abiotic, contextual, anthro-
pogenic, organismal, and ecological. Abiotic refers to temperature,
soil, pH, humidity, and other non-living factors (Morrow et al. 2016).
Contextual refers to the archeological source materials that have in-
herent differential preservation potential such as mummies in con-
trast to sediments or coprolites. Anthropogenic refers to the human
actions that could influence preservation, from deposition to collec-
tion and transportation for final analysis. Organismal refers to bio-
logical characteristics of specific parasite structure and biology such
as egg resistance, fecundity, and life cycle. For dietary remains, some
composition types, such as crystalline phytoliths, sporopollenin, and
lignin, enhance resistance to decomposition. Ecological refers to the
decomposer organisms that are part of the environment from which
the archeological material came from. We are applying four of five
categories of preservation to assess preservation potential of dietary
remains from coprolites. The organismal category is specific to par-
asite resistance and cannot be applied to general qualities of sample
preservation.

Camacho et al. (2016) documented the destruction of parasite eggs
in various archeological contexts. They found that modern parasite
eggs, when added to Brazilian shellmound sediments, decomposed
nearly completely in 45 days. Camacho then turned her attention to
the American Southwest (Camacho et al. 2018a). She found that de-
composer organisms proliferated in open sites at the time they were
occupied. This resulted in negative taphonomic outcomes for cop-
rolites from open sites (Camacho et al. 2018a). Microscopically, de-
composers include free-living nematode worms, mites, and fungi.
Macroscopic decomposers include insects. When decomposers were
quantified and compared to parasite results from the samples, it was
demonstrated that mites have the most pronounced impact on para-
site eggs (Camacho et al. 2018a).
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Materials and methods

The University of Nebraska-Lincoln, School of Natural Resources
Pathoecology Laboratory curates hundreds of coprolite samples an-
alyzed during the career of the senior author. In addition, on-going
analyses of sites is adding even more samples to the collection. We
are reviewing some of these samples to illustrate the value of interdis-
ciplinary analysis of botanical, faunal, and mycological components.

Which specimens are of human origin? This is a common question
and has been addressed repeatedly since Fry’s (1977) first large-scale
analysis of coprolites from Utah. A review by Reinhard (2017) sum-
marizes all details of human origin determination from contextual
analysis to aDNA evaluation. More recently, the determination of hu-
man origin was reviewed (Taylor et al. 2019). For human identifica-
tion, the morphologies of the specimens must be of sufficient size and
shape to fall within the range of variation for human coprolites (Bry-
ant and Reinhard 2012; Taylor et al. 2019). For initial rehydration in
0.5% trisodium phosphate solution, the solution color must be con-
sistent with human coprolites (Fry 1977; Holden 1990; Taylor et al.
2019). Human coprolites generally result in an opaque dark brown to
black solution. Other mammals produce solutions of light shades of
translucent yellow. Parasitological analysis can result in the recovery
of dog-specific and human specific helminth species. The presence of
these parasites is an important biomarker of human origin (Cama-
cho et al. 2018a; Fugassa et al. 2011; Jiménez et al. 2012). Finally, full
dietary analysis is essential in demonstrating human origin (Taylor
et al. 2019). We considered all of these details of human origin in the
analysis of the coprolites described herein. We are confident that all
samples described below are human.

We have divided the samples into good, fair, and poor preservations
categories depending on the relative preservation of dietary remains.
We are also considering the level of sample infestation with free-living
nematodes and arthropods. The sites of Bighorn Cave, Dust Devil Cave,
Hinds Cave, and Turkey Pen Ruins offered examples of good preser-
vation. Fair preservation is represented by samples from room 225
and an East Ruin kiva of Aztec Ruins. Poor preservation is exempli-
fied by samples from room 219 of Aztec Ruin (Camacho et al. 2018a).
It is noteworthy that the samples from an open site, Aztec Ruin, ex-
hibit diminished preservation.
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In general, processing coprolites does not require hydrofluoric and
hydrochloric acid treatments. This is because coprolites rarely have
high silica or calcium carbonate content. Most coprolites from caves
respond to rehydration solutions. For pollen concentration, acetoly-
sis is necessary. For this analysis, fine silica sand was very abundant
in Aztec Ruins coprolites. Therefore, a hydrofluoric acid treatment
was necessary. Importantly, we are presenting images of rehydrated
and screened remains prior to hydrofluoric acid and acetolysis proce-
dures. We have noticed during years of parasite analysis that botani-
cal structures evident before acetolysis are gone afterwards. Phytoliths
are abundant in samples before hydrofluoric acid treatment but are
nearly absent after treatment. Therefore, a second goal of this study
is the illustration of the diversity and abundance of microfossils that
can be concentrated and quantified immediately after rehydration and
disaggregation without chemical processing.

Archived samples from the senior author’s graduate research are
divided into rehydrated and screened samples that were prepared
for parasitological study (Reinhard 1985, 1988). These samples were
dried from alcohol for long-term storage in 1989. For the SEM analy-
sis of Bighorn Cave, Dust Devil Cave, and Hinds Cave, dried remains
from storage vials were used. A subsample of these remains was pro-
cessed for palynology, and those samples are stored in glycerin. Sam-
ples from Aztec Ruins were brought to the lab and processed in 2016-
2017. The remains are part of Great House Diet and Parasitism Project
that focuses on both Salmon Ruin and Aztec Ruin. The parasitological
data for both sites have been published (Camacho et al. 2018a). The
dietary reconstruction is ongoing. In addition, samples from Turkey
Pen Ruin are under current analysis as part of a larger project focus-
ing on Basketmaker II and III sites.

We imaged screened material from coprolites after rehydration and
screening. The methods applied in the UNL Patholecology Lab are de-
rived from the Callen method as summarized by Camacho and her
colleagues (Camacho et al. 2018b). The samples are individually de-
scribed, cleaned by brushing, photographed, and weighed. The sam-
ples are subsampled, ideally by sectioning the sample longitudinally.
For each sample, one portion is preserved for future analysis and the
second portion is processed. The interior of the longitudinal half is
processed for analysis. The subsamples are rehydrated in 0.5% tri-
sodium phosphate aqueous solution for 48 h. Then, the samples are
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transferred into beakers on stir plates and disaggregated using a stir
bar. Disaggregation continues until the microscopic particles are com-
pletely separated from macroscopic fibers, bones, and seeds. The dis-
aggregated remains are poured through 250-pum mesh screens over a
second series of beakers. Using distilled water jets from wash bottles,
the macroscopic samples are washed while being separated with lab-
oratory minispatulas and glass stir rods. The separated remains pass
through the screen. In this way, the microscopic remains are separated
from the macroscopic remains. Microscopic remains are smaller than
250 pum, and macroremains are larger than 250 pm.

For quantification, at the end of the 48-h rehydration period, one
Lycopodium spore tablet was added per gram of coprolite. Lycopodium
spore tablets are available from the University of Lund, Sweden. The
tablets are dissolved in 1- 5% HCI and added to the rehydrating cop-
rolites. These spores mix with the samples during the disaggregation
phase. The concentration of microfossils per gram are then estimated
by dividing the number of microfossils counted by the number of Ly-
copodium spores counted. This quotient is multiplied by the number of
spores added and then divided by the weight of the subsample (Cama-
cho et al. 2018b). The coprolites from Aztec Ruin exhibited some cal-
cium carbonate mineralization. To dissolve the calcium carbonate, 200
pl of 40%of hydrochloric acid (HCl) was added to the samples as they
were disaggregated in 300 ml of distilled water.

For scanning electron microscopy (SEM), ~ 30 pul of the prepared
samples were transferred to microcentrifuge tubes (1.5 ml volume) in
100% ethanol. These samples were washed four times in 100% etha-
nol. These were transferred to the Morrison Microscopy Core Research
Facility. For SEM preparation, ~ 30 pl of sediment were pipetted and
placed onto a 10 mm x 10 mm polycarbonate membrane (200-nm
hole size) on a paper filter. After air-drying for 2-3 min, each of the
membranes was placed onto a double-sided adhesive conductive tab
on an SEM sample mounting stub. The samples were further dried at
42 °C in a sample oven overnight before being sputter coated with a
thin layer of chromium (~ 5 nm thick) using a Denton Vacuum Desk
V sputter coater. Samples that were already processed and dry from
Dust Devil Cave, Bighorn Cave, and Hinds Cave were placed directly
on conductive tabs on labeled SEM sample mounting stubs. Any excess
sample was removed with canned air, and stubs were further dried at
42 °C before sputtercoating. All samples were examined on a Hitachi
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S-4700 Field Emission SEM, and images were collected at different
magnifications (x1000 to x5000).

We are presenting images of microscopic remains recovered from
the screening process. We find that the condition of the remains re-
veals the general taphonomic conditions of coprolite samples.

Good preservation—sheltered sites
Hinds Cave, Lower Pecos Canyonlands, Texas

The archeology of the Lower Pecos Canyonlands has benefited from
specialized analyses. Rock art study (Boyd and Cox 2016) demon-
strated symbolic and mythological affinity between the ancient Lower
Pecos inhabitants and indigenous peoples of Mexico. This interpreta-
tion was supported by aDNA analysis of human remains (Raff et al.
2018). The region was one of the first foci for aDNA analysis of food
and medicinal plants (Poinar et al. 2001; Reinhard et al. 2008) and
steroid analysis (Sobolik et al. 1996). Analysis of dog aDNA from a
Hinds Cave human coprolite defined the placement of Holocene dogs
in overall canid phylogeny (Tito et al. 2008). These studies were suc-
cessful and suggested that the samples from Hinds Cave were ideal
for biochemical analysis. However, previous microbiome research re-
covered enigmatic data (Tito et al. 2008, 2012). Therefore, the site
taphonomy may challenge metagenomic approaches. For this reason,
we first examined a Hinds Cave to assess a typical coprolite for ta-
phonomic changes.

The Lower Pecos Canyonlands is a region of excellent preservation
of hunter-gatherer archeology. Yet, compared to the other coprolite-
rich regions of the Great Basin and Colorado Plateau, the archeology
of the area is not widely cited. Thus, it is worthwhile to present some
key references to our readers. This region of Coahuila and Texas cen-
ters on the confluences of the Rio Pecos and Devils River with the Rio
Grande. The numerous rock shelters resulted in the preservation of
deep archeological record that extends over ten millennia. The pres-
ervation of rock art and portable art provides insight into mythology
and ritual (Boyd 2013; Boyd and Cox 2016; Hampson 2016; Kirkland
and Newcomb 1996; Shafer 2013; Turpin 1996) and also portable art
(Shafer 1975) some associated with women (Mock 2013). There is a
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comprehensive record of dietary plants (Riley 2008, 2010) and animal
foods (Reinhard et al. 2007; Lord 1984). The evolution of hallucino-
gens and medicines is documented by plant remains (Boyd and Dering
1996). Woven art and basketry are well represented in the sites (Mc-
Gregor 2013). It also has a record of diet derived from coprolites (Ri-
ley 2008, 2010) and cooking features (Black and Thoms 2014; Koenig
2012) spanning 8900 to 1300 years ago. Thus, there is probably no re-
gion in the Americas with a more superlative preservation of hunter-
gatherer art, technology, and subsistence.

A wide spectrum of food was available to Lower Pecos hunter-gath-
erers. However, coprolite evidence shows that Archaic people focused
their subsistence on a limited range of dessert succulents and bulbs.
In Riley’s (2010) review of ethnographic data and coprolite analyses,
22 taxa of plants were used for seeds, fruits, pods, nuts, bulbs, cau-
dices, and cladodes. Caudices of Agave and sotol (Dasylirion) were a
key food source in winter and spring. Prickly pear (Opuntia) cladodes
(pads) were heavily harvested in spring and summer. Mesquite (Pro-
sopis) pods were a key resource in summer and fall. Prickly pear fruit
was a mainstay in spring and summer. The key food preparation tech-
nology was earth oven cooking or pit baking (Black and Thoms 2014;
Koenig 2012). Sotol, Agave lechuguilla, and wild onions (Allium) were
prepared in these ovens. Coprolite analysis revealed a strong reliance
on sotol, agave, and prickly pear (Riley 2008).

To illustrate the typical residue from Lower Pecos Canyonland cop-
rolites, we selected microscopic residue from Hinds Cave sample 7
from the Pathoecology Laboratory archived collections. This coprolite
was recovered from Hinds Cave (41VV456) B-1, Lens 5 dating between
2560 and 2810 BC. and was analyzed as part of the senior author’s
dissertation (Reinhard 1988). Fly puparia of the genus Fannia were
present in the coprolite. This suggests that latrine flies were decom-
posers. The images from this screened residue show that the prepon-
derance of identifiable material is composed of calcium oxalate phy-
toliths (Fig. 1). The phytoliths are from cactus and Agave. There was
a health impact of consuming so much abrasive, biogenic material in
the diet. Danielson and Reinhard (1998) calculated that 10-20% of
the microscopic residue from coprolites was composed of phytoliths,
as illustrated in Fig. 1. They reviewed the existing evidence of den-
tal pathology for the Lower Pecos Canyonlands. That review revealed
that dental microwear led to dental abscessing and premortem tooth
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Fig. 1 The upper image shows screened microremains of Lower Pecos Canyon-
land coprolites show an impressive amount of desert succulent phytoliths, primar-
ily from Agave, but also from cacti. These remains result from chewing Agave leaf
base quids, a dietary tradition that resulted in microwear, abrasion and eventually
abscesses. The lower image shows the contrast between Agave phytoliths (AP) and
cactus (Opuntia) phytoliths (CP). Not the presence of cactus tracheids (Ctr) from
eating prickly pear pads. This represents good preservation because of the gener-
ally clear separation of micro remains.



REINHARD ET AL. IN ARCHAEOL. & ANTHROPOL. SCI. 11 (2019) 10

loss. This was the main paleopathological condition noted in human
remains from the area. These researchers demonstrated that calcium
oxalate phytoliths are harder than dental enamel and demonstrated
that parallel striations on tooth enamel were equidistant to the sepa-
ration of phytoliths in Agave caudices. Therefore, the prehistoric diet
of desert succulents, rich in phytoliths, was the main cause of eden-
tulism in young adults in the region. Reinhard and Danielson (2005)
expanded this study to other cultural regions. They found that reli-
ance on desert succulents put people at dental disease risk across the
Southwest cultural region.

A similar conclusion was reached by Hammerl et al. (2015) for a
population in Durango, Mexico, who were partly dependent on Agave.
Figure 1, therefore, not only depicts a common dietary component for
the Chihuahuan desert, but also a pathogenic dietary abrasive for the
region. Reinhard and Araujo (2015) connected earth oven facilities
with the spread of Trypanosoma cruzi infection which was a source
of Chagas disease in the region. Thus, preparation of desert succulent
caudices had considerable pathological impact in the area.

SEM analysis of the coprolite (Fig. 1) shows additional details of
preservation that may hint at the activity of decomposers. Scattered
across the phytoliths, lignin rings, and cellulose fibers are encrusta-
tions of morphologically unrecognizable particles. These are not unlike
the material seen in coprolites that support a rich decomposer com-
munity as discussed below for Aztec Ruins sample 18. Gut microbi-
ome researchers included coprolites from Hinds Cave in a pioneering
analysis (Tito et al. 2012). They found that the sequences from Hinds
Cave samples showed little similarity to known gut microbiomes and
failed to compare well to any source environment. We conclude that
although Hinds Cave samples show excellent preservation of all kinds
of durable botanical and animal remains, the samples may have re-
mained moist long enough to attracted decomposers such as flies and
perhaps microbial organisms as well. Thus, the gene sequences were
potentially altered by invasive organisms.

Turkey Pen Ruin, Utah
Turkey Pen Ruin is a Basketmaker II (BMII) site. Coprolites from

this site have been analyzed by several researchers since the 1980s
as reviewed by Battillo (2017, 2018). The samples were directly dated
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Trichome

Epidermis

80kV 19.4mm %180 SE(M) -

Fig. 2 This image shows excellent separation of microfossils from a Turkey Pen Ru-
ins coprolite. Clearly visible are spiral tracheid secondary thickenings and fiber cells
from xylem vascular bundles. These are over and under sheets of plant epidermis.
Harder to discern are obscured sections of complex branching trichomes.

by Battillo to AD 73 to AD 181 calibrated (Battillo 2018:127, Appendix
A). The site is very important for understanding the foundations of
subsistence for Ancestral Pueblo peoples. Summarizing from Battillo
(2017), Turkey Pen Ruin demonstrates the maize-reliant subsistence
typical of BMII. Up until her analysis, it appeared that Turkey Pen
Ruin occupants were challenged to obtain essential amino acids since
previous analyses indicated an absence of beans and meat in the diet.
Thus, Battillo defined the site as ideal in understanding the evolution
of the Ancestral Pueblo agriculture. She specifically explores how the
people who used Turkey Pen Ruin supplemented their diet with plant
and animal remains. To accomplish this, she applied molecular anal-
ysis for plant and animal aDNA. She also explored mycological study
to assess fungal components of diet. Wild plant foods included pine
nuts (Pinus edulis), purslane (Portulaca) leaves, yucca caudices/ pos-
sible fruit/buds, squash (Cucurbita pepo) seeds/pollen, and cheno-am
seeds/pollen. Cheno-am refers to species in the family Amarantha-
ceae and the subfamily Chenopodioideae. She was able to show meat
consumption via bone and molecular analysis. Finally, she was able to
demonstrate the nutritional importance of maize truffles in the diet.
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5,06V 19.3mm x1.00k SE)

Fig. 3 These light microscope and SEM images shows the intriguing branching tri-
chomes observed in Turkey Pen Ruins coprolites. The overall symmetry suggests
an origin with mustard leaves. The upper image shows a light microscope image
of a trichome separated from other food debris. The SEM images reveals that most
mustard trichomes were entangled with each other and other plant debris (A). B-D
show an isolated trichome at various magnifications. Of the mustard family gen-
era that could have been used at the site, these images are most consistent with
species of Boechera (rockcress) or Descurainia (tansymustard), but not Lepidium
(pepperweed).
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Our on-going analysis of seven samples from this site, curated to
the Pathoecology Laboratory, showed good separation of rehydrated
microfossils (Fig. 2). The samples contained unusual, antler shaped
structures consistent with dendritic trichomes (Fig. 3). Light micros-
copy revealed these to be composed of lignin, sometimes attached
to plant epidermal cells. Using SEM, we were able to determine that
these trichomes are characteristic of leaves from the mustard fam-
ily. Comparing the morphology of Turkey Pen Ruin trichomes with
published review (Beilstein et al. 2008), we conclude that this un-
usual trichome type is from mustard leaves, either species of rock-
cress (Boechera) or tansymustard (Descurainia), but not pepperweed
(Lepidium) (Fig. 3). The genera Descurainia and Lepidium are known
to have been prehistoric foods. Battillo (2017) determined that mus-
tard seeds were eaten. The trichomes show that mustard greens were
also eaten and provided a source of vitamins A and C, a good source
of iron and supplemental source of folate (Battillo 2017). Turkey Pen
Ruin coprolites are optimally preserved. Arthropod and fungal de-
composers are absent. The samples responded well to rehydration
and screening such that there was a complete liberation and separa-
tion of microscopic remains.

Bighorn Cave, Arizona

Bighorn Cave is located in the Black Mountains of Arizona, Basin
and Range Province, approximately 30 km east-northeast of the point
where the California-Nevada border intersects with Arizona (Geib and
Keller 2002).The cave is a large rock shelter and perennial water is
located within walking distance of the cave. Temporary water would
have been available from an arroyo that drains Cobra Canyon. The
surrounding environment exhibits a diversity of plant life due to its
ecotonal setting at the junction of three major environments: the So-
noran Desert, the Mojave Desert, and the Great Basin. This diversity is
typical of the region’s mountain ranges having distinct plant commu-
nities defined by elevation gradients. The cave is located at 938 masl.
Thus, different plant communities can be reached by walking higher
or lower from the site.

The remains date from the Archaic Period to late prehistoric times
in three components. Coprolites were recovered from levels dated to
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components I, II, and III. Component I dates to the Late Archaic, be-
tween 1200 and 400 BC. Component II dates to the Terminal Archaic,
between 200 BC and AD 100. Component III represents the Forma-
tive Period and dates from AD 550 to 1200. The Archaic components
represent hunter gatherer people. Component III represents agricul-
tural times. However, the evidence of agricultural foods was meager.

Coprolite 4 from Bighorn Cave, Arizona (Reinhard et al. 2003) rep-
resents marginally good preservation (Fig. 4). The major challenge
with this sample is an infiltration of sand and ash from the matrix
from which it was recovered. However, the separation of microfos-
sils was good and the abundance of prickly pear phytoliths is obvious.
An interesting detail of the cactus tissue is the presence of wide-band
tracheids, typical of cactus xylem (Bobich and Nobel 2001; Perrotta
and Arambarri 2018). Ring tracheids are found in the xylem cells of a
great variety of vascular plants. However, in cactus, the rings are es-
pecially thick due to the biomechanics inherent in the cactus adapta-
tions to xeric environments (Fig. 4).

We are digressing from analysis of microscopic botanical remains
to address taphonomy of bones in coprolites. Fragmented bone with
rounded fractures may be construed as postdepositional alteration due
to abiotic or contextual taphonomic factors. Such bones occur in high
prevalences in coprolites. In his review of dietary components of cop-
rolites from the arid regions of North America, Reinhard (1992) found
that small animal bones from mammals, fish, and reptiles were prev-
alent across the region. Hunter-gatherers consumed more small an-
imals than agricultural people, but small mammals were a constant
natural resource across time and subsistence strategies. A detailed
analysis of samples from two Archaic sites revealed that the archeo-
logical harvesting and preparation of rabbits and rodents paralleled
that documented by ethnographers (Reinhard et al. 2007). Contin-
ued analysis shows that larger animal bone, including domestic dog,
was consumed just over 9000 years ago (Tito et al. 2011). Surpris-
ingly, even bones from a poisonous snake were eaten with a whole ro-
dent between 1460 and 1528 years ago (Sonderman et al. 2019). The
use of small animals as food is also evidenced by a mummy (Veros-
tick et al. 2018). The mummified colon contents contained grasshop-
pers, small fish, snake, bat, recently hatched bird, white-footed mouse,
and pocket gopher. All three of these recent studies focused on human
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Fig. 4 Bighorn Cave coprolite 4 (Reinhard et al. 2003) residues were readily rehy-
drated and screened into discrete microfossils. A shows an abundance of prickly pear
calcium oxalate phytoliths. However, among the phytoliths are fragments of woody
tissue and sand. The sand, and probably woody fragments, are likely contaminants
from the surrounding cave matrix. B shows cactus xylem tissue. Note the wide tra-
cheid rings that are stacked to form the conductive tubes from the xylem. These are
to provide strength to the cactus structure.
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coprolites from the Lower Pecos Canyonlands. At the northern range
of the Great Basin, multidisciplinary analysis of Paisely Caves copro-
lites shows that the first adaptation to the region included small ani-
mals as food (Shillito et al. 2018). These authors review the evidence
of small bone coprolite inclusions which show a continuity in small
animal resource use through time in the region.

For coprolite analysts, the finding of fragmented shards of bone in
coprolites provokes contemplation of the mechanism by which bone
passes through the intestinal tract without causing harm. Considering
this issue, Reinhard wrote, “Occasionally the bone from coprolites is
fragmented into such small pieces that the bones were probably frac-
tured before consumption. Also, digestion dissolves bone. Experiments
with the consumption and defecation of small fish bone shows that a
large share of bone is dissolved in the intestine (Jones 1986). Mamma-
lian bones can also be fully digested as shown by Crandall and Stahl
(1995)” (Reinhard et al. 2007: 417). To assess the alteration of bone
through the intestinal tract, we selected bone fragments from a Big-
horn Cave coprolite curated in the Pathoecology Laboratory for SEM
imaging (Fig. 5).

To illustrate the nature of microscopic bone, specimens from pro-
cessed macroscopic remains were taken from sample 12 dating to For-
mative times, cal. AD 550 to 1200. In addition to bone, analysis showed
that plant foods were eaten including prickly pear pad, Agave/Yucca
and pigweed/goosefoot greens (Reinhard et al. 2003). The bones, im-
aged in Fig. 5, are small fragments ranging from 1 to 2 mm in length.
The edges of the fragments are eroded and smoothed. The surface of
the cortical bone exhibits parallel cracks. The trabecular bone shows
eroding and smoothing of the fractured edges with good preservation
of tiny pores. The images support the proposition that the bones were
heavily fragmented before consumption, perhaps altered superficially
when small animals were cooked and then further altered by masti-
cation and digestion.

Ethnographers specified the methods of cooking small mammals
that would produce bone fracturing similar to that visualized in Fig.
5.Woodrats were food for the Yaqui (Spicer 1954: 49) and the tribes of
the lower Colorado River (Castetter and Bell 1951: 217). Rabbits were
killed by clubbing after being surrounded in drives. Some of the rab-
bits were prepared for storage until winter when food was scarce. The
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Fig. 5 Images of bones separated from macroscopic remains. Only via SEM is it pos-
sible to image the microscopic preservation of the bones having passed through a
digestive tract. A1-3 show two bone fragments at various magnfications. Overall,
the bone fragments show rounding and erosion. A2 shows section through an exist-
ing fracture. Note that the cortical surface of the bone exhibits parallel cracks from
processing digestion or post depositional desiccation. A3 demonstrates that the ex-
posed trabecular bone is altered, but the overall the appearance looks much like a
normal, porous bone. B1-2 shows a sharp bone fragment, but at high magnification
it is clear that the sharp edge has been rounded.

carcasses were dried as documented for the Northern Paiute (Fowler
and Liljeblad 1986). When needed, entire carcasses with bones were
pounded into fragments to make soup. The Yumans valued wood rat
bones and saved, pounded, and ate them (Castetter and Bell 1951:
217). Sparkman (1908) noted that Luisefio people cooked small mam-
mals by broiling on coals. Rabbits were sometimes cooked in earth
ovens, and the meat and bones were mashed in a mortar before eat-
ing. Therefore, the appearance of Fig. 5 remains indicates a prehis-
toric origin for these manners of small mammal preparation as noted
by ethnographers.
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Considering that the Bighorn Cave coprolites were in generally good
preservation, we believe that the alteration of the bone is due partly
to preparation of small animals for consumption. However, further
alteration occurs with mastication and exposure of bones liberated in
the digestive tract to chemical alteration.

Dust Devil Cave, Utah, and small seed preparation

The senior author’s first experience in the analysis of coprolites
was with the Dust Devil Cave collections (Reinhard et al. 1985). These
coprolites were heavily infiltrated with sand causing a significant ta-
phonomic issue. Small seeds were a main component. For this anal-
ysis, we used SEM to resolve the seed fragments to look for tapho-
nomic evidence of postdepositional erosion. In reviewing the samples,
curated in the lab before this analysis, Dust Devil Cave coprolites are
very sandy.

The origins and expansion of small seed foraging have been re-
searched by several scholars (Rhode et al. 2006; Geib and Jolie 2008,
2010; Reinhard et al. 1985). The shift to small seed gathering is viewed
as a critical innovation marking the end of the Paleoarchaic and the
beginning of the Archaic. Archaic subsistence is based on broad-spec-
trum hunting/gathering. In the arid west of North America, some de-
bate centered on whether this important dietary transition initiated
in the Great Basin or the Colorado Plateau. Geib and Jolie (2008) pre-
sented data that indicated older small seed subsistence on the Col-
orado Plateau. They verified this with Accelerator Mass Spectrome-
try (AMS) radiocarbon dating of dietary inclusions from Dust Devil
Cave coprolites (Geib and Jolie 2010). They inferred that early Ho-
locene drying impacted the Colorado Plateau before the Great Basin
and that this climate change spurred the innovation of broad spec-
trum plant collection. For seed collection, technological innovations
included ground stone food processing and coiled baskets for collec-
tion and parching.

Because of the importance of the transition to ground seed, this
could be a key horizon for gut microbiome studies addressing diet
change impact on gut bacterial communities. Thus, we felt that it
would be informative to image samples from Dust Devil Cave to assess
the taphonomic condition of the samples. Also, we can illustrate both
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the size of the seeds and the nature of flour made from grinding and
parching the seeds. This site is on the Rainbow Plateau in southeast-
ern Utah. In addition to a large recovery of grinding stones, 97 cop-
rolites were analyzed for dietary remains (Reinhard et al. 1985; Van
Ness 1986; Van Ness and Hansen 1996). Many coprolites contained
goosefoot seeds of the genus Chenopodium. The seeds were parched
and ground. The AMS dating of Dust Devil Cave samples shows that
the transition to small seed consumption occurred just over 10,000
years ago and intensified later (Geib and Jolie 2010).

The coprolite imaged via SEM is Pathoecology Laboratory num-
ber 89 from Dust Devil Cave Stratum IVa. The date range for copro-
lites from this stratum is 8400 to 10,200 calibrated C4 age. Figure 6a
shows the result of the preparation of Chenopodium seeds. The frag-
mented seeds are nearly uniform in being ground to less than 0.25
mm in the shortest dimension. Figure 6b shows an intact seed from
the same coprolite and shows that the original size of the seeds was
less than a millimeter in longest dimension. This illustrates the truly
diminutive size of foods that were the focus of small seed gathering
and the resulting flour derived from processing. The question regard-
ing the effects of sand infiltration on ground seed is addressed in Fig.
6a. The edges of the seed fractures are distinct and sharp. This indi-
cates that they were not eroded by postdepositional processes. Note
in Fig. 6a the rounded sand grains that infiltrated into the samples
from the cave matrix. In our SEM experience, the only other post-Ar-
chaic site that has this focus on small seeds and refined milling tech-
nology is the Ancestral Pueblo occupation of Antelope Cave. Indeed,
the noteworthy similarity represents a continuity of refined milling
technology of wild seeds into Ancestral Pueblo times. Antelope Cave
is located in Mojave County, Arizona, in the northwest corner of Ar-
izona, about 25 miles southeast of St. George, Utah, on the Uinkaret
Plateau (Reinhard et al. 2012). Between AD 700 and 1150, Ancestral
Pueblo peoples used the cave as a seasonal camp to store artifacts, to
gather local plants, and to hunt rabbits. The coprolites from the cave
date to AD 1000-1150. The food milling technology used at Antelope
Cave produced extremely fine flour and was focused in a diversity of
plants (Reinhard et al. 2012). There are four principal processed plant
foods represented in the Antelope Cave coprolites. These are maize,
wild-grass caryopses, sunflower achenes, and cheno-am seeds. These
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Fig. 6 The results of small seed milling are exhibited here. The upper image shows
that the seeds are fractured to a very fine level, less than 0.25 mm. Sand in the im-
age is postdepositional. Arrows indicate some of the large sand grains. Sand of this
size, exceeding 0.25 mm, is relatively rare in coprolites. The lower image shows a
split Chenopodium seed with typical morphology of that genus. The absence of plant
epidermis, xylem and other delicate plant remains is noteworthy. This may be due to
the consumption of seed cakes or to the washing of smaller remains from the sam-
ples by percolation over time as sand infiltrated into the sample matrix
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foods were ground to a fine flour, most of which were fragmented to
a size less than 0.5 mm. Thus, the small seed dependence that began
at the beginning of the Archaic persisted in some areas long after ag-
riculture was introduced.

Originally, it was speculated that the goosefoot seeds resulted from
the use of “seed cake” at Dust Devil Cave (Reinhard et al. 1985:822).
Later, researchers recognized that the evidence of small fractured rab-
bit bones indicated that rabbit carcasses were partitioned and eaten.
The distribution of bones overlapped with that of Chenopodium, and
also dropseed, seeds in Dust Devil Cave coprolites (Reinhard et al.
2007). Subsequently, this association was discovered in coprolite anal-
ysis from Antelope Cave, Arizona (Reinhard et al. 2012). A synthesis
of food preparation was developed for Antelope Cave. This suggested
that the seeds were ground, perhaps subsequent to parching, and then
the seeds were stewed with rabbit meat. It is likely that this process
was used at Dust Devil Cave.

Fair preservation at an open site, Aztec ruins, New Mexico

We are presenting the preliminary analysis of six samples from Az-
tec Ruins which is part of a very large and ongoing analysis of over 100
samples from Aztec and Salmon Ruins (Camacho et al. 2018a). These
samples were selected from three rooms in Aztec Ruins. Based on cri-
teria presented by Reinhard (2017), and including association with hu-
man specific pinworm eggs, these samples are of human origin.

Aztec Ruins is the subject of intense parasitological study (Cama-
cho et al. 2018a; Camacho and Reinhard, this volume). It is an arche-
ological complex of Ancestral Pueblo Great Houses located near the
Animas River in Aztec, New Mexico. It is considered as a Chaco out-
lier community built in two phases, first at AD 1111 and then around
AD 1118. Chacoans abandoned the site, and reoccupation occurred by
a different population, thought to be from the Mesa Verde region.

Coprolites were recovered from excavation in three rooms. Twenty-
one coprolites were selected for analysis from the excavations of a
trash deposit in room 219. From another trash deposit in room 225,
22 coprolites were selected for analysis. These rooms were in the West
Ruin. From the East Ruin, a single coprolite was excavated from a kiva
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and was sampled for analysis. Rooms 219 and 225 were used simul-
taneously. Room 219 trash deposits date between 1182 and 1250 AD,
and those of Room 225 date between 1185 and 1253 AD based on ce-
ramic associations. Two grams of each sample was analyzed for di-
etary residue.

Decomposers were found in deposits from both rooms. Camacho
and colleagues (Camacho et al. 2018a, b) found that mite infestation
of the trash midden was more destructive to parasite eggs than nem-
atode decomposers and insects such as flies and beetles. Fungal de-
composition was also noted.

Aztec Sample 22 exhibits an abundance of fungal growth (Fig. 7). It
also exhibits mite and nematode decomposers. There are 115 mites/
gram and 926 nematodes/gram of coprolite. The decomposition is
evident, especially for the macroscopic remains. Indeed, almost no
identifiable macrofossils were recovered from the sample (Table 1).
Aggregates of decomposed plant food residue dominated the sample.
However, and despite the diverse decomposer community, microfossils
were abundant and reflect a bean leaf/squash flower association. For
this sample, the tracheid lignin rings, tracheid helical spirals and xy-
lem sections were found in anatomical association with bean (Phaseo-
lus vulgaris) epidermis and trichomes (Table 2). Thus, the microscopic
lignin remains signaled a meal that included bean leaves. The pollen
analysis discovery of over 24,000 squash pollen grains per gram of
coprolite is convincing evidence that squash blossoms were eaten (Ta-
ble 3, Fig. 7). This sample reveals another newly documented aspect
of prehistoric Pueblo diet, the harvest of maize truffles. Maize truf-
fles, usually called corn smut, are the edible fruiting bodies of the fun-
gus, Ustilago maydis. Although preliminary data from Pueblo copro-
lites indicated the use of maize truffles (Reinhard 2006), only recently
has the dietary use been documented from Puebloans (Dahl 2009).
Battillo’s (2018) analysis of coprolites from Turkey Pen Ruin in Utah
showed that maize truffles were a pervasive food for Basketmaker II
peoples. Therefore, this sample shows that a meal of squash blossoms,
bean leaves, and corn truffles was eaten.

It is noteworthy that U. maydis molecular data show a covariation
with maize which shows that these two organisms mutually evolved
as maize was domesticated and spread across the Americas (Munkacsi
et al. 2008).
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Fig. 7 Aztec 22 was an isolated sample from and Aztec East Ruins kiva that exhib-
ited extensive fungal growth consisting of strings of hyphae. However, large dietary
particles were visible in the fungal matrix. Pollen grains from squash, Cucurbita
pepo were common in this sample. A fairly well preserved grain is shown in A with
diagnostic pores and spines. B: A series of seven crumpled pollen grains (shown by
arrows), some covered with fungal growth that obscures their morphological fea-
tures. Note the clusters of fungal spores extending to the upper right corner of the
image and another spore cluster immediately to the right of B. C: A close up of one
of the grains with visible spines and pores. A single pollen grain is shown in D over-
lying a group of fungal fruiting bodies. The fungal growth occurred in the past. No
active fungal growth was noted in the sample during processing.

Aztec 27 and 28were recovered from the same stratigraphic con-
text in Aztec Ruins West, Room 225. Fly puparia were found in both
samples, suggesting that there was an extensive decomposer commu-
nity. Nematodes (49 per gram) and mites (8 per gram) were found in
Aztec 27, and nematodes (16 per gram) were found in Aztec 28. Fine
sand percolated into both specimens with moisture over time (Table
1). Because the samples were from the same stratigraphic context, a
similar dietary profile might be expected. Both samples share traces of
milled maize with substantial amounts of bean leaf trichomes, maize



REINHARD ET AL. IN ARCHAEOL. & ANTHROPOL. SCI. 11 (2019) 24

Table 1 Macroscopic remains from Aztec Ruins coprolites in grams. Two grams from each coprolite were
processed and analyzed.

Component 2 18 22 27 28 29
Room Room EastRuin Room Room Room
219 219 Kiva 225 225 225

Preservation state Poor Poor Fair Fair Fair Fair
Aggregate of compressed fiber/debris, < 0.5 mm 0.3

Aggregate of compressed fiber/debris, 0.5-1 mm 0.1

Aggregate of compressed fiber/debris, 1-2 mm 0.05

Aggregate of compressed plant tissue with bean trichomes  Trace

Aggregate of dark debris, 0.5-1 mm 0.02 0.1
Aggregate of finely masticated fiber, 1-2 mm 0.01

Aggregate, < 0.5 mm 0.05
Aggregate, 1-2 mm 0.07
Aggregates of granular debris, > 2.0 mm 0.01

Ceroid cactus seed Trace
Charcoal, > 2.0 mm Trace 0.01
Cotton thread, 1-2 mm Trace

Decomposer fly Puparia, < 0.5 mm 0.01
Decomposer fly puparia, 0.5-1 mm 0.01
Decomposer fly puparia, 1-2 mm 0.01
Decomposer fly puparia, > 2.0 mm Trace Trace
Decomposer spider beetle, < 0.5 mm Trace

Decomposer spider beetle, 0.5-1 mm Trace

Eroded bone, > 2.0 mm 0.01

Eroded bone, 0.5-1 mm 0.02

Eroded bone, 1-2 mm 0.01

Fiber, > 2.0 mm 0.01

Fine fibrous matrix, < 0.5 mm 0.32

Fine fibrous matrix, 0.5-1 mm 0.01

Fine fibrous matrix, 1-2 mm 0.03

Fruit pericarp, < 0.5 mm Trace

Fruit pericarp, 0.5-1 mm Trace

Grass stem fragments 0.04

Insect fragments Trace

Leaf fragments Trace

Leaf fragments, 0.5-1 mm Trace

Maize cupule fragment Trace

Maize, < 0.5 mm 0.02 0.24
Maize, 0.5-1 mm 0.01 0.02

Maize, 1-2 mm Trace
Masticated leaf fiber w/ epidermis aggregates, < 0.5 mm 0.31

Portulaca seed Trace
Sand, < 0.5 mm 0.03 0.04 0.09 0.04
Sand, > 2.0 mm Trace

Sand, 0.5-1 mm 0.07  0.05 0.01
Sand, 1-2 mm Trace 0.01 0.01
Spiral trachieds, < 0.5 mm 0.18

Spiral trachieds, 0.5-1 mm 0.10

Squash seeds, < 0.5 mm 0.10 Trace 0.03
Squash seeds, > 2.0 mm 0.08 0.11
Squash seeds, 0.5-1 mm 0.10 0.03
Squash seeds, 1-2 mm 0.07 0.03
Stem, < 0.5 mm 0.05

Terminal grass spike, 1-2 mm Trace

Unidentified arthropod, 1-2 mm Trace
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Table 2 Microscopic structure concentrations from Aztec Ruins coprolites in terms of number per
gram of coprolite. Tracheid helical spirals, tracheid lignin rings, vessel sieve elements, and xylem

sections are derived from xylem and phloem from plant vascular bundles.

2 18 22 27 28 29
Room Room East Ruin Room Room Room
219 219 Kiva 225 225 225

Preservation Poor Poor Fair Fair Fair Fair
Bean trichomes 191,667 68,750 147,500 82,015 34,768 15,777
Bean Epidermis w/ trichomes 3750
Grass epidermis 1250 1250 12,417
Long trichomes 33,333 1250 14,901
Macrosclereids from seeds
Seed coat fragments 1,250,000
Tracheid helical spirals 208,333 50,000 261,250 202,420 444,536 37,621
Tracheid lignin rings 41,667 83,750 15,705 221,026 3641
Vessel sieve elements 8333 1214
Xylem sections 54,167 75,000 28,750 26,175 34,768 9709

Table 3 Pollen and spore concentrations in terms of grains or spores per gram restricted to eco-
nomic types from Aztec Ruins coprolites. Cheno-am refers to species in the family Amaranthaceae
and the subfamily Chenopodioideae. Zea altered refers to expanded, thinned shreds of exine from

degraded pollen grains.

2 18 22 27 28 29
Room Room East Ruin Room Room Room
219 219 Kiva 225 225 225
Preservation Poor Poor Fair Fair Fair Fair
Cheno-am 105,897 3400 240,228 310,430
Cleome 2155 12,458 28,502 198,675 48,544
Corn truffle 961,538 2,524,430 7,077,815 2,870,146
Cotton 507
Cucurbita Opercula 10,776 3378
Cucurbita whole 862 24,662 8143 7282
Poaceae, wild 12,458 2427
Zea whole 680,172 485,880 845 533,388 2483 82,524
Zea altered 54,310 24,917 338 883,550 54,636 347,087

truffles spores, and cheno-am pollen (Tables 2 and 3). The cheno-am
pollen counts range into hundreds of thousands per gram and signal
the consumption of polleniferous food such as pigweed or goosefoot
foliage with buds (Reinhard et al. 1991, 2006). They differ in that sam-
ple 27 has macroscopic leaf fragments, fine plant fiber, and squash
pollen (Fig. 7). This sample also has 1,416,938 maize pollen grains
per gram of sample. The majority of the maize pollen is altered such
that the grains expanded in size and burst. The fractured pollen ap-
pears as sheets of pollen exine that is the most abundant microfossil
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discovered (Fig. 8). This feature of consumed maize pollen suggests
that pollen was harvested and prepared in a way that expanded and
burst the grains. Further exploration of this hypothesis awaits ex-
perimental preparation of pollen from maize tassels. Sample 28 has
a larger abundance of beeweed pollen. Not tabulated, sample 27 is
the only Aztec specimen presented here that contains maize starch.
We are not including starch images. Starch analysis is dependent on
transmitted light and polarized light microscopy. The internal hila of
starch grains can be seen with transmitted light. Polarized light re-
veals the interference crosses cause by the refractive nature of starch
structure. SEM shows only the surface structure.

Despite sharing the same archeological context, the samples repre-
sent distinct meals. Sample 27 represents a meal composed of maize
pollen, squash blossoms/buds, milled maize kernels, bean leaves,
maize truffles, and cheno-am greens. Sample 28 shares milled maize
kernels, bean leaves, maize truffles, and cheno-am greens, but has an
increase of beeweed (Cleome spp). It is of interest that when maize
pollen is screened from the microremains, truffle spores are the most
abundant microfossil type (Fig. 9). Importantly, Battillo (2018) found
that U. maydis spores are too small to resolve with most light micro-
scopes and so numerous that simply quantifying them is a challenge.
Figure 9 is the first image of U. maydis spores from coprolite context.

Sample 29 was recovered in a separate context than 27 and 28 in
room 225. Mites (6 per gram) and fly puparia were documented in this
sample. Portulaca (purslane) and Echinocereus cactus (hedgehog and
other types) were found in the macroscopic remains with squash seeds
(Table 1). Milled maize, ground to less than 0.5 mm in size, was also
found. Light microscopy was used to quantify xylem strands and bean
trichomes (Table 2). Microfossils including xylem strands, maize pol-
len, and bean trichomes found in SEM analysis (Fig. 10). Pollen analy-
sis shows that beeweed, maize truffle, and processed maize pollen were
eaten (Table 3). This is an eclectic meal of wild and domestic plants.

These preliminary data from the East Ruin Kiva and room 219
show a pattern of Ancestral Pueblo subsistence that has not been doc-
umented before. The use of bean foliage, rich in trichomes, signals
that beans were used as a source of greens. Maize truffles were an
important source of nutrition that had many health benefits as sum-
marized by Battillo (2018). Although expanded and shredded maize



REINHARD ET AL. IN ARCHAEOL. & ANTHROPOL. SCI. 11 (2019) 27

Fig. 8 AZTEC 27: The screened microscopic remains from this sample were almost
completely composed of flattened, bursting maize pollen grains. A: A well preserved
maize pollen grain (MP) lies on sheets of pollen walls that remain from maize pol-
len that was swelled passed the point of bursting (MPS). Also present are the tiny
spores of maize truffle, Ustilago maydis (UMS). B: A close up of maize pollen sheets.
Fortunately, the annulated pores of the deformed maize pollen were recognizable
(arrows) and allowed for quantification of the number of maize pollen per gram in
the sample.
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Fig. 9 AZTEC 28 spores of maize truffle, Ustilago maydis, were the most abundant
identifiable microfossil in many samples. Only with SEM were we able to obtain suf-
ficient resolution to identify these tiny spores (A). B : The abundance of the spores
is illustrated by the large numbers visible.

pollen had previously been recognized (Reinhard et al. 2006), the
SEM analysis shows that the pollen was processed in a way that
expanded the exine pollen wall to the point that the grains were
shattered into exine sheets. Overall, broken pollen could have been
consumed with polleniferous, maize-based foods such as stews as
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Fig. 10 AZTEC 29: A: A typical Aztec Ruins collection of microfossils recovered
through a 250-um mesh screen. Maize pollen is evident ranging from good condition
(MP) to flattened sheets. Some pollen have an inflated appearance, but the annulated
pores are still evidence (MPP). Bean leaf hairs (PT) are also present. B: A closer look
at the typical stem and leaf vascular cell remains from the samples. A long strand
of xylem tissue (X) passes through masses of unraveled spiral tracheid wall thick-
enings (Tr). A well-preserved maize pollen (MP) is in the lower right of the image.

suggested by Sutton and Reinhard (1995). The highest concentrations
of maize dominated by intact grains may signal ingestion of corn silk
as suggested by Williams-Dean (1986).
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Poor preservation at an open site, room 219 Aztec ruins, New
Mexico

Aztec sample 18 hosted a rich decomposer fauna including mites
(Camacho et al. 2018a), flies represented by puparia and beetles rep-
resented by exoskeleton (Table 1). Mites were present at 56 mites/
gram (Fig. 11). Of 2.0 g of coprolite processed for analysis, only 0.04
g of identifiable material was found macroscopically. These included
bone fragments and squash seeds. The vast majority of the remains
decomposed to fragments of material lacking botanically recogniz-
able form. These microscopic particles passed through the quarter
millimeter mesh to be captured with the microscopic remains. These
remains formed an organic milieu that coated the larger, discern-
able microfossils (Fig. 12). Some discernable plant remains, such as
stem fragments, many seed fragments, and trichomes, passed through
the screen. With light microscopy, these more durable remains were
quantified and it is clear that bean leaves were eaten. The majority of
squash seeds decomposed into microscopic fragments that were iden-
tified with light microscopy.

Aztec sample 2 exhibited a rich decomposer community with 1593
mites per gram of sample (Camacho et al. 2018a). The macroscopic re-
mains are dominated by aggregates of mostly decomposed fibers and
compressed aggregates of fibers. Only the most durable remains, frag-
mented squash seeds, were identifiable. Microscopic analysis showed
evidence of bean leaf consumption in the form of bean epidermis with
trichomes, separate trichomes, and vascular plant structures includ-
ing tracheid lignin rings, tracheid helical spirals, xylem sections, and
vessel sieve elements (Fig. 13). These microscopic particles numbered
over a half million. Some grass epidermis was also found. Pollen data
indicated that maize tassels were harvested for pollen. Flowers or
buds of squash and beeweed were also eaten. Interesting observations
include the fact that the maize pollen was fractured into large sheets.
This was also observed in Aztec sample 27. It is clear that the gath-
ered pollen was prepared in a way that expanded the pollen size to
the point that the exine walls burst. Microscopic particles lie on sheets
of maize pollen walls (Fig. 13). The lesson learned from this sample
is that lignin and sporopollenin microfossils preserve in recognizable
form, even in samples that have undergone extensive decomposition.
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Fig. 11 AZTEC 18: Taphonomy studies of Aztec Ruins coprolites showed that a di-
verse decomposer community infested the samples in the days and weeks after de-
position. These included flies, beetles, mites, nematodes, fungi, and probably bac-
teria. The upper image shows mite remains overlying decomposed plant material
and seta from and insect. The insect seta is labeled A. The anterior of a mite is la-
beled B in the upper image. The lower image is a close up of the mite and shows
some anatomical features including palps (A), chelicerae (B) capitulum soft cuti-
cle (C), and scutum (D).
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19.0mm x1.00k

Fig. 12 AZTEC 18: Decomposition rendered the majority of the remains of this sam-
ple to a mass of decomposed plant tissue. The fine particles that resulted from de-
composition obscured the features of microfossils. In the upper image, a maize pol-
len grain has been obscured by a stem fragment and finer unstructured particles.
Below, a more magnified view of a different pollen grain obscured by unstructured
particles as well as cellulose strands.
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Fig. 13 AZTEC 2: These images show botanical microfossils that are relatively well
preserved, although food processing has deformed maize pollen grains. A: Observe
that the whole maize pollen grain (MP) is lying on a mat of flattened maize pollen
sheets (MPS). These sheets are what remains of pollen grains that expanded, burst,
and shredded. Very common in these samples were Phaseolus trichomes, or leaf
hairs from bean plants (PT). Finally, tracheid spirals (Tr) are the thickened, sup-
portive structure from plant vascular cells. B: A close up of a trichome on tracheids.
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Conclusions from open site coprolite analysis—Aztec Ruins

Sand percolation and calcium carbonate deposits show that mois-
ture permeation was an issue common to Rooms 219 and 225. Bio-
logical agents were active in all three rooms. Thus, the preservation
of dietary residues, especially at the macroscopic level, is less than
ideal. These findings could have relevance to biochemical analysis
since there was a definite interaction between the coprolite matrix and
surrounding deposits. DNA was added by decomposers and also could
infiltrate the sample from the trash matrix. These samples would be a
less ideal choice for aDNA and ELISA analysis compared to ideal sam-
ples such as that representing Turkey Pen Ruins.

Despite the fair/poor coprolite macroscopic preservation at Aztec
Ruins, heretofore unique dietary data were recovered. Aztec Ruins is
the first Pueblo site that demonstrates the consumption of bean leaves.
The curved trichomes, although present on the harvested bean pods,
are much more abundant on leaf surfaces (Park et al. 1994). The find
of epidermis articulated with bean trichomes is clear evidence that
the leaves were eaten. Squash seeds and pollen, sometimes found in
the same sample, suggests a double growing season or an extended
season such that squash fruits were harvested at the same time as
flower/bud availability.

The surprising coprolite evidence shows counter-intuitive plant
use. First, maize pollen grains not associated with kernels were eaten.
Second, bean leaves, not beans themselves, were harvested as greens.
Although we believe that this represents a heretofore unrecognized
use of bean greens as a common part of diet, we recognize that the
used of greens could be an emergency meal (early in the growing sea-
son) rather than staple food. Finally, the abundance of squash pollen
and seeds is new for Ancestral Pueblo coprolite analysis. Squash evi-
dence provides simultaneous sources of flowers/buds and fruit. The
analysis shows the three main Pueblo cultivated plants, maize, beans,
and squash. However, the surprising revelation comes in the forms of
food derived from the “triad”. Bean leaf greens were eaten. Maize pol-
len and truffle fungus were important parts of the diet. Squash was
more represented in pollen and seeds than any other Puebloan cop-
rolite study to date.

Geib and Heitman (2015) describe ceremonies through which maize
pollen could be ingested. One potential is the mixture of maize pollen
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into maize before grinding. They linked this ethnographically doc-
umented ceremony to the palynological literature regarding shred-
ded versus whole pollen. The grinding of maize pollen with meal
might result in shredded maize consumption with milled maize ker-
nels. Samples 27, 28, and 29 have an association of maize pollen and
milled maize. The pollen concentrations in terms of pollen grains per
gram per samples are 1,416,938 for Aztec 27; 57,119 for Aztec 28; and
429,611 for Aztec 29. Interestingly, the proportion of shredded pollen
is high for these samples, 62% for Aztec 27; 96% for Aztec 28; and
819% for Aztec 29. The maize pollen concentration in sample 22 is low
and represents the background environment signal for maize as previ-
ously quantified for Ancestral Pueblo sites (Reinhard et al. 2006). Az-
tec 2 and 18 have no maize macroscopic remains. The pollen concen-
trations and percentages of altered pollen are 734,482 (7%) for Aztec
2 and 510,797 (5%) for sample 18. The contrast between these sam-
ples is striking and suggests that a taphonomic feature of shredded
maize pollen could be milling pollen with meal preparatory to cook-
ing and ingestion.

The value of SEM imaging

In their reviews of coprolite analysis, Riley (2010) and Battillo
(2018) emphasized the developments and refinements in the anal-
ysis of coprolites for dietary residue. They reveal the methodologi-
cal complexity applied to identify the wide spectrum of recoverable
starch, cellulose, lignin, silica, calcium oxalate, chitin, and bone struc-
tures. This is dependent on knowledge of plant anatomy in turn based
on plant dissection. They note the successful application of chemical
tests, such a protein residue and sterol analysis, that confirm and add
to our knowledge of prehistoric diet. Molecular biology has also added
to the ability to discern foods in coprolites. We propose that SEM pro-
vides an excellent way to depict diverse dietary components in sin-
gle images revealing the complexity of diet. In addition, SEM clarifies
the condition of materials such as digested bone, altered pollen, and
milled seed so that we can better understand the nature of prehis-
toric food preparation. Importantly, SEM allows researchers to gauge
the nature and extent of taphonomic processes. This includes visual-
izing the fungal and invertebrate decomposers themselves and also
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showing the products of decomposition in fine resolution. From this
small series of case studies, we can categorize the factors of decom-
position at play for our sites.

Factors of decomposition

Table 4 lists the factors that affected the samples presented herein.
The Dust Devil Cave sample was sandy and composed microscopi-
cally of granular, resistant structures such as Chenopodium seeds.
The sample presented from Bighorn Cave also is composed primar-
ily of granular dietary phytoliths but with matrix contaminants. The
microremains also included cactus cladode elements. It is very likely
that occasional water percolation dispersed smaller remains into the
cave sediment while sand entered these specimens. We suggest that
samples such as these have a lower biochemical information poten-
tial due to loss of fine matrix to the surrounding environment. In con-
trast, the Turkey Pen Ruins sample responded optimally to rehydra-
tion and separation of macroscopic from microscopic remains. The
microscopic remains were not obscured by decomposition detritus.
Similarly, the Hinds Cave sample exhibited excellent processing re-
sults. However, close examination of the microfossils shows encrus-
tations of decomposition debris.

Table 4 Taphonomic factors that affected the information potential of the samples. It is notewor-
thy that fungal growth was a severe complication only in Aztec 22 East Kiva. Mites and nema-
todes signal decomposition environments that inhibited preservation of macroscopic.

Sample source/ Abiotic source Anthropogenic Contextual Ecological
preservation of sand

Hinds cave/good Latrine deposit Shelter Latrine flies
Turkey Pen Ruins/good Midden deposit Shelter Spider beetles
Bighorn Cave/good Possible percolation =~ Midden deposit Shelter

Dust Devil Cave/good Infiltration Latrine deposit Shelter

Aztec 22 East Kiva/fair Percolation Trash deposit Open site  Mites, nematodes, fungus
Aztec 27 Room 225/fair Percolation Latrine deposit Open site Flies, mites, nematodes
Aztec 28 Room 225/fair Percolation Latrine deposit Open site Flies, nematodes
Aztec 29 Room 225/fair Percolation Latrine deposit Open site Flies, mites
Aztec 18 Room 219/poor Percolation Latrine deposit Open site Flies, beetles, mites

Aztec 2 Room 219/poor Percolation Latrine deposit Open site Mites, nematodes
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The samples from Aztec Ruin presented researchers with a process-
ing challenge. Sample 18 was so degraded that our research group re-
covered 0.04 g of material macroscopically from the 2.0 g that were
processed. The remains largely passed through the quarter millimeter
mesh. These remains had lost the original anatomical structure and
covered durable microremains, obscuring them. After acetolysis, rec-
ognizable pollen was recovered. “Aggregates” dominated or codom-
inated the macroscopic remains for the other five samples. Simply
stated, aggregates are masses of accumulations of various botanical
remains that were compressed into inert materials. Such aggregates
result from physiological compression and dehydration of chyme as
digested material forms feces in the colon. Generally, laboratory re-
hydration and disaggregation disperses the aggregates. The fact that
aggregates persisted in the open sites suggests that postdeposition
taphonomic processes made the aggregate particles inert. Two fac-
tors are at play, fluid deposition of calcium carbonate throughout the
coprolite and deposition of silica sand perolationg through perfora-
tions in the samples. The calcium carbonate was likely a result of oc-
casional wetting of the deposits. The sand also percolated in from the
surrounding matrix through small perforations made in the samples
by decomposer organisms, especially beetles and flies. Sand was pres-
ent in most of these specimens. For the “fair” category, the rehydra-
tion and disaggregation procedures separated seeds and leaf tissue
into recognizable elements. The microfossils were relatively clean ex-
cept for sample 22 which showed high fungal activity that bound the
microremains in hyphae. Importantly, the pollen processing through
acetolysis destroyed the fungal remains and released well-preserved
pollen. Of the conditions summarized in Table 4, percolation and bio-
logical decomposition are the main threats to data integrity from cop-
rolite analyses.

As molecular and ELISA approaches to coprolite study become more
standard, triage assessment of preservation becomes necessary to de-
termine which samples are most likely to retain biochemical signals
from the organic milieu. There is a tendency to assume that open site
samples are universally poorly preserved. However, studies of para-
sites and decomposers (Camacho et al. 2018a) and review of dietary
data presented in this paper shows that the decomposition commu-
nity can vary from room to room within the same archeological site.
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Similarly, preservation from geologically protected sites also varies.
Therefore, we recommend that samples selected for molecular and
immunoassay analysis be assessed for preservation potential by mi-
croscopy. SEM has enormous potential for defining biological decom-
posers, especially mites and fungi.
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