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Abstract
In archaeology, far more research has been performed on paleofeces of ancient humans than their companion animals, for 
which little is known. This study presents a multiproxy analysis of a paleofeces of dog origin, recovered from the medieval 
fortification of Gradina-Radaljevo (Serbia). The specimen was first recorded non-invasively through stereomicroscopy 
and micro-computed tomography, which documented a compact, flat-conical morphology containing highly digested bone 
fragments, charcoal, and sediment inclusions, features typical of carnivore digestion. Subsequent petrographic thin-sec-
tioning and µFTIR confirmed a hydroxylapatite-rich matrix with cancellous and compact bone fragments, plant remains, 
and vegetal voids corresponding to cereal husk imprints, suggesting dietary ingestion of both animal and plant material. 
Paleoparasitological screening identified 26 helminth eggs belonging to Ascaris sp., Trichuris sp., and Dicrocoelium sp. 
Their morphology and low abundance indicate passive passage via ingestion of contaminated food, herbivore dung, or 
human waste rather than true infection of the host. Palynological analysis revealed low pollen diversity dominated by 
Poaceae, Cyperaceae, and fern spores, alongside wetland NPPs and Glomus fungi, reflecting environmental ingestion and 
scavenging behaviors. ZooMS of ingested bone fragments identified Suidae and Gallus, while aDNA analysis recovered 
Suidae, Bovidae, Phasianidae, and Canidae, including Canis lupus familiaris, further supporting a dog origin for the 
specimen. Together, these results indicate an omnivorous scavenging dog living near the settlement, consuming household 
refuse and fecal material, thereby mirroring human–animal interaction, sanitation practices, and parasite circulation in 
medieval Europe. This study sheds light on the complexity of human, dog and herbivore coexistence, contributing to the 
understanding of hygienic and sanitary conditions in medieval Europe.
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Introduction

Ancient feces, also known as paleofeces or coprolites, serve 
as unique records that capture short-term evidence of an indi-
vidual organism’s diet and environmental context, provid-
ing valuable insights for paleoecological, paleontological, 
and archaeological research. These materials encapsulate a 
wealth of biological and environmental information, offer-
ing direct access to aspects of an individual life such as diet, 
health, parasitic infections, gut microbiota, and ecological 
relationships. The scientific value of human paleofeces has 
gained increasing recognition in recent years, especially 
as multidisciplinary strategies incorporating macrofos-
sil, microscopic, and biomolecular analyses become more 
prevalent. These comprehensive approaches are particu-
larly effective in investigating historical parasitic infections, 
which are essential markers of health status, sanitation, life-
style, and environmental exposure in past populations (Bar-
bera and Reinhard 2024; Blong and Shillito 2021; Blong et 
al. 2023; Reinhard et al. 1986; 2019).

Core analytical techniques—like pollen, and parasite egg 
analysis—continue to underpin paleofeces research. Yet 
these are now often complemented by advanced method-
ologies, including ancient DNA (aDNA) sequencing, lipid 
biomarker detection, stable isotope profiling, and scan-
ning electron microscopy (Reinhard et al. 2019; Shillito et 
al. 2020a; 2020b). When used together, these techniques 
improve the ability to identify parasite species, assess their 
prevalence, and examine their ecological and cultural asso-
ciations with human hosts. Recent studies highlight the 
potential of metagenomic analyses on paleofeces to classify 
host species and diet reconstruction in historic and prehis-
toric contexts (Blong and Shillito 2021; Ledger et al. 2019a; 
2025; Witt et al. 2021).

Paleofeces research benefits from cross-disciplinary inte-
gration of parasitology, ecology, cultural, and molecular 
evidence, providing minimally invasive insights into past 
health and behavior. However, destructive analyses pose 
ethical challenges, as current guidelines focus on pre-sam-
pling and offer limited guidance for responsibly conducting 
invasive procedures on these rare and valuable specimens 
(Blong and Shillito 2021; Blong et al. 2023).

In response to both methodological and ethical challenges, 
researchers have increasingly adopted multiproxy approaches 
that maximize data recovery while minimizing specimen loss. 
Although such analyses, integrating diverse lines of evidence 
from paleofeces, are becoming more common, they are not 
yet standard practice (Ledger et al. 2019a; Tolar et al. 2021). 
In this study, we apply a multiproxy workflow with particular 
emphasis on parasitic remains to enhance understanding of 
historical health patterns and human–pathogen–environment 
interactions, while preserving material for future research.

In cases where direct evidence from human remains is 
absent or limited, animals living in close association with 
people can provide a meaningful proxy for reconstructing 
aspects of human diet and health. Among these, dogs are 
especially informative due to their shared habitats, over-
lapping diets, and susceptibility to similar parasites. More-
over, the preservation of parasites or pathogenic microbes 
in canine paleofeces opens an additional window onto the 
health conditions of the humans who interacted with them 
(Ledger et al. 2019b; Maicher et al. 2021; Mitchell et al. 
2022; Slepchenko et al. 2025a; Witt et al. 2021). We ana-
lyzed a likely dog paleofeces from a medieval household 
in Serbia to better understand how dogs dealt with human-
related waste.

Materials and methods

Archaeological background

The supposedly dog paleofeces analyzed in this study was 
recovered during systematic archaeological excavations 
carried out in 2017 at the Upper Town Plateau of the medi-
eval fortress site of Gradina-Radaljevo. The site is situated 
in the village of Radaljevo, approximately 10 km north of 
Ivanjica, in southwestern Serbia (Fig. 1a–b). Archaeological 
investigations at Gradina-Radaljevo were conducted in two 
phases, first between 2006–2008 and later from 2016–2018. 
Based on ceramic assemblages, rampart construction tech-
niques, and architectural features of the towers, the most 
intensive phase of fortification is attributed to the second 
half of the fourteenth century (Marković et al. 2023).

During excavation, the Upper Town Plateau was divided 
by a one-meter-wide north–south control profile to docu-
ment vertical stratigraphy. The uppermost layer consisted 
of light brown humus with roots, abundant stones (includ-
ing ashlars and siga fragments) and finds such as pottery, 
animal bones, a broken stone whetstone, and a small iron 
coin. Beneath this, a rubble deposit of stones, mortar frag-
ments, and ashlars contained numerous animal bones, 
pottery sherds, iron coins, and carved stone fragments 
along the southern rampart. Below the rubble, a thin yel-
low–brown soil layer with scattered finds suggested fire 
exposure. In the southern sector, additional rubble and dark 
brown soil with cinders, charred wood, whitewash frag-
ments, and small stones indicated concentrated fire activity, 
producing abundant pottery, bones, and occasional metal 
objects. This entire area is interpreted as a single midden. 
In the western half near the southern rampart, a paleofeces 
specimen was recovered, dated to the late 13th–fourteenth 
century based on stratigraphy and associated pottery. The 
chronology is more precisely constrained to the second 
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half of the fourteenth century based on two radiocarbon 
dates obtained from animal bones recovered within the 
same cultural layer as the paleofeces (lab no. DeA-35678; 
uncal. 584 ± 16 BP and lab no. DeA-35680; uncal. 571 ± 16) 
(Marković et al. 2023).

Methods

The multiproxy workflow implemented in this study com-
prises four main stages: non-invasive methods, invasive 
subsampling, metadata analysis, and presentation and 

Fig. 1  (a) Location of the site on a map of the Central Balkans and site plan of the late medieval fortification at Gradina–Radaljevo – the red dot 
indicates the findspot and (b) orthophoto of the fortification – the area marked in red represents the excavated portion of the Upper Town Plateau
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publication. Non-invasive methods include documentation 
through photography and macro-description, morphomet-
ric analysis, typological classification, stereomicroscopic 
surface analysis, and MicroCT scanning with 3D recon-
struction. Invasive subsampling is conducted for paleo-
parasitological studies, and pollen analysis, followed by 
biomolecular analyses such as collagen peptide mass fin-
gerprint (ZooMS) and ancient DNA (aDNA). Additional 
related techniques include scanning electron microscopy 
(SEM), thin section petrography, micro-Fourier transform 
infrared spectroscopy (µFTIR) and micro-X-ray fluores-
cence (micro-XRF). Finally, a comprehensive evaluation of 
the associated metadata is performed (Fig. 2).

Non-invasive methods

The first stage involved measuring the size and weight of the 
specimen, describing its shape, and classifying it according 
to Diedrich (2012), and Hunt and Lucas (2012). During this 
stage, a stereoscopic examination of the specimen surface 
was performed, and any visible macro-animal and/or plant 
remains were noted. In the second stage, micro-CT imaging 
and internal micromorphological analysis were conducted fol-
lowing the methodology of Romaniuk et al. (2020). MicroCT 
scanning was performed using a Nikon XTH 320 μCT scanner 

with a reflection target and settings of 160 kV and 58μA with a 
voxel size of 0.022138 mm and copper filter of 0.1 mm thick-
ness. Post-processing of the scans was conducted using 3D 
Slicer software version 5.4.0, which is designed for profes-
sional medical examinations using the DICOM format. After 
the non-invasive recording the specimen was longitudinally 
halved using a circular diamond saw. Subsamples for various 
analyses were then taken with a sterile scalpel from the core of 
one half, avoiding the surface layer of the paleofeces.

Thin section petrography

The sample was prepared for petrographic analysis by 
first placing it in a 22 × 22 mm polyethelene container and 
embedding it using a slow setting epoxy resin (ProKlar). 
Upon curing, the cube was sliced approximately in half 
using a tile saw. The exposed cross-sections were pho-
tographed, and one piece was selected for analysis with 
micro-XRF. The analyses were conducted using a Bruker 
M4 Tornado tabletop instrument with a rhodium x-ray tube 
and dual detectors. Maps for single and multiple elements 
(Al, Ca, Cu, Fe, K, Mg, Mn, Na, P, S, Si, Ti, Zn) were pro-
duced from the entire cross-section under full tube power 
(30W) and vacuum (20 mbar) with a pixel spacing of 20 µm 
and a dwell time of 25 ms per pixel.

Fig. 2  Workflow scheme for multiproxy paleofeces analysis implemented in this study

 



1 3

Page 5 of 16    141 Archaeological and Anthropological Sciences          (2026) 18:141 

Following micro-XRF mapping, the cross-section was 
mounted on a 51 × 76 mm glass slide and ground to a thick-
ness of 30  µm. The resulting thin section was analyzed 
under plane- (PPL) and cross-polarized light (XPL) using 
a petrographic microscope. High resolution digital scans 
in SVS format were produced using a petrographic micro-
scope equipped with a mechanical stage and the Microvi-
sioneer AutoWSI software. A second micro-XRF scan was 
conducted on the thin section at this time. Finally, µFTIR 
analyses were conducted directly on the surface of the thin 
section in reflectance mode using an Agilent 610 FTIR 
microscope attached to an Agilent 660 bench. The resulting 
spectra were compared to an in-house reflectance database 
of common minerals and archaeological materials in thin 
section.

Petrographic analyses were integrated with the results of 
the micro-XRF and µFTIR analyses and compared to refer-
ence samples of modern, archaeological and paleontologi-
cal feces from humans and other mammals (Goldberg 2000; 
Horwitz and Goldberg 1989; Mentzer 2018) that are housed 
in the Geoarchaeology collection at the University of Tübin-
gen. When necessary, descriptive terminology followed 
guidelines that are specific to the archaeological micromor-
phology literature, such as Brönnimann et al. (2017) for 
paleofeces in general, Stoops (2021) for birefringence fab-
ric, microstructure and voids, and Pümpin et al. (2017) for 
the identification of parasite eggs.

Paleoparasitology

A one gram sample was placed in a 15 ml test tube. Carbon-
ates were dissolved using 10% HCl added dropwise until 
the end of the reaction. The solution was shaken gently to 
ensure full reaction. To remove the acid, distilled water 
was added, the tube centrifuged at 4,000 rpm for 5 min and 
the supernatant fluid removed, and this process repeated 
5 times. After resuspension in distilled water, the sample 
was sieved through 300 μm, 160 μm, and 20 μm meshes. 
Sediment trapped on the 20 μm mesh was washed with dis-
tilled water and centrifuged for concentration (Ledger et 
al. 2019a; Rabinow et al. 2022). The final pellet was com-
bined with glycerol, mounted on slides, and examined with 
light microscopy (200 × and 400x) to identify parasite eggs 
based on morphology (Garcia 2016). Microscope slides 
containing helminth eggs were thoroughly washed with dis-
tilled water in a 50 ml tube. The tube is then centrifuged 
at 4,000  rpm/5  min. After centrifugation, the supernatant 
was carefully pipetted off, and the pellet containing para-
sitic remains at the bottom of the tube was transferred to 
a 1.5 ml PCR tube. The sample was stored at −20 °C until 
the beginning of aDNA extraction. For scanning elec-
tron microscopy (SEM), ~ 30 μL of the prepared sediment 

sample was washed in ethanol, air-dried, and oven-dried at 
42 °C, mounted on polycarbonate membranes with a 6 μm 
hole size, sputter-coated with gold, and examined using a 
Phenom XL Desktop Scanning Electron Microscope to cap-
ture images at magnifications up to × 3200 (Reinhard et al. 
2019).

Palynology

The sample for pollen analysis was collected in volumes of 
up to 3 cm3. This material was processed at the pollen labo-
ratory of the Baden-Württemberg State Office for Cultural 
Heritage in Hemmenhofen. To estimate the concentration 
of the palynomorphs two Lycopodium tablets (i.e. exotic 
marker) with concentration 17,797 grains per unit were 
added to the sample together with 15 ml of 10% HCl to dis-
solve the carbonate rich matter of the paleofeces. The test 
tube with the solution were heated in water bath at 95 °C for 
15 min and then centrifuged by 3600 pr. The supernatant 
was removed. As next in order to remove silicates ca. 8 ml of 
48% HF (3) were added to each test tube and heated in water 
bath for 20 min. The treatment for pollen extraction does not 
follow the standard procedure (i.e. acetolysis) as this will 
destroy various relevant microfossils usually expected to be 
preserved in the paleofeces (Scott 1987). Subsequently the 
supernatant was removed and samples were rinsed with dis-
tilled water. The final residues were embedded in glycerin, 
stained with safranin and mounted on microscope slide. To 
reach a statistically representative palynomorph sum (~ 300 
counted items) an additional 5 slides were prepared and ana-
lyzed under transmitted light microscope with magnifica-
tion between 200—1000x.

ZooMS

Four samples (GACT1.G, GACT1.H, GACT1.I, and 
GACT1.J) of digested bone extracted from the matrix of 
the paleofeces during subsampling were analyzed follow-
ing previously published protocols (Welker et al. 2016). 
In short, specimens were demineralised in 0.5 M HCl and 
rinsed in 50  mM ammonium bicarbonate. The deminer-
alised bone chip was then gelatinised at 65 °C for one hour, 
and the resulting supernatant was treated with 0.4 μg tryp-
sin (Thermo Scientific Pierce ™ Trypsin Protease). Enzy-
matic digestion took place at 37 ℃ for 18 h. The incubated 
samples were concentrated and desalted using C18 ZipTips 
(Thermo Scientific Pierce™ C18 Tips) and eluted in a final 
solution of 50 μl of 50% acetonitrile and 0.1% TFA. 0.5 μl 
of the resulting solution was mixed with 0.5 μl of α cyano-
4-hydroxycinnamic acid solution (10 mg/mL in 50% aceto-
nitrile and 0.1% trifluoroacetic acid), spotted in triplicate on 
an MTP384 groundsteel plate, and allowed to crystallise.
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Samples were analysed in the Archaeo and Palaeopro-
teomics Laboratory at the University of Tübingen using a 
Bruker AutoFlex LRF Speed. The resulting spectra were 
peak picked with a signal to noise ratio of 3.5 after base-
line correction, smoothing, and deisotoping following 
our in-house parameters (Brown 2021) and analysed with 
flexAnalysis 3.4 (Bruker Daltonics) and mMass software 
(Strohalm et al. 2008). The spectra were compared against 
a reference library of known peptide markers (Buckley et al. 
2009, 2010; Codlin et al. 2022; Eda et al. 2020; Welker et al. 
2016) and reported following standard ZooMS nomencla-
ture (Brown et al. 2021).

Ancient DNA

aDNA analyses were performed to identify the paleofe-
ces source, detect dietary components and investigate the 
potential presence of parasitic taxa, providing insights into 
the animal’s health. We extracted aDNA from two different 
components of the same specimen: a subset of the paleofeces 
(RADA001.A), and isolated parasite eggs previously iden-
tified microscopically (RADA001.B). A subset of ~ 200 mg 
from the paleofeces was extracted using a modified Dabney 
protocol (Dabney et al. 2013), which was found to outper-
form other extraction methods on paleofeces (Hagan et al. 
2020). A single-stranded, double-indexed, non-UDG treated 
library was then prepared following an established protocol 
for degraded aDNA (Gansauge et al. 2020). Negative and 
positive controls, the latter consisting of cave bear (Ursus 
spelaeus) bone powder, were included.. After DNA amplifi-
cation and dilution, the library underwent shotgun sequenc-
ing for around 30 million single end reads on an Illumina 
sequencing platform.

Sequencing data were pre-processed and mapped com-
petitively against nuclear and organelle reference databases 
using nf-core/eager (Fellows Yates et al. 2021) and the 
HOLI pipeline (Pedersen et al. 2016), with damage rates 
estimated via metaDMG (Michelsen et al. 2022; for full 
parameters, see Supplementary File 1). Taxonomic identi-
fications required ≥ 10 mapped reads, ≥ 5% terminal deami-
nation, and a statistically significant deamination pattern 
relative to the reference. Putative hits below 100 reads were 
further validated by BLASTn against the ‘nt’ database (‘nt’ 
database, August 2025).

Results

Results of non-invasive methods

These non-invasive techniques provided critical structural 
and compositional insights prior to any physical sampling, 

ensuring the preservation of the specimen’s integrity during 
the initial analysis. The analyzed paleofeces exhibits a flat-
conical shape and presents a surface coloration in various 
shades of gray. Macroscopically, several digested bone frag-
ments are visibly embedded in the external matrix. Stereo-
microscopic examination revealed additional, smaller bone 
particles with advanced stages of digestion. Morphologi-
cally, the specimen corresponds to Type A, characterized by 
a compact structure and flattened base, with the following 
dimension – length: 49.7 mm, width: 41.3 mm, height: 28.5. 
mm, and weight of 19.8 g (Fig. 3a–d).

Three-dimensional microCT analysis provided detailed 
insights into the internal composition. The interior of the 
paleofeces contains both trabecular and compact bone frag-
ments, suggesting a carnivorous digestive process. Addi-
tionally, the microCT revealed large empty voids, consistent 
with gas escape or soft tissue decomposition during fossil-
ization, as well as highly calcified regions, suggesting post-
depositional mineral alteration or prolonged gut retention 
(Fig. 3e–g) (Tripp et al. 2022).

Thin section petrography and associated 
microanalyses

In thin section, the paleofeces exhibits a porous structure 
with numerous aligned moldic voids. The outer surface is 
not present and cannot be observed. The inner matrix is pale 
yellow under PPL with a crystallitic birefringence fabric 
under XPL (Fig. 4a–c). The main elemental composition of 
the matrix is P (Fig. 4d–e) and Ca, with µFTIR spectra indi-
cating the mineral hydroxylapatite. A number of inclusions 
were also observed (Fig. 4f–g). The largest fragments con-
sisted of a piece of cancellous bone, nearly 5 mm in diame-
ter. An additional 39 fine and medium sand-sized fragments 
of bone were also observed with lengths ranging from 
150 µm to one mm. Smaller pieces were also present but 
were not counted. Most bones are pale yellow to transpar-
ent in PPL with low order grey interference colors in XPL. 
The edges of some fragments and a few smaller pieces are 
strongly yellow in PPL and isotropic in XPL. µFTIR spec-
tra of the 15 largest bones indicate peaks typical of carbon-
ate hydroxylapatite, with dominant peaks at 1030 cm—1, 
874  cm—1, and a doublet at 605 and 565  cm—1. Peaks 
that appear due to high temperature heating, in particular 
those at 1088  cm—1 and 630  cm—1 were not present. 
Charcoal fragments were also observed, the largest of which 
is 0.7 mm long. Mineral inclusions consist of fragments of 
quartz, feldspar, calcite and rocks, as well as one aggregate 
of soil, all ranging in size from 20—180 µm in diameter.

Moldic voids preserve the morphology of other organic 
components that have since decomposed or were other-
wise removed during sample preparation. These voids are 
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typically elongate and slightly concave, with smooth sides 
and either sharp or tapering ends. Widths are typically 
50—70 µm with a circular cross-section. Some exhibit spiral 
morphologies. A majority of the voids are consistent in mor-
phology with grain husks (Nicosia and Canti 2017), which 
also exhibit smooth sides with both sharp and tapering ends 
when cut along a longitudinal plane. Moreover, when cut 
along a transverse plane, husks exhibit a characteristic “spi-
ral-like” morphology (Nicosia and Canti 2017: Fig. 14.2). 
Some elongate moldic voids contain phytoliths in their cen-
ters, and some more equant voids also contain remnants of 
humified plant material. These observations suggest that 
many of the voids in the sample derive from decayed plants 
(vegetal voids). The shapes of some thinner voids are also 
consistent with decomposed hair and fur (“negatives” or 
“hair pseudomorphs”) following Brönnimann et al. (2017). 
Omnivores and carnivores can ingest hair and fur along with 
their prey, or during grooming activities.

Additional post-depositional processes include localized 
reddish staining of the matrix around charcoal fragments, a 
process that is also reported in a dog paleofeces analyzed 
(Brönnimann et al. 2017: Fig. 7.10). A darker region of the 
sample under PPL was observed to be enriched in Mn and 
Zn in the elemental distribution maps, which is suggestive 
of the formation of post-depositional manganese oxides.

Paleoparasitological results

Light microscopy of one gram of mineralized paleofeces 
sample revealed a total of 26 intestinal parasite eggs. These 
eggs were assigned to three distinct taxa based on their mor-
phometrical characteristics.

Nine of the eggs were identified as belonging to the genus 
Ascaris sp., a common nematode (roundworm). These eggs 
are subspherical to oval in shape, measuring approximately 
61.4 μm (standard deviation ± 3.5 μm, n = 9) in length and 
46.2 μm (SD ± 2.8 μm, n = 9) in width (Supplementary File 
2 – Table S1). Six of them possess a thick shell, with the out-
ermost layer appearing mammillated (Fig. 5a). Three speci-
mens showed loss of the outer coat, revealing a smoother 
underlying layer (Fig. 5b). These morphological traits are 
consistent with those described for the eggs of Ascaris sp. 
affecting humans (Ascaris lumbricoides) and pigs (Ascaris 
suis) in both modern and archaeological contexts (Garcia 
2016; Ledger et al. 2025).

Six eggs displayed characteristics typical of the whipworm 
(Trichuris sp.). These eggs are distinctive in morphology, 
being lemon- or barrel-shaped. The eggs have a smooth, yel-
low–brown shell and a thick wall, which aids in preservation 

Fig. 3  Dog paleofeces from the late medieval fortification at Gradina–
Radaljevo: (a) and (b) show opposite sides of the same specimen; 
(a) arrow indicate areas shown at higher magnification in (c) and the 
dashed line indicates the location of the longitudinal microCT section 
shown in (e); (b) the box highlights the area shown at higher magnifi-
cation in (d) and the dashed line indicates the location of the transverse 
microCT section shown in (f); (c) the box reveals a higher magnifi-
cation of a larger fragment, and the arrow indicates a smaller frag-
ment of digested bone visible on the surface; (d) higher magnification 
of a group of bone fragments visible on the surface of the specimen 
indicate by arrow; (e) the longitudinal microCT section reveals some 
of trabecular (arrows) and compact digested bones (arrowheads), as 
well as cavernous space (asterisks); (f) the transversal microCT sec-
tion reveals some of trabecular (arrows) and compact digested bones 
(arrowheads), as well as cavernous space (asterisks); (g) false color 
map of the same section in (f) reveals fragments of digested bones 
(arrows), outer line of paleofeces with higher mineral density (arrow-
heads) and core part with higher mineral density (asterisks)
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over archaeological timescales. Only one has preserved 
mucus plugs on both poles (Fig. 5c). The other five have no 
preserved mucus plugs (Fig. 5d). Measurements ranged from 
48.1  μm (standard deviation ± 5.2  μm, n = 6) in length and 
23.2 μm (standard deviation ± 0.7 μm, n = 6) in width (Sup-
plementary File 2 – Table S1). The dimensions and features 
observed are consistent with those of Trichuris sp. that infect 
humans (T. trichiura) and pigs (T. suis) (Rabinow et al. 2022).

The remaining eleven eggs were consistent in morphol-
ogy with those of small flukes, likely trematodes of the fam-
ily Dicrocoeliidae, more precisely Dicrocoelium sp. They 
were ovoid in shape, with one lateral side slightly flattened, 
smooth and thick-shelled, and light to dark brown color-
ation. Six of the eggs retained a well-preserved operculum, 
while the remaining five lacked this feature, possibly due 
to post-depositional degradation (Fig. 5e–f). The eggs mea-
sured approximately 35.6 μm (standard deviation ± 3.3 μm, 
n = 11) in length and 26 μm (SD ± 1.1 μm, n = 11) in width 
(Supplementary File 2 – Table  S1). Scanning Electron 
Microscope (SEM) examination confirmed the morphomet-
ric data observed under the light microscope by revealing 
two of the eggs (Fig. 5g–h).

Palynological results

The pollen analysis revealed a modest concentration of pol-
len and spores (ca. 1000 per 1 cm3) and nearly the same abun-
dance of plant tissue fragments (Fig. 6a–b; Supplementary 
File 2 – Table 2). In total it was possible to identify 25 dif-
ferent pollen and spore taxa, and 4 non-pollen-palynomorphs 
(NPP). The assemblage is dominated by representatives of 
the non-arboreal vegetation, like sedges (Cyperaceae), 
grasses (Poaceae) and fern spores and over quarter of the 
pollen finds are unidentifiable due to bad preservation and 
corrosion. Only few representatives of the potential natural 
vegetation near the site, deciduous oak woodland, were also 
registered, dominated by the pollen of the light-demanding 
hazel (Corylus). Of interest are the two large pollen grains of 
Cerealia-type – the pollen type including cultivated cereals. 
Nearly half of all microfossils found belong to plant tissues, 
mostly such from epidermal tissues and conifer wood, obvi-
ously ingested by the carnivore, which produced the paleofe-
ces (Fig. 6c–d). The NPPs belong mostly to aquatic or humid 

 Fig. 4  The paleofeces in thin section: (a) photomosaic image of the 
sample under PPL with the highly porous fabric visible; (b) higher 
magnification view of the yellow matrix, two bone fragments—b and 
moldic voids – v; PPL; (c) same view as (b) in XPL, showing the crys-
tallitic birefringence fabric; (d) micro-XRF analyses—elemental scan 
of the sliced face prior to thin section production showing the distribu-
tion of P and Mn. P is present throughout both the matrix and in bone 
inclusions. Mn is concentrated along one edge of the fragment; (e) a 
false color image generated from a map of the sample in thin section, 
showing areas where P is present ranging in color from blue (lowest 
abundance) to yellow (highest abundance). Yellow areas correlate in 
thin section with bone fragments that are approximately larger than 
150 µm (fine sand). A large fragment of cancellous bone is visible; (f) 
Inclusions and moldic voids – large fragment of charcoal is visible in 
the left of the image. White areas are voids, with red arrows indicating 
two voids with spiral morphology and tapering ends. The upper of the 
two spiral voids surrounds a fragment of humified plant material. The 
green arrow indicates an elongate void with blunt ends. These voids 
have morphologies consistent with cereal husks; PPL; (g) same view 
as (f) in XPL – the yellow arrows indicate quartz grains
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Fig. 5  Parasite eggs from three dif-
ferent taxa identified by microscopy 
in dog paleofeces from the Gradina–
Radaljevo: (a) fertilized roundworm 
(Ascaris sp.) egg with mamillated 
coat and (b) fertilized decorticated 
egg of the roundworm (Ascaris sp.); 
(c) whipworm (Trichuris sp.) egg 
with preserved mucus plugs at both 
poles and (d) egg of whipworm 
without preserved mucus plugs; 
(e) Dicrocoelium sp. egg (probable 
Lancet liver fluke) with preserved 
operculum and (f) Dicrocoelium sp. 
egg without preserved operculum; 
(g) and (h) eggs of Dicrocoelium sp. 
under scanning electron microscopy 
(SEM)
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environments (testate amoebe and HdV 128 and 225) (Pals 
et al. 1980). An exception is the HdV 207-type Glomus sp., 
an endomycorrhizal fungus (Fig. 6e–f) (Geel et al. 1989).

ZooMS

Sufficient collagen was extracted from all four of the bone 
fragments obtained from within the paleofeces, allowing 
for their taxonomic identification. Two (GACT1.G and 
GACT1.J) contained peptides consistent with the identifi-
cation of Suidae, using a combination of seven peptides to 
confirm this identification (Buckley et al. 2009; Welker et 
al. 2016). A further two samples (GACT1.H and GACT.I) 

were consistent with Aves and most specifically match to 
Gallus gallus (Eda et al. 2020; Codlin et al. 2022). ZooMS 
reference libraries for birds are underdeveloped in compari-
son with mammals and differentiating between Aves taxa 
typically requires a greater number of peptide markers for 
a confident identification. In this instance we used a com-
bination of ten peptide markers for the assignment of G. 
gallus including peptide COL1ɑ2 889–906 which at pres-
ent has a unique amino acid sequence and marker to the 
group (1604.8 m/z and 1620.8 m/z with a hydroxyproline). 
With the growth of ZooMS reference libraries, it may be 
determined that this is not a unique G. gallus marker and 
the identification will need to be revisited (Supplementary 

Fig. 6  Key microfossils from the 
palynologcal samples: (a) Junipe-
rus pollen; (b) conifer stomata, cf. 
Juniperus; (c) conifer wood frag-
ment; (d) charred particle probably 
of plant origin; (e) HdV Type 207 
(Glomus sp., chlamydospore); (f) 
fungal hyphae
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File 2 – Table 3; Supplementary File 2). This interpretation, 
however, aligns well with the zooarchaeological evidence 
from the site, where domestic pig and chicken bones were 
identified (Bulatović and Marković 2013).

aDNA

In the library obtained from the DNA extract of the paleo-
feces fragment (RADA001.A) we identified five taxa at the 
family level. Among them Suidae, Canidae, Bovidae and 
Phasanidae with a minimum of 5% damage on the terminal 
ends and a minimum significance of 1 (Fig. 7). One taxon, 
Lipotidae, had to be excluded after the subsequent authen-
tication steps, as none of the reads were assigned to Lipot-
idae with BLASTn. The taxonomic resolution varies among 
these taxa. This is due to differences in their representation 
within the reference databases, as well as variation in the 
abundance of their genetic material within the sample.

For Bovidae, as well as Phasianidae, only an identifica-
tion to family level was possible. For Canidae, two species 
were identified, Vulpes vulpes and Canis lupus. For C. lupus 
the best sub-species candidate was assessed to be C. lupus 
familiaris (the domesticated dog). The Suidae represented 
in this sample was identified to species level as Sus scrofa, 
with the only identified candidate on subspecies level being 
S. scrofa domesticus (the domestic pig). For the full assess-
ment of the taxonomic resolution see Supplementary File 1.

Ancient DNA extraction followed by library prepara-
tion was also attempted on parasite eggs isolated from the 

same paleofeces (RADA001.B). The presence of aDNA 
signatures from nematode, platyhelminth, or other parasitic 
taxa were not confirmed (for further identification steps on 
the parasitic taxa; see SI 1). Notably, the identified animal 
taxa match those obtained from the paleofeces sub-sample 
RADA001.A. Negative controls processed alongside the 
samples yielded no detectable taxonomic signal.

Discussion

The paleofeces analyzed in this study represent a rare and 
exceptionally well-preserved example of dog excrement 
from a medieval settlement. Its identification relied on a 
stepwise, multidisciplinary workflow, in which the physical 
appearance of the specimen constituted the initial and essen-
tial line of evidence. Macroscopic morphology provided the 
first indication of a canid origin, which was subsequently 
supported by micro-CT imaging and internal micromorpho-
logical assessment. Targeted subsampling for biomolecular 
and parasitological analyses further corroborated this inter-
pretation. Taken together, these complementary lines of 
evidence allow the specimen to be confidently identified as 
dog paleofeces, providing valuable insights into past ani-
mal behavior, parasite ecology, and human–animal interac-
tions. The results integrate palynological, petrographic, and 
paleoparasitological evidence to reconstruct aspects of diet, 
environment, and parasite transmission pathways (Supple-
mentary File 1; Fig. 5).

Fig. 7  Heatmap illustrating the distribution of assigned reads per taxon in the paleofeces sample RADA001.A. Log-transformed read counts are 
shown by the color gradient, with numerical values indicating the actual assigned reads following metagenomic analyses
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Comparative analysis distinguishes carnivore, herbi-
vore, and human paleofeces based on composition and 
morphology. Carnivore paleofeces typically contain a high 
proportion of digested bone, are compact, and often show 
intense mineralization. Herbivore paleofeces are fibrous, 
loosely compacted, and lack bone inclusions, reflecting a 
plant-based diet. Human paleofeces usually present mixed 
contents, including plant fibers, seeds, and occasional bone 
fragments, and are often elongated or cylindrical (Tolar et 
al. 2021; Tolar and Galik 2019). Based on the presence of 
extensively digested bone, the flat-conical morphology, and 
the internal microstructural features identified via micro-
CT, this specimen is attributed to a carnivorous origin. The 
ancient DNA results revealed signatures of three animals—
Sus scrofa, Vulpes vulpes, and Canis lupus—all of which 
are omnivorous and occasionally engage in coprophagy. 
This complicates host assignment if relying solely on 
genomic evidence. Moreover, without targeted enrichment, 
taxonomic resolution below the family level remains ten-
tative and must be corroborated through multiple lines of 
evidence. Several microbial taxa detected in the specimens 
resemble an expected mixture of environmental and gut 
microbial DNA (Supplementary File 1; Fig. 5).

ZooMS and aDNA analyses also identified pig and bird 
biomolecular traces, likely derived from kitchen waste, and 
a bovid signature probably linked to dietary intake (Liu 
et al. 2021). Importantly, although both ancient dog and 
fox DNA signatures were present, the integration of mul-
tiple proxies—morphology, micromorphology, ZooMS, 
and ancient DNA—supports attribution to a dog host. The 
fox is considered less likely because its genetic signal is 
weaker and inconsistent with the morphological and micro-
morphological characteristics of the specimen. In this way, 
the host assignment relies on the convergence of multiple 
independent lines of evidence, demonstrating the value of 
a multidisciplinary approach for confident interpretation of 
complex archaeological samples.

Microscopic analysis revealed parasite eggs belong-
ing to three taxa—Ascaris sp., Trichuris sp., and Dicro-
coelium sp.—with a total of 26 eggs identified. Although 
this tri-parasitic assemblage is noteworthy, several lines of 
evidence indicate that these remains represent false parasit-
ism rather than true infection of the dog. First, the over-
all egg counts are very low, with only 26 eggs recovered. 
In genuine intestinal infections of dogs, parasite eggs are 
typically present in much larger numbers per gram of feces. 
Such low counts are therefore more consistent with acci-
dental ingestion and passive passage through the digestive 
tract. Second, the identified nematode eggs do not corre-
spond to typical canine parasites. The Ascaris and Trichu-
ris eggs correspond morphometrically to species infecting 
humans and pigs (Ascaris lumbricoides/suum and Trichuris 

trichiura/suis) (Leles et al. 2012; Liu et al. 2012), rather 
than to species commonly infecting dogs, such as Trichuris 
vulpis. Both Ascaris and Trichuris are frequently encoun-
tered in archaeological contexts and reflect the close eco-
logical relationships among humans, livestock, and dogs in 
medieval settlements (Bouchet et al. 2003; Dufour and Le 
Bailly 2025; Mitchell 2015). Their presence in dog feces 
is therefore plausibly explained by the ingestion of human 
or animal feces (coprophagy) or contaminated food waste 
(Shalaby et al. 2010). Although cross-infection between 
humans, pigs, and dogs has been documented, the combina-
tion of host specificity and low egg abundance strongly sug-
gests that the dog functioned as an accidental carrier rather 
than a true host.

The presence of Dicrocoelium sp. eggs provides addi-
tional support for this interpretation. Eggs of Dicrocoelium 
dendriticum, the lancet liver fluke, are small, ovoid, opercu-
lated structures typically measuring 35–45 µm in length and 
20–30 µm in width. They possess a smooth, brownish shell 
and a distinct operculum at one pole, features that facili-
tate their identification. These eggs are usually embryonated 
when passed in feces, although their internal structures may 
not always be visible under archaeological taphonomic con-
ditions (Mehlhorn 2016; Roberts and Janovy 2008; Eskew 
et al. 2019).

Importantly, D. dendriticum primarily infects herbivo-
rous mammals such as sheep, cattle, and goats, with ter-
restrial snails and ants serving as intermediate hosts (De 
Cupere et al. 2022; Graff et al. 2020; Ledger and Mitch-
ell 2022; Rabinow et al. 2024; Slepchenko et al. 2025b). 
Because canids are not suitable definitive hosts for this para-
site, its occurrence in dog feces is most plausibly explained 
by the consumption of infected herbivore viscera or offal, 
likely obtained through scavenging of butchery waste in a 
medieval settlement context. In this case, the eggs would 
represent material that simply passed through the digestive 
tract without establishing infection. Taken together—the 
low egg counts, the absence of typical canine parasites, and 
the host specificity of the identified taxa—these observa-
tions strongly support the interpretation that the parasite 
assemblage reflects false parasitism resulting from coproph-
agy or scavenging behavior, rather than genuine parasitic 
infection of the dog.

Palynological and petrographic analyses provide a com-
plementary reconstruction of the dog’s diet and surround-
ings. The low concentration of palynomorphs aligns with 
expectations for carnivores, ingesting pollen mainly via envi-
ronmental exposure rather than direct plant consumption. 
Pollen of Alnus, Salix, Persicaria maculosa, Cyperaceae, 
and Polypodium, alongside testate amoebae (Centropyxis 
ecornis) and freshwater indicators, suggest ingestion of 
microfossils through drinking water. The broader spectrum, 
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dominated by grassland, meadow, and ruderal taxa, reflects 
an anthropogenically modified landscape. Cereal pollen and 
other human-associated indicators imply incidental con-
sumption of food waste and confinement near the settlement 
during paleofeces formation. Scarce oak pollen and low 
overall concentrations point to deposition in late autumn or 
winter. Abundant plant tissues, charcoal, Juniperus pollen, 
and conifer fragments suggest ingestion of kitchen waste, 
possible ethnoveterinary treatment of canine ailments 
(Stucki et al. 2019). Mycorrhizal fungal spores (Glomus sp.) 
indicate intake of soil components. Collectively, these prox-
ies reveal an omnivorous, opportunistic diet typical of free-
ranging or semi-domesticated dogs closely linked to human 
settlements and waste areas.

Micro-CT and thin section petrography together enabled 
visualization of organic and inorganic inclusions, fabric, 
and matrix composition. Micro-CT provided non-destruc-
tive imaging of the overall structure but lacked resolution 
for small inclusions, such as moldic voids after decom-
posed plants. In contrast, thin section petrography with in 
situ microanalyses (micro-XRF, µFTIR) allowed detailed 
observation of silt-sized mineral grains, bone fragments, 
and hair-shaped voids, albeit destructively and in a single 
cross-section. Despite limitations, petrography revealed 
bone, charcoal, humified plant tissues, and mineral inclu-
sions. µFTIR showed that bones were not highly burned, 
while charcoal and vegetal voids indicate ingestion of both 
fresh and heated materials. These data suggest scaveng-
ing from hearths, ovens, or kitchen middens, possibly the 
same context where the paleofeces was recovered. Mineral 
grains likely entered through soil ingestion during feeding 
(Brönnimann et al. 2017). The sample’s structure and inclu-
sions confirm fecal material from an omnivore. Unlike some 
comparative examples, vesicles and fecal spherulites were 
absent (Canti 1999). Two possible parasite eggs—ellipsoi-
dal (Pichler et al. 2014; Pümpin et al. 2017), > 20 µm with 
brown margins—were noted, though identification was lim-
ited by section orientation and magnification.

Conclusions

The integrated parasitological, palynological, petrographic, 
and microanalytical data indicate that the dog producing 
the paleofeces was an omnivorous scavenger living within 
or near the medieval settlement, feeding on human refuse, 
soil, and possibly fecal material. Its diet contained both 
animal and plant remains, burned food scraps, fragmented 
bone, cereal husks, and other domestic waste, consistent 
with opportunistic scavenging and coprophagy. The pres-
ence of parasite eggs is best explained by indirect inges-
tion rather than true infection: Ascaris and Trichuris reflect 

human parasitism, while Dicrocoelium derives from local 
herbivores, showing how dogs served as passive carriers 
or mechanical vectors rather than definitive hosts. Low egg 
concentrations and the absence of canine-specific helminths 
such as Toxocara canis and Ancylostoma caninum further 
support false parasitism rather than active infection (Dias 
et al. 2013; Nijsse et al. 2015). Environmental microfos-
sils, including Glomus spores, wetland pollen, and abun-
dant soil particles, demonstrate indirect uptake through 
contaminated food and sediment, reinforcing the need for 
caution in interpreting paleoparasitological evidence and 
distinguishing true infection from incidental passage. The 
multidisciplinary approach, combining microscopy, paly-
nology, petrography, and aDNA analysis, enabled a nuanced 
interpretation of the specimen. Microscopy proved essential 
in detecting and identifying all three parasite taxa, illustrat-
ing the continued relevance of morphological techniques in 
mineralized, degraded, or low-DNA preservation contexts.

Ultimately, this dog paleofeces provides an exceptional 
window into medieval parasite ecology, highlighting the 
research potential of paleofeces in revealing complex rela-
tionships between humans, domestic animals, and surround-
ing landscapes. The parasite assemblage, diet traces, and 
microfossil content collectively portray a scavenging dog 
actively engaged in waste consumption and soil compo-
nents ingestion, thereby documenting both animal behavior 
and the broader health and sanitation landscape of the com-
munity. So far, the presence of carnivores (dogs) at the site 
has been inferred only indirectly, based on gnawing marks 
observed on animal remains (Bulatović and Marković 
2013). The paleofeces thus serves as a proxy archive of 
daily life, disease circulation, and human–animal entangle-
ments in the medieval settlement. This multiproxy work-
flow demonstrates a high-resolution, ethically sensitive 
framework for extracting maximal biological, ecological, 
and cultural information from rare paleofeces specimens, 
offering a model for future studies seeking to reconstruct 
past human–animal relationships and sanitary landscapes.
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