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Abstract

This study examines the contribution of ethnoarchaeological and experimental research
to interdisciplinary approaches on the identification and taphonomy of livestock dung.
Ethnographic and experimental records provide comparative reference models on a
range of taphonomic issues that are still understudied, such as variation in the type and
preservation of plant and faecal microfossils that are excreted with dung and the effects
of heating. The focus in the present study is on the taphonomy of ingested phytoliths
and calcitic spherulites that originate in the digestive tracts of cattle, sheep and goat
found in fresh modern dung pellets. The reported records are from the modern farming
village of Bestansur, Iraqi Kurdistan. The experimental results show significant changes
in microfossil composition and phytolith and spherulite stability and integrity, with
increased melting of phytoliths and variations in morphotype composition (e.g. grass
short cells appear less stable) from heating at temperatures around 800 °C, whereas the
spherulite darkening occurs within a range between 500-700 °C, with a maximum
production at 650 °C. This integrated approach illustrates the contribution of the much-
needed ethnographic and experimental records of animal dung to understanding of
taphonomic issues, which are fundamental for the interpretation of this valuable

microfossil material in archaeology.
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1. Introduction

Livestock dung is increasingly being regarded as a valuable archaeological
material as highlighted in major reviews by Shahack-Gross (2011) and Spengler (2019).
Ethnographic approaches provide comparative reference datasets and models on several
aspects affecting dung and coprolite production, composition, preservation and decay,
as well as the range of ecological and anthropogenic aspects influencing these. Both
opaline phytoliths and calcitic dung spherulites that originate in the digestive tracts of
many animals, particularly ruminants, are increasingly being used as key microfossil
data in ethnoarchaeological research (Friesem 2016, and references therein). Dung
spherulites in particular are widely used as indicators of herbivore presence in caves and
rockshelters (e.g. Brochier et al. 1992; Karkanas 2006; Delhon et al. 2008, 2020;
Cabanes et al. 2009; Polo-Diaz et al. 2014, 2016), as well as within early farming and
urban built environments (e.g. Matthews et al. 1996; Matthews 2005; Albert et al. 2008;
Shahack-Gross and Finkelstein 2008; Portillo et al. 2009, 2019). The application of
integrated analyses of dung spherulites and archaeobotanical evidence, enables
investigation of a wide range of key issues and ecological strategies including animal
management, foddering and grazing practices, seasonality, domestic activities and the
use of dung as a secondary product such as manure, either in its organic form or after
being burned, fuel, and temper for building (e.g. Kramer 1982; Miller 1984; Anderson
and Ertug-Yaras 1998; Reddy 1999; Sillar 2000; Shahack-Gross et al. 2004). Further,
interdisciplinary analytical methods in geoarchaeology, archaeobotany and biochemistry
along with comparative geo-ethnoarchaeological data enable a robust identification and
interpretation of dung remains and their archaeological significance (e.g. Vos et al.
2018; Portillo and Matthews 2020). The value of interdisciplinary approaches to studies
of this important archaeological material has been recently evaluated from a local
perspective, in the Konya Plain in Central Anatolia, in light of the emergence and
spread of farming and highlighted its the role in the so-called ‘secondary products
revolution’ (Portillo et al. 2020).



Although most of the basic formation processes and taphonomy of both opaline
phytoliths (Wilding and Drees 1974; Bartoli and Wilding 1980; Piperno 1988, 2006;
Cabanes et al. 2011; Cabanes and Shahack-Gross 2015) and calcitic dung spherulites
(Brochier et al. 1992; Canti 1998, 1999; Korstanje et al. 2002; Shahack-Gross 2011;
Canti and Nicosia 2018) are well-understood, a range of specific taphonomic issues are
still understudied, such as the variation in the digestibility, durability and seasonality of
these plant and faecal microfossils that are excreted with dung, as well the impact of
heating (burning) at different temperatures on their production, morphology and
preservation. The understanding of these issues depends greatly on comparative
reference ethnoarchaeological and experimental research (Brochier et al. 1992; Canti
1999; Korstanje et al. 2002; Shahack-Gross et al. 2003, 2004; Gur-Arieh et al. 2013;
Portillo et al. 2014, 2017; Canti and Nicosia 2018; Egiiez et al. 2018).

The work reported upon here represents the continuation of earlier
ethnoarchaeological research in the foothills of the Zagros Mountains of Iraqi
Kurdistan, in the framework of ongoing excavations at the Early Neolithic site of
Bestansur (Figure 1). This study builds on previous ethnoarchaeological work on
livestock management, seasonality, grazing, foddering, penning, manuring and domestic
activities, as well as modern dung sampling from the modern farming village of
Bestansur and its surroundings, which was followed by zoooarchaeological, isotope and
soil analyses, in addition to integrated studies of phytoliths and calcitic dung spherulites
for comparative purposes (Bendrey et al. 2013, 2016; Elliott et al. 2015). The current
study expands the modern reference datasets and ethnographic records with additional
modern dung materials and comparative experimental burning of cattle and ovicaprine
dung assemblages, which are commonly used as resources for fuel, as illustrated
ethnographically (e.g. Kramer 1982; Miller 1984; Anderson and Ertug-Yaras 1998;
Reddy 1999; Zapata et al. 2003). The aim of this study is to address the taphonomy of
both lines of microfossil evidence, phytoliths and dung spherulites, based on the
comparison between cattle and sheep/goat dung assemblages burnt at different
combustion conditions across a range of temperatures under laboratory-controlled
experiments. The aim in creation of these comparative datasets is to provide insights
into taphonomic issues related to microfossil preservation after heating (burning), and
their significance in the archaeological record and to identify diagnostic indicators of

these, such as the melting of phytoliths displaying opaque bubbling surfaces widely
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reported archaeologically and ethnoarchaeologically (e.g. Macphail and Cruise 2001;
Matthews 2010, 2016; Gur-Arieh et al. 2013, 2014; Portillo et al. 2017; Vrydaghs et al.
2017), and the occurrence of darkened or opaque spherulites, displaying from slightly
transparent through to completely opaque morphologies (e.g. Brochier 1993, 2002;
Polo-Diaz et al. 2014, 2016; Canti and Nicosia 2018). The results are contrasted and
compared to previous experimental studies on the morphological alterations and
phytolith stability as a result of heating of several modern plant species (Runge 1998;
Brochier 2002; Wu et al. 2012, 2014), on the solubility of phytolith assemblages on
modern plants (Cabanes et al. 2011; Cabanes and Shahack-Gross 2015), and on the
occurrence of darkened spherulites from sheep and goat fresh dung pellets (Canti and
Nicosia 2018). The main objective is to contribute to better understanding of the ways
in which heating affects phytolith morphotype and dung spherulite composition and the
integrity of both microfossil records, in order to evaluate their implications for the

identification and interpretation of dung assemblages in the archaeological record.
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Figure 1: Map showing the general location of Bestansur and other sites investigated within the
Central Zagros Archaeological Project (CZAP).



1.1. Research area

The research area on the western edge of the Shahrizor Plain in Iraqi Kurdistan
has a semi-arid climate with a strong continental component, defined by cold and wet
winters, and warm and dry summers (Maran and Stevanovic 2009). The area receives
ca. 375-724 mm of annual rain on average characterised by a high annual variability,
with rainfall concentrated between the middle of October and the beginning of May.
The variability in the topography and elevation of the Zagros mountains, with an
average height of about 2,400 m, influences this considerable diversity in rainfall with
decreased precipitation rates from the mountains of the northeast to the desert-steppe of
the southwest (Maran and Stevanovic 2009).

The modern settlement of Bestansur is a farming village of approximately 50
households (Elliott et al. 2015), situated at ca. 550 m above sea level, about 33 km to
the southeast of Sulaimaniyah city and ca. 700 m north of the Neolithic mound with the
same name. The archaeological site of Bestansur, included on the UNESCO World
Heritage Tentative List, is an early Neolithic settlement (7600-7100 BC) characterised
by rectilinear pisé and mudbrick architecture. The settlement was located close to a
major spring (ca. 400 m north of the archaeological mound) and deposits are subject to
a fluctuating water table in addition to regular irrigation in the cultivated fields
surrounding the mound itself. For more information on the site see Matthews et al.
2016, 2019, and 2020. Bestansur is located in an alluvial plain that supports modern
arable farming (Saed Ali 2008). The economic production of the area at the present day
is based on cereal agriculture, although river catchment areas in the alluvial plain also
allow horticultural crops, in addition to livestock farming of sheep, goat, and cattle

(Elliott et al. 2015).

2. Materials and methods

2.1. Ethnoarchaeological fieldwork and modern material sampling

Extensive ethnographic research has previously been conducted in the Zagros

region of central western Iran during the 1970s and early 1980s, and centered on a range

of issues including pastoral nomadism, domestic architecture, and technology (Hole
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1978, Kramer 1979, 1982; Watson 1979). This study builds on previous work to address
modern management of livestock within the local landscape and to elucidate links
between animal and plant resources at the modern village of Bestansur (Bendrey et al.
2013; Elliott et al. 2015). The present work enlarges the study and focuses in particular
on dung exploitation, management and storage, as well as the secondary use of dung as
fuel with the sampling of new materials and ethnographic observations from two
additional households from the village. Fieldwork was carried out during the spring of
2017 (beginning of May) and comprised ethnographic observations, informal
interviews, and sampling of materials from households, as well as across pasture
grounds from the vicinity and the lower limestone foothills (Figure 2). These included
photography and informal interviews with three families using a questionnaire with full
permission, following ethical protocols. The modern materials and activity areas
sampled within the households included animal enclosures, storage facilities, activity
open areas, and fire installations. Livestock dung material is readily available in the
village in constructed in-door penning spaces as well as in open-air animal enclosures.
The aim in collecting modern dung remains was to study different grazing and
foddering regimes. This study focused on fresh dung samples primarily from ruminants
(cattle and sheep/goat), as these are prolific producers of dung spherulites (Canti 1999).
The dung samples used in the experimental work reported below come from animals
kept together in an open-air enclosure displaying a grass-rich diet based on grazing and
supplementary fodder for cattle, primarily barley chaff from the household’s own

production.

Figure 2: Livestock management and dung use as fuel at the study area, spring 2017. (a) Daily
cattle grazing within the village of Bestansur surroundings; (b) sheep and goat grazers in the
lower limestone hills; (c) cattle dung as fuel source for boiling water for tea.



2.2. Burning experiments

Modern dung samples from cow and sheep/goat were selected for burning
experiments under laboratory-controlled conditions. All samples were dried at ca. 70 °C
in the field laboratory. Samples were weighed and then heated in a furnace oven at the
School of Archaeology, Geography and Environmental Science, University of Reading
for four hours at temperatures between 400 and 900 °C, at intervals of 50 or 100 °C.
The final sample weights were also recorded. The duration of the experimental burning
was set at four hours as this is the standard followed in dry-ashing methods in oxidation
conditions for phytolith and spherulites analyses from modern fresh dung (e.g. Shahack-
Gross et al. 2003; Albert et al. 2008; Tsartsidou et al. 2008; Portillo et al. 2012, 2014;
Gur-Arieh, et al. 2013), and is arguably the approximate duration of heating within
domestic dung-fuelled closed combustion installations (e.g. Portillo et al. 2017).

The methods used to produce darkened spherulites were similar to those
proposed by Canti and Nicosia (2018) to avoid overheating within the furnace oven and
maintaining reducing conditions by creating a partially reduced atmosphere within the
sample containers. To evaluate the reproducibility of the methodology, burning

experiments were replicated four times, in both oxidising and reducing conditions.

2.3. Phytolith analyses

Phytolith analyses followed the methods of Katz et al. (2010). A weighed aliquot
of 40 mg of ashed material was treated with 50 pl of a volume solution of 6N HCI.
Phytoliths were concentrated with 450 pl 2.4 g/ml of sodium polytungstate solution
[Na6(H2W12040)]. Aliquots of 50 ul of material were mounted on microscope slides
using 24 x 24 cover slips. Phytoliths were examined in random fields at X200 and % 400
magnification using a Leica DMEP optical microscope. A minimum of 400 phytoliths
with diagnostic morphologies were counted following the standards of Katz et al.
(2010). Each sample was counted in triplicate. Photomicrographs were captured with a
Leica DFC420 camera. Morphological identification was based on modern plant
reference collections and standard literature (Twiss et al. 1969; Brown 1984; Piperno
1988, 2006; Rosen 1992; Twiss 1992; Mulholland and Rapp 1992; Albert and Weiner
2001; Tsartsidou et al. 2007; Albert et al. 2008, 2016; Portillo et al. 2014). The terms
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used to describe phytolith morphologies follow the standards of the International Code
for Phytolith Nomenclature — ICPN 2.0 (Neumann et al. 2019).

2.4. Dung spherulite analysis

Similarly to the phytolith analyses, samples of 40 mg of ashed material were
treated with 450 pl 2.4 g/ml of sodium polytungstate solution. Microscope slides were
also mounted with aliquots of 50 ul of sample. The initial weight in rich-spherulite
samples was of around 20 mg in order to avoid microfossil overloading. A minimum of
1000 spherulites were counted from each sample whenever possible at %200
magnification (with occasional examination at x400) under an optical microscope with
cross-polarized light (XPL). Samples from both oxidation and reduction conditions
were counted in triplicate.

Samples were then compared to phytolith and spherulite reference
ethnoarchaeological datasets of modern livestock dung remains and dung fuels that have
followed a similar quantitative approach (Tsartsidou et al. 2008; Portillo et al. 2012,
2014, 2017; Gur-Arieh et al. 2013; Portillo and Matthews 2020).

3. Results and discussion

3.1. Ethnographic observations

The ethnoarchaeological study was conducted in order to provide key
information on parameters that influence the production, availability and composition of
animal dung such as environment, animal ecology, grazing patterns and animal species,
penning and on the origin of the dung selected for this experimental analysis, as
reported in section 2.1 and previous research (Tables 9 to 12 in Elliott et al. 2015).

Despite the modern irrigation system, widely used in agricultural production of
the present day, the village of Bestansur maintains a range of aspects of traditional ways
of life. The results from informants discussing past and current farming activities have
provided further insights into the continuity and change of practices through time
(Elliott et al. 2015). The main change over the last years was the construction of the
road heading from Arbat travelling east over the border into Iran, which divides the

landscape into two zones: 1) the zone around the modern village and the Neolithic
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mound within the river catchment area and the agricultural alluvial floodplain; and ii)
the zone furthest from the village comprising the limestone foothills (Elliott et al. 2015),
which is now less accessible, as a consequence of the dangers presented by fast moving
traffic on this major road leading to the high Zagros.

The current study comprised one of the previously interviewed households
(Table 9 in Elliott et al. 2015), and focused on two new households from the second
zone furthest from the village in the foothills. The new informants further confirmed the
variation in seasonal land use and herding practices observed in previous studies,
characterised by temporary penning of sheep/goat in fallow agricultural fields during
the warm and dry months and grazing in the hills particularly in the spring, whereas
cattle are generally kept in enclosures within the village or grazed on the common and
mostly feed within or close to the household (Figure 2a-b). Many of the houses
comprise a main building and a garden where fruit and vegetables are cultivated for
daily intake and for animal fodder. Herds provide milk, yogurt, cheese, wool, and
particularly meat for consumption at the local and the regional level. This research has
shown that today livestock provide a regular and predictable production of dung
material as a source of manure, whereas the use of dung as fuel for cooking and heating
is almost absent in this region since the introduction of gas in the 1980s. However,
cattle dung is still used as fuel for cooking and boiling water among herders grazing
sheep and goats in pasture grounds in the foothills (Figure 2c). Interestingly, the use of
dung as fuel has been reported in the Early Neolithic site of Bestansur, by the
identification of spherulitic ashes within combustion features such as ovens and hearths,
as well as in rake-outs or refuse deposits from building areas (Matthews 2016;
Matthews et al. 2020b), as in many other early farming built environments across the
Near East (e.g. Matthews 2010, 2016; Portillo et al. 2020, and references therein). In
light of these early and long-term uses of dung as a renewable source of manure and
fuel, and the scarcity of ethnographical modern dung fuel materials from the site area,
we present below experimental burning microfossil records obtained under laboratory-
controlled conditions in order to investigate microfossil taphonomy and the implications

for interpreting the archaeological record.

3.2. Phytolith results and taphonomic considerations



A major aim of these experiments was to assess changes in phytolith
morphotype abundances and whether certain morphologies may become less stable or
susceptible to degradation in their shapes and surfaces than others under combustion, as
the manner in which heating affects phytolith composition is poorly understood.

The quantitative results are presented as total numbers of phytoliths counted as
well as average numbers in 1 g of ashed dung material (Table 1). The relative
abundances of the main consistent morphotypes identified in the whole assemblages are

expressed as averages of percentages of the total identifiable phytoliths in Table 2.

Material/ Total n. Average n. Average Average Average
temperature  phytoliths phytoliths 1 g of  weathered melted multicelled
°C) counted ashed dung morphotypes  morphotypes phytoliths
(million) (%) (%) (%)
C-400 715 17.2 2.8 0 13.4
0-400 698 16.3 2.5 0 15.9
C-500 724 17.7 4.4 0 16.5
0-500 763 17.4 22 0 9.9
C-550 714 12.1 5.7 0.6 16.4
0-550 694 15.6 1.9 0.4 17.9
C-600 671 20.7 3.4 0.3 12.2
0-600 656 13.4 3 0.3 15.1
C-650 783 14.2 5.7 1 13
0-650 740 12.1 35 1.2 13.5
C-700 685 11.5 5.8 0.8 12.8
0-700 727 14.1 4.4 1.4 13.7
C-750 799 16.4 22 1.5 14.7
0-750 768 7.9 1.7 2.4 13.2
C-800 745 4.7 6.1 1.3 16.4
0-800 723 2.7 8.4 17.4 16.4
C-900 464 1.1 5.5 16.5 18.4
0-900 486 1.2 8.9 25.8 8.9

Table 1: Main quantitative phytolith results obtained from experimental dung samples with
indication of animal producer and burning temperatures. C: cow, O: ovicaprine (sheep/goat).

The so-called weathered morphotypes (Table 1) refer to unidentifiable phytoliths

displaying pitted surfaces and irregular shapes that may derive from pre-depositional,
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depositional and post-depositional weathering and alteration by dissolution for example
(Cabanes et al. 2011). Although the presence or absence of weathered morphotypes is
readily used as an indicator of the state of preservation of phytolith assemblages, it has
been argued that not all are the product of weathering and taphonomy and that some
may also relate to incomplete silicification of plant cells (Cabanes et al. 2011). In these
experimental assemblages of dung it is recognised that their morphology and
alteration/preservation may also be affected by either the extent of silicification of plant
cells ingested as well as their solubility during digestion and excretion and variation in

gut and bowel conditions in addition to laboratory chemical extraction, rather than

heating.

Material/ %ACU %BUL %ELO %ELO %ELO %ELO %MC %MC %MC %  %SHC
temperature DEN DENT ENT SIN DEN  DENT ENT PAP

°C

E:-4)oo 8 03 1.9 1.6 24 5.8 33 2.1 72 65 368
0-400 9,7 0.1 03 0.7 2.1 6.6 5 1.7 81 73 305
C-500 538 0.1 33 05 1.8 5.1 37 1.1 96 47 414
0-500 89 0.6 1.8 0.7 22 84 23 0.7 66 52 33
C-550 9,6 0 1.7 13 1.6 4 38 1.6 95 65 379
0-550 6,1 0.5 1.7 0.6 29 7.7 5.8 22 88 42 315
C-600 10,7 0.1 2 0.9 1.7 53 27 0.6 77 76 444
0-600 4,1 0.6 0.8 02 23 8.1 5.1 13 75 41 355
C-650 44 03 22 0.9 2 6.2 39 0.8 79 22 373
0-650 59 03 1.7 0.4 2 83 5.9 1.6 51 35 374
C-700 8.8 0.3 35 0.8 1.9 5.5 33 0.8 75 58 373
0-700 9,1 0.1 0.3 03 23 6.4 5.5 12 64 5 34.8
C-750 6.4 03 0.6 05 15 29 105 06 34 34 473
0-750 6,7 22 8.7 26 29 8.2 8.8 0.9 35 26 285
C-800 11,1 0.6 29 1.1 0.8 5.5 438 2 66 65 323
0-800 7,1 0.6 0.2 0.2 0.7 5.7 5 1.7 7 18 161
C-900 11,7 0.8 32 1 1.1 3.6 7.6 0.9 93 52 166
0-900 8,6 03 34 238 0.5 438 2.1 0.2 57 23 144

Table 2: Average percentages of main morphologies from phytolith samples according to the
ICPN 2.0 morphotypes (Neumann et al. 2019). ACU= Epidermal appendage acute bulbosus
(acicular/unciform hair cell, ICPN 1.0 in Madella et al. 2005), BUL= Bulliform flabellate
(cuneiform bulliform cell), ELO DEN= Elongate dendritic, ELO DENT= Elongate dentate
(elongate echinate long cell), ELO ENT= Elongate entire (psilate), ELO SIN= Elongate sinuate,
MC DEN= Multicellular structure of eclongate dendritics (silica skeleton with
dendritic/papillate/short cells/stomata), MC DENT= Multicellular structure of elongate dentates
(silica skeleton with dentate/papillate/short cells), MC ENT= Multicellular structure of elongate
entire (psilate), PAP= papillate (papillac), SHC= Short cell (rondel/bilobate/polylobate).
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Figure 3: Photomicrographs of phytoliths and dung spherulites identified in the samples (200x
or 400x). (a) melted non-identifiable phytolith morphotype, sample O-900; (b) rondel short cells
(she), elongates (elo) and acute phytoliths (acu) (arrow showing a completely opaque partially
melted dendritic), sample O-650; (c¢) papillates displaying slightly bubble protrusions, sample
C-650; (d) multicelled elongate dendritics, sample C-900; (¢) dung spherulites at PPL, sample
0-650; (f) dung spherulites, mostly darkened, the same view at XPL, sample O-650; (g-h)
clusters of dung spherulites (only few darkened, arrows), sample O-550.
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Melted morphotypes refer to phytoliths that are deformed and display alterations
due to heating that range from slightly bubbled surfaces to completely opaque vesicular
or sinuous morphologies which can no longer be assigned to specific morphotypes
(Figure 3a). Both partially weathered and melted phytoliths that were still recognisable
were then attributed to specific morphotypes (Figure 3b).

Phytolith quantities recovered range between 1.1 and 20.7 million per 1 g of
ashed dung (Table 1). The cow samples contained more phytoliths than sheep/goat dung
pellets in most of the assemblages. This is consistent with previously reported
quantitative phytolith records from dung remains collected from other households in
Bestansur (Table 12 in Elliott et al. 2015). The results show a reduction in phytolith
numbers per 1 g of ashed dung, particularly in assemblages burnt at temperatures of 800
°C and higher, in both cow and sheep/goat samples. The relative abundances of
weathered morphotypes are generally low across the assemblages through all
temperature ranges (between 1.7 and 8.4%). Multicelled forms occur in all samples
(from 8.9 to 18.4%), and variations in numbers are also not associated with temperature
increases (Table 1). By contrast, a decrease in phytolith numbers overlaps with
increased proportions of melted phytoliths particularly in the range of ca. 800-900 °C
and higher, which accounts for up to 25.8% of all the counted morphotypes in sample
0-900 (Figure 4).

m Average n. phytoliths 1 g of ashed dung (million) Phytoliths melting (%)

30

25 —
20

15 4

10

5

o -

CTO CTO C 0 C
550 600 650

Figure 4: Plot showing absolute average concentrations of phytolith numbers and percentages of
non-identifiable melted phytolith morphotypes.
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Previous experimental laboratory studies reported morphologic alterations
occurring above 600 °C, pointing to a phytolith melting point between the range
between 900 and 1100 °C (Runge 1998; Brochier 2002, and references therein).
Although silica has a melting point above 1700 °C, the presence of components such as
alkaline salts can act as fluxing agents that reduce melting point, and plant silica has
been reported to melt at temperatures around 850 °C (Canti 2003). Other significant
changes in the alteration of the morphology and the stability of phytoliths have also
been identified and classified in a study of the effect of heating on several modern plant
species, including the leaves and the husk of rice (Oryza sativa L.) and the leaves of
white mulberry (Morus alba L.) and Than tree (Pteroceltis tatarinowii M.), an
endangered relict tree endemic to China (Wu et al. 2012, 2014). The phytoliths from the
leaves of both P. tatarinowii and M. alba preserved their morphology well and lose
their characteristic morphologies at 700 °C (see Figures 2 and 3 in Wu et al. 2012), but
become completely altered at 800 °C. In contrast, little changes in rice leaf phytoliths
were noted at 800 °C, but were significantly altered when the heating exceeded 900°C;
whereas rice husk morphotypes resisted at temperatures as high as 1100 °C (Figures 4
and 5 in Wu et al. 2012). These differences were argued to relate to variation in their
chemistry, with increased stability due to dominant flux components such as potassium,
magnesium and calcium in the phytoliths (Wu et al. 2014).

Although partial melting is common in many of our experimental assemblages,
most of the non-identifiable completely melted phytoliths occurred in the range of ca.
800-900 °C with a maximum ca. 25% among the sheep/goat pellets. Our experimental
dung assemblages were derived from animals with a late spring grazing grass-rich diet
supplemented with cereal straw foddering in the case of cattle. Most of the phytoliths
derive from the leaves and stems of grasses, as well as from the inflorescences to a
lesser extent. Most of the phytoliths from these assemblages were only partially affected
by melting, and were still recognisable and morphologically identifiable at around 900
°C. As flux agents are a significant parameter in reducing the melting point of plant
silica (Canti 2003; Wu et al. 2012, 2014), the production of melted silica phytolith
characteristics and morphotypes at these comparatively low temperatures of 900 °C may
suggest that fluxing elements are common in the grass-dominated dietary composition

of these animals.
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Further experimental work is needed to determine phytolith stability in
herbivorous dicotyledonous-based diets. These are expected to produce a higher melting
index given that leafy components are less stable with increased heating, and the effects
of higher heating temperatures between 950 and 1100 °C in experimental situations.
However, the latter is not particularly relevant to the current study as this range of
temperatures is not expected to occur in the combustion of dung materials.
Experimentally burned cattle and sheep dung in open-air conditions often do not reach
more than 630 °C (Shahack-Gross et al. 2005; Shahack-Gross 2011), although higher
temperatures are expected within dung-fueled closed combustion installations (e.g.
Sillar 2000; Gur-Arieh et al. 2013; Portillo et al. 2014). Partial melting of phytoliths has
been reported within sheep/goat dung fuel remains from traditional mud tannur type
ovens (known as tabouna in northern Tunisia) where the maximum temperatures
recorded were around 850 °C (Portillo et al. 2017).

Although variations in the species of animal producers may affect dietary habits,
as cows are usually less prone to browsing on the leaves of shrubs and trees than sheep
and particularly goats, some patterns in the relative abundance of the main phytolith
morphotypes were observable in the experimental and ethnographic datasets, that in this
case-study may relate also to human manipulation of fodder (supplementary barley
straw for cows) (Figures 5 and 6). Grass short cells are by far the most dominant,
representing around 30-40% or more in most of the assemblages in this study, although
they decrease significantly in proportion to other morphotypes from ca. 800-900 °C (ca.
14-16%, Table 2). These short cell morphologies comprise mostly rondels, although
bilobates and polylobates are also common, and are present in assemblages from all
temperature ranges (Figure 3b). In contrast, bulliform flabellates (Neumann et al. 2019)
are present in variable amounts throughout increases in temperature, but are relatively
abundant in temperatures from around 750 °C (up to 2.2% in sample O-750) as they
comprise large dense and thereby robust epidermal appendages such as the acute
bulbosus (trichomes and hairs) (ca. 11%, samples C-800 and C-900). Other types of
epidermal appendages, namely papillate are also noted in variable amounts, but
commonly found in samples from higher temperatures into a lesser extent (up to 6.5%
and 5.2, respectively) (Figure 3c). Elongates (dendritic, dentate, entire and sinuate) as
well as multicellular phytoliths composed of elongates and other morphotypes (such as

papillate, short cells and stomata) are also common in all the burning assemblages,
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although with some variations, but also remain relatively stable in samples around 800-
900 °C. Further, the multicelled elongate entire psilate (smooth) phytoliths are
particularly abundant along with multicelled dendritics especially among the cow

assemblages (up to 9.3% and 7.6, respectively, sample C-900) (Figure 3d).
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Figure 5: Relative abundances of main phytolith morphotypes obtained from cow experimental
samples, with indication of weathering and melting percentages.
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Although all of these variations and changes in abundances are relative, it is
clear that not all phytolith morphotypes seem to be affected in the same way by heating.
This is especially true for the grass short cell morphologies that become less abundant
with increased temperatures of around 800-900 °C.

Changes in morphotype composition have been previously reported by studying
the effect of partial dissolution on the stability of different phytolith morphotypes
produced by several modern plant species (Cabanes et al. 2011; Cabanes and Shahack-
Gross 2015). In these dissolution experiments conducted on modern common wheat

(Triticum aestivum), the changes in the relative amounts of phytolith morphotypes after
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dissolution varied considerably. In terms of relative abundance, the rondel short cells
and the bulliforms were proportionately more abundant after dissolution, whereas the
elongate psilate phytoliths in particular were less abundant (Cabanes et al. 2011). These
dissolution experiments indicated that individual (single-celled) phytolith morphotypes
have different stabilities. In addition, as a result of partial dissolution and abrasion some
morphotypes may resemble others. As examples, dendritic elongates (long cells) may
lose their decoration and become surface etched and pitted during diagenesis, and as a

result could be mistakenly identified as dentate (echinate) phytoliths.
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Figure 6: Relative abundances of main phytolith morphotypes obtained from sheep/ goat
experimental samples, with indication of weathering and melting percentages.

Significantly, our heating experiments indicate that changes in phytolith
morphotypes affect the type and rates of alteration due to heating, although there is not
always a direct correlation as some are more susceptible to dissolution than effects of

heat, for example. In the current experiments both decorated elongates (dendritic,
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dentate), as well as the sinuate and entire elongates are present in variable proportions,
as well as their multicelled forms, but appear to be relatively resistant to temperatures as
high as 800-900 °C, and preserve their distinctive decorations, in contrast to the
dissolution experiments that point to the loss of decoration. Further, in the present study
the grass short cell rondel type phytoliths are found to become less stable under heating,
while they are particularly resistant after chemical dissolution.

According to the above reported experimental records, it has been suggested that
one of the factors that determines the impact of differential dissolution on the stability
and preservation of phytoliths is the geometric surface to bulk ratio of individual
phytoliths, which is tightly related to morphotype shape and size (Cabanes and
Shahack-Gross 2015). It is well established that phytoliths vary in their morphology, but
they also vary in their chemistry, and here again phytoliths with variable chemistries
might be expected to degrade or to be affected at different rates (Hodson 2018).
According to Hodson (2019) there are two main types of phytoliths, the cell wall types
which are formed on a carbohydrate matrix with considerably higher carbon
concentrations than the cell lumen types which are not. Although little work has been
devoted to determining which phytoliths are cell wall types, a survey of transmission
and scanning electron microscopy to establish which phytoliths are cell wall phytoliths,
indicates that the acute bulbosus (trichomes and other hairs), as well as the wall
protrusion of papillate are certainly cell wall types, whereas certain elongate phytoliths
develop on a secondary cell wall to almost fill the lumen and silica is then deposited on
them (see Figure 1 in Hodson 2019). In the current experimental work, all of these
phytolith morphologies persist at temperatures as high as 900°C, particularly elongate
lumen type phytoliths rather than short cells. These variations in morphotype
composition and the occurrence of the melting therefore may relate both to where
phytoliths are produced and their roles within the plant anatomy, as well as the
chemistry of the phytoliths. This may explain therefore how short cell phytoliths appear
relatively less stable with increasing heating in contrast to the lumen type elongate
morphotypes. Further work is needed to determine whether the degradation of cell wall
phytoliths is greater than that of lumen phytoliths in experimental situations (Hodson
2019), as these factors could critically influence the representation and interpretation of
phytolith results in the archaeological record.

3.3. Dung spherulites results and taphonomic considerations
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For each material and temperature combination, the quantities of dung
spherulites are presented as average numbers in 1 g of ashed dung material both in
oxidising and in reducing heating conditions (Table 3). The average percentages of total
numbers of spherulites were recorded both for ‘normal’ or ‘darkened’ following the
classification standards defined by Canti and Nicosia (2018). In the latter case, the
darkening spread across almost the whole spherulite and covers half or more of the
overall diameter with a small clear fringe left at the perimeter (Figure 3e-f). The authors
define darkened spherulites by a distinctive internal structure characterised by very fine
crystallinity and larger scale fracturing, and suggest that their formation may relate to
organic matter loss and/or CaCOs alteration produced by heating. For examples of
whether spherulites meet the criteria for being recorded as darkened see Figure 7 in
Canti and Nicosia (2018). Darkened spherulites have been reported in archaeological
contexts, primarily related to burnt areas of penning activity in naturally sheltered sites
such as caves and rockshelters (e.g. Brochier et al. 1992; Iaconis and Boschian 2007;
Polo-Diaz 2014, 2016) as well as in built households and open areas as the result of the
burning of dung as fuel for cooking and other uses, pointing to some insights into firing

activity (e.g. Brochier 1993; Castel et al. 2008; Portillo et al. 2019, 2020).

W Average n. spherulites 1 g of ashed dungin oxidizing conditions (million)
Average n. spherulites 1 g of ashed dung in reducing conditions (million)

60

50

Figure 7: Plot showing average concentrations of dung spherulites obtained from oxidising vs.
reducing conditions.
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Strong differences were noted in our experimental assemblages in dung
spherulite abundance depending on the species of animal producers as well as
temperature and combustion conditions (Figure 7). As expected, the most abundant
assemblages of spherulites by far are present in residues from lower burning
temperatures from 400 to 550 °C (with up to 49.7 million spherulites per gram of ashed
dung, sample C-500, Table 3). Spherulites become less abundant with increased
temperatures from around 600-650 °C, particularly among the cow samples (between
1.2 and 19.4 m per 1 g of ashed dung), and are completely absent at 900 °C (Figure 7).
When comparing the relative abundance of spherulites, in general, samples from
combustion in reducing conditions had much greater numbers than the assemblages
from oxidising conditions. In the latter case, spherulites were no longer visible and were
replaced by CaCO; neoformations, as noted by Canti and Nicosia (2018), particularly
from temperatures of around 600-650 °C and above. This pattern is argued to relate to
the variability in the organic matter content and porosity of the dung pellets, as well as
local air currents inside the furnace oven, which lead to unpredictable burn
characteristics and patchy ignition (Canti and Nicosia, 2018).

The percentages of darkened spherulite distributions in the experimental
assemblages also displayed a high degree of variability between the oxidising and the
reducing combustion (Figure 8). In particular, in the key temperature range of around
550-700 °C, high variability in darkened spherulite numbers was recorded. Therefore
the oxidising conditions and the overheating due to ignition failed to produce darkened
spherulites, especially from temperatures around 600-650 °C onwards. The only
exceptions were samples O-600 and C-700, which displayed similar percentages under
oxidising and reducing heating (ca. 27-29 and 6% of the total of spherulites counted,
respectively, Table 3). The results from reduced combustion show an increase in
darkened spherulite proportions particularly from temperatures of 550 °C among the
ovicaprine samples (15.7%) with a maximum production at the range around 600-650
°C (samples O-600 and O-650, ca. 29-33%, respectively). The number of darkened
spherulites decreases at temperatures from 700 °C (sample O-700, 20.1%), and almost

disappears from 750 °C onwards (sample O-750, 1.6%) (Figure 8).
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Material/ Average n. Average n. Average Average

temperature spherulites 1 g of spherulites 1 g of darkened darkened

°O) ashed dung in ashed dung in spherulites in spherulites in
oxidizing reducing oxidizing reducing
conditions conditions conditions (%) conditions (%)
(million) (million)

C-400 38.8 34.1 0.7 0.6

0-400 22.4 22.9 0.9 1.4

C-500 30.9 49.7 1.5 1.2

0-500 32.5 37.2 6.8 8

C-550 243 29.7 9.7 4.4

0-550 18.8 28.7 24.6 15.7

C-600 11.1 14.8 0 10.3

0-600 15.8 19.4 27.8 29.1

C-650 1.2 53 0 6.5

0-650 3.3 18.6 0 333

C-700 0.9 1.5 6.5 6.9

0-700 1.2 1.9 0 20.1

C-750 0 0 0 0

0-750 0.5 0.7 0 1.6

C-800 0.5 0.7 0 0

0-800 0.8 0.2 0 0

C-900 0 0 0 0

0-900 0 0 0 0

Table 3: Quantities of dung spherulites in experimental samples. C: cow, O: ovicaprine (sheep/
goat).

These results are consistent with previously reported records obtained from the
combustion of sheep and goat pellets under reduction conditions carried out by Canti
and Nicosia (2018), where the maximum recorded number of darkened spherulites in
their experiments was at 600 °C and pointed to production between 500-700 °C. The
current study shows a significant increase of darkened spherulites at 550 °C and that the
greatest amounts of these are reached from temperature ranges around 650 °C in
reducing conditions. This study also confirms that high percentages of darkened
spherulites (around 20-30% at 600 °C for 4 hours under reduction) are common within
sheep and goat dung pellets, whereas cattle dung displayed relatively lower proportions
in the same heating conditions, in which only up to 10% become darkened. This pattern
is also associated with lower total spherulite numbers with increasing heating, and here

again therefore may relate to the organic composition and porosity of the dung pellets,
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as cattle dung may be comparatively more fibrous and porous than in sheep and goat
dung (Bronnimann et al. 2017), as well as to the gaseous exchange inside the furnace
oven particularly in the case of oxidative heating with unpredictable burning conditions
pointing towards spherulite decrease and complete loss.

Although most of the main processes of spherulite formation, abundance and
taphonomy are becoming better understood, including the darkening process in
ruminant dung under controlled-laboratory conditions (Brochier et al. 1992; Brochier
2002; Canti 1998, 1999; Korstanje et al. 2002; Shahack-Gross 2011; Canti and Brochier
2017; Canti and Nicosia 2018), the potential variations in relation to ecological and
seasonal variability in dietary practices as well as sex/age-based aspects, have not been
yet fully investigated. Further work currently being carried out includes assessing the
variability in dung signatures according to seasonality and grazing/foddering patterns
for a range of herd animals, as well as a result of exposure to fire under open-air

conditions in experimental situations.

| Average darkened spherulites in oxidizing conditions (%)

Average darkened spherulites in reducing conditions (%)

c|jojc|oO

300 900

Figure 8: Plot showing average concentrations of darkened spherulites obtained from oxidising
vs. reducing conditions.
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4. Conclusions

This ethnoarchaeological and experimental work contributes to our
understanding of the effects of heating (burning) on phytolith morphotype and dung
spherulite characteristics and taphonomy, which have critical implications for the
interpretation of microfossil dung assemblages in archaeological contexts especially
from the corralling and domestication of herd animals and the use of dung as fuel. The
ethnoarchaeological research provided key information on parameters such as
environment, animal ecology, grazing and foddering patterns and dung origin.

The experimental observations on the impact of increased heating and higher
temperature combustion has implications for the durability and preservation of these
microfossils that are excreted with dung, which are still under-studied. Integrated
ethnoarchaeological and experimental research therefore is providing new information
on the representation of these key microfossils in archaeological deposits and the
understanding of formation and taphonomic processes.

The phytolith results point towards a clear association between a reduction in
abundance and increase in melted morphologies particularly from the temperature range
of ca. 800-900 °C. At these temperatures melted phytoliths become completely
deformed and display characteristics ranging from slightly bubbled surfaces through to
vesicular and sinuous completely opaque morphologies which can no longer be assigned
to specific morphotypes. This morphological analysis demonstrates that not all phytolith
morphotypes seem to be affected in the same way by heating, and this is especially true
for the grass short cells that appear less stable with increasing temperatures of around
800-900 °C. In contrast, the elongate decorated (dentate, dendritic) as well as the
elongate sinuate and entire (psilate) phytoliths remain relatively stable with increasing
heating. We propose that the variations in the representation of different morphotypes
and the occurrence of melted phytoliths may therefore be related. Other factors affecting
the composition of phytolith assemblages and the effects of heat on these include:
variations in plant selection by animal dung producers or human manipulation of fodder
due to differences in the nature and diversity of environment, seasonality and dietary
habits; the location and role of phytoliths in the anatomy of the plants ingested; and
phytolith chemistry, as certain lumen type phytoliths (Hodson 2019) appear to be

relatively more stable than short cells with increased heating. Further work is therefore
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needed to establish which phytoliths occur in cell walls or lumen types, and whether the
degradation of cell wall phytoliths is greater than that of lumen morphotypes in
controlled experimental conditions.

This experimental work further supports previous observations that dung
spherulite darkening occurs in reducing conditions where the combustion gases are
constrained and temperatures are within a range between 500 and 700 °C, particularly
from 550 °C onwards, with a maximum production at 650 °C. This is especially evident
for sheep and goat dung pellets, as reported in previous experimental work (Canti and
Nicosia 2018), where around 20-30% became darkened. Further, the present study
shows that the cattle dung pellets under the same heating conditions also produce
darkened spherulites, but to a lesser extent, with no more than about 10%. This pattern
therefore relates to the differential organic composition and porosity of the dung pellets,
which are commonly more fibrous and porous in cattle than in sheep and goat, at least
in the case of the oxidising heating. Although many details need further integrated
ethnoarchaeological and experimental work to be more fully understood, the reported
work provides comparative records on the variability in these microfossils that are
excreted with dung, as well on the impact of burning, in addition to fundamental
information on a range of formation processes and taphonomic aspects which are

critical for interpreting the archaeological record.
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