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Abstract
Plants	 have	 always	 represented	 a	 key	 element	 in	 landscape	 delineation.	 Indeed,	
plant	diversity,	whose	distribution	is	influenced	by	geographic/climatic	variability,	
has	 affected	 both	 environmental	 and	 human	 ecology.	 The	 present	 contribution	
represents	a	multi-	proxy	study	focused	on	the	detection	of	starch,	pollen	and	non-	
pollen	palynomorphs	in	ancient	dental	calculus	collected	from	pre-	historical	indi-
viduals	buried	at	La	Sassa	and	Pila	archaeological	sites	(Central	Italy).	The	collected	
record	 suggested	 the	 potential	 use	 of	 plant	 taxa	 by	 the	 people	 living	 in	Central	
Italy	during	 the	Copper-	Middle	Bronze	Age	and	expanded	 the	body	of	 evidence	
reported	by	previous	palynological	and	palaeoecological	 studies.	The	application	
of	a	microscopic	approach	provided	information	about	domesticated	crops	and/or	
gathered	wild	plants	and	inferred	considerations	on	ancient	environments,	water	
sources,	and	past	health	and	diseases.	Moreover,	the	research	supplied	data	to	de-
fine	the	natural	resources	(e.g.,	C4-	plant	intake)	and	the	social	use	of	the	space	dur-
ing	that	period.	Another	important	aspect	was	the	finding	of	plant	clues	referable	
to	woody	habitats,	characterised	by	broad-	leaved	deciduous	taxa	and	generally	in-
dicative	of	a	warm-	temperate	climate	and	grassy	vegetation.	Other	unusual	records	
(e.g.,	 diatoms,	 brachysclereids)	 participated	 in	 defining	 the	 prehistoric	 ecological	
framework.	Thus,	 this	work	provides	an	overview	on	the	potential	of	 the	human	
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1  |  INTRODUC TION

Evidence	from	ancient	dental	calculus	may	provide	fascinating	new	
insights	 into	 environments,	 plant	 biodiversity	 and	 ecological	 con-
texts	existing	during	prehistoric	 times	 (Carra	et	al.,	2022;	Cristiani	
et	 al.,	 2016,	 2021;	 Goude	 et	 al.,	 2019;	 Hardy	 et	 al.,	 2016,	 2017,	
2018;	Henry	 et	 al.,	2011;	 King	 et	 al.,	2017).	 The	organic	 particles	
included	 in	 this	 archaeo-	anthropological	 matrix	 have	 various	 ori-
gins;	 thus,	various	studies	have	been	carried	out	 to	 investigate	 its	
composition.	The	first	research	approach	on	tartar	was	focused	on	
extraction	and	identification	of	microfossils,	such	as	starch	and	phy-
toliths,	because	 they	could	be	used	 to	 trace	back	 to	 the	presence	
and	use	of	 specific	plants.	More	 recently,	 the	analysis	of	proteins,	
plant	secondary	metabolites	and	DNA	from	calculus	has	been	also	
explored	(Goude	et	al.,	2019;	Hardy	et	al.,	2012;	Henry	et	al.,	2011; 
King	et	al.,	2017;	Norström	et	al.,	2019;	Ottoni	et	al.,	2021;	Wang	
et	al.,	2022;	Warinner	et	al.,	2014).	In	this	context,	as	for	all	ancient	
remains,	one	of	the	major	debated	issues	is	related	to	the	efficiency	
of	decontamination.	This	 is	 a	key	 step	 to	obtain	authentic	 results,	
whatever	 the	 target	 to	 be	 investigated	 (i.e.,	 microfossil,	 ancient	
DNA,	 chemical	 compound).	 Over	 the	 years,	 researchers	 have	 de-
veloped	 several	 cleaning	 procedures,	 as	well	 as	 novel	 approaches	
(e.g.,	Raman	spectroscopy,	X-	ray	photoelectron	spectroscopy,	Next	
Generation	Sequencing)	capable	of	analysing	both	the	organic	and	
inorganic	 constituents	of	 the	 trapped	materials	 (i.e.,	minerals,	 oral	
microbiota,	 starch)	 (Ottoni	 et	 al.,	 2021;	 Radini	 et	 al.,	 2019; Soto 
et	 al.,	 2019).	 Despite	 that,	 the	 reconstruction	 of	 non-	dietary	 as-
pects	from	calculus	records	is	still	challenging.	As	reported	by	Radini	
et	al.	(2017),	oral	breathing	continuously	occurs	during	the	lifetime	
of	an	individual;	together	with	the	air,	the	particles	(up	to	70 μm)	can	
be	easily	aspirated	and,	later,	embedded	in	dental	calculus.	Plant	and	
animal	debris	can	be	transported	up	to	the	mouth	both	naturally	by	
wind	(e.g.,	pollen,	hairs)	and/or	human	activities,	such	as	flour	grind-
ing,	woodworking,	eating,	drinking	and	bringing	dirty	hands	to	the	
mouth	(e.g.,	starch,	diatoms,	mineral	grit,	fibres,	micro-	charcoal	frag-
ments),	impressing	a	partial	environmental	fingerprint	into	tartar.

Geographic	 and	 climatic	 variability	 influences	 the	 distribution	
of	 phyto-	associations	 and,	 in	 the	 past,	 it	 has	 affected	 the	 natural	

landscape	and,	 consequently,	 the	subsistence	strategies	of	prehis-
toric	communities	living	there.	Thus,	the	aforementioned	particles,	
potentially	 traceable	 in	 tartar,	 may	 be	 considered	 environmental	
multiproxies	 reflecting	 or	 testifying	 elements	 present	 in	 the	 set-
tlement	area	and	cultural	habits	evolved	in	relation	to	plant	natural	
resources.

Natural	caves	have	represented	typical	places	for	burial	during	
Prehistory,	although	they	were	rarely	characterised	by	an	easy	en-
trance.	Among	them,	La	Sassa	(Sonnino,	Latina)	and	Pila	(Pozzaglia	
Sabina,	Rieti)	constitute	precious	depositories	of	prehistoric	cultural	
heritage	in	Central	Italy.

Since	2016,	four	archaeological	campaigns	have	been	carried	out	
at	La	Sassa	cave	in	the	Ausoni	Mountains.	The	cave	was	used	both	as	
a	human	burial	place,	from	Copper	Age	(CA)	to	Middle	Bronze	Age	
(MBA),	 and	 for	 performing	 possible	 ritual	 activities,	 in	 the	Middle	
Bronze	 Age	 (Figure 1).	 The	 chronology	 is	 based	 both	 on	 ceramic	
chronology	(relative)	and	on	radiocarbon	dates	(absolute).	Previous	
evaluations	 allowed	 to	 determine	 a	minimum	number	 of	 individu-
als	buried	at	the	site	20,	a	distance	average	walking	time	from	the	
nearest	settlements	of	about	50 min,	and	a	local	mobility	relative	to	
an	area	of	a	few	kilometres	around	the	cave	(Alessandri	et	al.,	2021; 
Romboni	et	al.,	2023).

In	September	2019,	the	first	systematic	survey	and	archaeolog-
ical	excavation	campaign	of	Pila	cave	took	place,	in	order	to	verify	
the	 presence	 of	 human	 burials	 ascribable	 chronologically	 to	 CA	
and	the	Early	Bronze	Age	(EBA).	Pila	cave	is	located	on	the	west-
ern	side	of	the	Eastern	area	of	the	Sabini	mountains.	The	cave	de-
veloped	for	74 m	and,	like	other	cavities	present	in	Sabina,	it	likely	
was	a	place	of	worship	and/or	burial	(Figure 1)	(Piro	et	al.,	2018).	
So	far,	no	prehistoric	settlements	have	been	reported	in	this	area.	
The	human	skeletal	series	found	in	the	test	pit	(Saggio	B)	carried	
out	 in	 the	 innermost	 chamber	of	 the	 cave	 consisted	of	 remains,	
especially	teeth,	arranged	in	an	unorderly	manner	without	an	evi-
dent	anatomical	connection	(perhaps	the	result	of	skeletal	reduc-
tion	 practices	 or	 secondary	 manipulations).	 Typical	 elements	 of	
both	male	and	female	funerary	equipment	were	also	found	in	the	
cave	 (i.e.,	 potsherds,	 flint	 arrowheads,	 a	 perforated	 calcite	 bead	
and	a	cylindrical	loom	weight).

dental	 calculus	 analysis	 to	 delineate	 some	 features	 of	 the	 ancient	 plant	 ecology	
and	biodiversity.
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T A X O N O M Y  C L A S S I F I C A T I O N
Paleoecology

F I G U R E  1 Archaeological	sites.	Geographical	localisation	of	the	studied	archaeological	sites	(Latium,	Central	Italy)	(red	dots;	panel	
a).	For	La	Sassa	cave	(coordinates	of	the	entrance	WGS84,	41°25′30″ N,	13°14′11″ E;	Sonnino,	LT;	panel	b)	and	Pila	cave	(coordinates	of	
the	entrance	42°10′26″ N;	12°55′46″ E;	Pozzaglia	Sabina,	RT;	panel	c),	pictures	of	the	current	entrance	(taken	from	the	internal	rooms),	a	
representative	human	skeletal	remain,	and	the	relative	planimetry	were	shown.	Photos	by	A.	Ferracci	and	A.	D'Agostino.
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The	stratigraphy	of	both	caves	refers	 to	a	period	 in	which	cli-
matic/environmental	 changes	 have	 influenced	 the	 landscape	
evolution	 in	 Central	 Italy.	 Palynological	 analyses	 have	 defined	 a	
vegetational	 profile	 characterised	 by	 mixed-	oak	 forests,	 associ-
ated	with	C. betulus,	O. carpinifolia/C. orientalis,	Fagus	and	Alnus sp. 
(Bellotti	 et	 al.,	2016;	 D'Agostino,	Di	Marco,	Marvelli,	Marchesini,	
Martínez-	Labarga,	et	al.,	2022;	Di	Rita	et	al.,	2010,	2018;	Magri	&	
Sadori,	 1999;	 Mercuri	 et	 al.,	 2002;	 Peyron	 et	 al.,	 2011).	 In	 addi-
tion,	 a	 significant	 decrease	 in	 forest	 covering,	 caused	 by	 climatic	
drying,	has	been	recorded	(Doorenbosch	&	Field,	2019;	Mercuri	&	
Sadori,	2012).	At	 the	 same	 time,	 topographical	 conformation	 and	
presence	of	water	basins	 in	 these	 areas	might	have	 favoured	 the	
development	 of	 various	 plant	 associations,	 as	 documented	 by	
the	 intensification	 of	 species	 typical	 of	 damp	 environment	 and	
Monilophyta.	 To	 date,	 no	 information	 about	 plant	 diversity	 and	
human	 ecology	 for	 La	 Sassa	 and	 Pila	 prehistorical	 contexts	 is	
known,	the	question	about	the	existence	of	wild	and/or	domestic	
plants	and	their	putative	use	by	the	ancient	communities	of	Central	
Italy	remains	open.	Thus,	to	fill	this	gap	in	the	knowledge,	we	de-
cided	to	explore	whether	the	micro	botanical	particles	in	the	den-
tal	 calculus	of	 the	 individuals	buried	 in	 these	archaeological	 sites	
could	be	used	for	reconstructing	these	aspects.	Indeed,	no	macro	
botanical	 records	 have	been	 found	 to	 the	 sites	 and	palynological	
reconstructions	based	on	cave	deposits	are	complex	and	arduous,	
due	to	the	great	number	of	stochastic	local	depositional	and	post-	
depositional	events	 influencing	pollen	taphonomy	 (D'Agostino,	Di	
Marco,	 Marvelli,	 Marchesini,	 Martínez-	Labarga,	 et	 al.,	 2022).	 So	
here,	 we	 collected	 microscopic	 ancient	 evidence	 contributing	 to	
provide	 further	 insights	 about	 the	 presence	 of	 plant	 taxa	 in	 the	
studied	 environments,	 to	 grow	 the	 general	 body	 of	 evidence	 al-
ready	reported	by	previous	palynological	studies	and	to	clarify	their	
potential	 role	 for/relationship	with	 the	people	 living	 in	 the	 Italian	
Central	Apennines.

2  |  MATERIAL S AND METHODS

Human	 skeletal	 remains,	 radiocarbon	 calibrated	 at	Copper-	Middle	
Bronze	Age	 (see	Appendix	S1)	and	preserved	at	the	Laboratory	of	
the	Department	of	History,	Culture	and	Society	at	the	University	of	
Rome	Tor	Vergata	(Italy),	were	analysed	to	check	presence	of	teeth	
and	tartar.	Before	sampling,	we	observed	and	documented	suprag-
ingival	dental	calculus	deposits	(Figure 1).

A	total	of	117	mineralised	plaque	samples	were	undergone	to	op-
tical	microscopy	analysis	for	detecting	microparticles.	Seventy-	eight	
of	them	(LSC	samples)	were	collected	from	human	skeletal	remains	
unearthed	from	La	Sassa	cave	and	identified	as	belonging	to	single	
individuals	 (15	 samples;	 mentioned	 as	 A–Q)	 or	 isolated	 teeth	 (63	
samples;	 named	1–63).	 The	 remaining	 39	 (PC	 samples),	 consisting	
of	tartar	from	9	single	individuals	(A–I)	and	30	isolated	teeth	were	
obtained	starting	from	remains	dug	up	during	archaeological	excava-
tions	at	Pila	cave.	In	detail,	sampled	teeth	were	codified	according	to	
the	International	Dental	Federation	tooth	notation	ISO	3950	(2009).

Each	step	of	 the	analysis	was	carried	out	 in	 the	cleanroom	fa-
cilities	of	the	Department	of	Biology	of	the	University	of	Rome	Tor	
Vergata,	following	our	published	lab	standard	protocols	(D'Agostino	
et	 al.,	2020,	2021).	 There,	 the	 areas	 are	used	exclusively	 for	den-
tal	calculus	 investigation	and	an	 intensive	cleaning	regime	was	ap-
plied	before	 and	during	 the	processing.	 Laboratory	 contamination	
checks	are	regularly	performed	on	all	workspaces	and	supplies	and	
all	 the	 steps	 are	 conducted	 under	 a	 sterile	 vertical	 laminar	 flow	
hood,	to	prevent	any	potential	contamination	and	to	exclude	post-	
depositional	intrusion.	The	absence	of	plant	and	other	micro	debris	
in	laboratory	reagents,	water	and	materials	is	always	monitored.

The	 soil	 still	 adhering	 to	 the	 external	 part	 of	 the	 mineralised	
plaque	was	gently	removed	using	a	fine	sterile	needle,	under	a	ste-
reomicroscope	 (Leica	ZOOM	2000,	Leica,	Bufalo,	NY,	USA).	Then,	
light	 calculus	 deposits	 were	 removed	 from	 tooth	 enamel,	 by	 an	
autoclaved	 dental	 pick	 on	 an	 aluminium	 foil	 and	 placed	 in	 steril-
ised	micro-	centrifuge	tubes.	Taking	 into	consideration	the	work	of	
Farrer	et	al.	(2021)	and	our	previous	evidence	(D'Agostino,	Di	Marco,	
Marvelli,	Marchesini,	 Rizzoli,	 et	 al.,	2022),	 tartar	was	 treated	with	
ultraviolet	radiation	(UV)	for	10 min	and	immersed	in	5%	sodium	hy-
pochlorite	(NaClO),	to	minimise	the	exogenous	content	of	the	outer	
surface	 of	 the	 ancient	 calculus	 flakes.	 Afterward,	 samples	 were	
washed	twice	with	ultrapure	sterilised	water	and	dried	out	at	37°C.	
Preceding	the	decalcification	protocol,	45	randomly	selected	human	
calculi	were	washed	by	sterile	water,	which	was	examined	at	optical	
microscopy	to	confirm	the	efficacy	of	the	sterilisation	method.	No	
microfossils	were	detected	after	decontamination.

For	each	 sample,	0.5 mL	of	0.2 M	hydrochloric	 acid	was	added	
for	24 h,	in	agitation.	The	pellet	resulting	from	this	step	was	washed	
three	times	and	mounted	on	a	glass	slide	in	a	water-	glycerol	solution	
(1:1,	 v/v)	 for	 identifying	microparticles.	 The	 latter	 were	 observed	
and	 subjected	 to	morphological	 analysis	 by	 an	optical	microscope	
(ZEISS	Axio	Observer	 7,	 Zeiss,	 Jena,	Germany)	 equipped	with	 po-
larised	 filters	 and	Zen	 imaging	 sofware	2.6,	 operating	 at	 different	
magnifications.	 The	 recovered	 microremains	 (i.e.,	 starch	 granules,	
palynomorphs,	non-	pollen	palynomorphs)	were	classified	based	on	
morphology	 and	 described	 using	 conventional	 nomenclature	 (e.g.,	
Adojoh	et	al.,	2019;	Ahituv	&	Henry,	2022;	 ICSN,	2011;	Neumann	
et	 al.,	 2019),	 specific	 literature	 papers,	 our	 reference	 collections	
and	 public	 databases	 of	 wild	 and	 domestic	 plant	 species	 (e.g.,	
PalDat,	2019).

3  |  RESULTS

Overall,	the	present	research	disclosed	the	presence	of	two	starch	
morphotypes	 and	 several	 pollen	 and	 non-	pollen	 palynomorphs	
(henceforth	NPPs)	 in	the	studied	calculus	samples.	NPPs	 included,	
for	example,	remains	of	fern	spores,	parasite	eggs,	palynodebris	el-
ements	 (e.g.,	 structured	and	structureless	organic	matter,	cuticles,	
brachysclereids,	phytoliths	and	wood	fragments),	microalgae	and/or	
Radiolaria	fragments	and	testate	amoebae	(Appendix	S2),	which	will	
be	discussed	below.
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3.1  |  La Sassa cave

3.1.1  |  Starch

Upward	 of	 1366	 starch	 granules	 were	 retrieved	 in	 a	 good	 state	
of	preservation	from	31	calculus	samples	out	of	a	 total	of	78	 (see	
Appendix	S2-	Table S1).	They	were	grouped	into	two	morphological	
types,	according	to	shape,	size,	presence	of	 lamellae	and	hilum	and	
aggregation	 level	 and	 described	 using	 the	 International	 Code	 for	

Starch	Nomenclature	(ICSN,	2011).	The	diagnostic	features	for	each	
morphotype	are	reported	in	Table 1.

Morphotype I
More	than	857	starch	granules	showed	a	morphology	coherent	with	
those	of	Triticeae	Dumort.	tribe	(Appendix	S2-	Table S1; Figure 2a,b).	
Usually,	 it	 is	 a	 common	 condition	 in	 caryopses	of	 cereals,	 such	 as	
Hordeum	 sp.	 L.	 and	Triticum	 sp.	 L.	 In	 some	 cases,	 grains	 appeared	
altered	 and/or	 in	 the	 form	 of	 lumps.	Noteworthy,	 upward	 of	 843	

TA B L E  1 Taxonomic	identification	and	morphological	description	of	the	observed	microremains.

Taxonomic 
identification Description of the observed morphological elements

Starch	morphotype

Triticeae	Dumort.	
tribe

The	large	starches	appeared	oval	to	sub-	round	in	2D	shape	(28–45 μm	in	length;	17–36 μm	in	width)	with	visible	lamellae 
and	a	central	hilum,	while	the	small	ones	(≤11 μm	in	diameter)	were	spherical.

Panicoideae	Link.	
subfamily

Single	oval	to	polygonal	granules.	They	showed	a	centric	hilum,	perpendicular	extinction	cross,	and	evident	central	
fissures.	This	morphotype	was	12–29 μm	in	length	and	10–17 μm	in	width.

Pollen	type	and	spores

Asteroideae Palynomorphs	spheroidal	in	equatorial	view	(equatorial	axis	of	23 μm)	with	peculiar	echinate	ornamentation	of	the	
exine.

Brassicaceae	or	
Oleaceae

Spheroidal	morphology	(1–30 μm	in	polar	view;	colporate)	with	a	reticulate	ornamentation	of	the	exine.

Ostrya carpinifolia 
Scop. or Betula L.

Triporate,	isopolar,	and	psilate	pollen,	23 μm	long	in	equatorial	view.

Alnus spp. The	microdebris	was	oblate	in	shape	with	typically	vestibulate	aspidate	(protruding)	pores	along	the	equatorial	plane	
(stephanoporate)	(22 μm	long).

Cupressaceae The	morphology	appeared	spherical	(with	polar	and	equatorial	axes	of	24 μm)	with	a	star-	like	protoplast	and	
inaperturate.

Fagaceae	(i.e.,	
Quercus 
deciduous)

Pollen	grains	were	single,	prolate,	isopolar,	tricolpate,	with	long	and	narrow	colpi,	and	elliptic	in	equatorial	view	(polar	
axis	17–25 μm	long).

Tilia Monad,	tricolporate	in	polar	view,	planaperturate	(that	is	the	apertures	are	situated	in	the	middle	of	the	sides	in	polar	
view)	grains,	with	lens-	shaped	bodies	located	beneath	the	aperture	(colporus)	and	presenting	a	medium	size	(24 μm 
in	polar	view).

Poaceae	
spontaneous	
group

The	pollen	was	spherical	(apolar)	and	monoporate	(size:	77 μm	in	diameter;	30 μm	in	equatorial	view).

Aster Spheroidal	(29 μm	in	equatorial	view)	and	3-	zonocolporate	grain.

Cichorieae Spheroidal	shape,	tricolporate	aperture	condition,	lophate	and	echinate	ornamentation,	and	22 μm	of	dimension	in	polar	
view.

Trifolium Subprolate	pollen	in	equatorial	view	(24–26 μm)	with	scabrate	ornamentation	of	the	exine.

Fabaceae One	microremain	was	3-	colporate,	prolate,	psilate	exine,	with	38 μm	of	length	in	equatorial	view.

Ulmaceae	(e.g.,	
Ulmus	sp.)

This	palynomorph	possessed	spheroidal	shape	and	verrucate	exine	(32 μm	in	polar	view).

Pteridophytes-	
monolete	spore

The	microremain	exhibited	psilate	sculpture	and	was	35 μm	long	in	equatorial	view.

Polypodiaceae	spore	
(Polypodium	L.)

The	morphology	consisted	in	a	bean-	shaped	(59 μm	in	equatorial	view),	bilaterally	symmetrical,	and	with	a	verrucate	
exine	sculpture.

Pteridophyte	
megasporangium

The	microdebris	appeared	brownish	in	colour	and	ovoid	in	shape	(109.9 μm	in	in	length	and	104.2 μm	in	width),	with	3	
megaspores	(49–44 μm	in	in	length	and	42–41 μm	in	width)	clearly	visible	inside.
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6 of 18  |     D'AGOSTINO et al.

F I G U R E  2 Mosaic	of	selected	plant	microparticles	recovered	in	dental	calculus	samples	from	La	Sassa	cave.	Some	of	the	images	captured	
by	optic	microscopy	were	shown.	Triticeae	starch	(a);	aggregate	of	Triticeae	starch	granules	(b);	Panicoideae	starch	granules,	still	adhering	
to	calculus	flecks,	and	relative	polarised	images	(c	and	d);	Asteroideae	pollen	(e);	Brassicaceae/Oleaceae	pollen	grain	emerging	from	
undissolved	dental	calculus	(f);	Betulaceae	pollen	grain	(g);	Alnus	spp.	pollen	(h);	Tilia	sp.	pollen	(i);	Poaceae	spontaneous	group	pollen	(j);	
sporangium	(k);	fragment	of	plant	epidermis	with	visible	trichomes	(the	arrow	indicates	a	polyhedral	starch)	(l);	brachysclereid	aggregate	(m);	
brachysclereid	aggregate	at	different	magnifications	(n	and	o).	The	scale	bar	indicates	25 μm	(except	for	panel	n:	55 μm).

(a) (b) (c)

(d)

(g)

(f)

(h)

(j)

(i)

(e)

(l)(k)

(m) (n) (o)
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    |  7 of 18D'AGOSTINO et al.

starches	 were	 counted	 only	 in	 the	 LSC	 F	 sample	 (Appendix	 S2),	
sometimes	in	the	form	of	aggregates.

Morphotype II
Starch	 granules	 of	 this	 typology	 (>476),	 or	 groups	 of	 them,	were	
embedded	 in	 different	 calculus	 samples	 (Appendix	 S2-	Table S1; 
Figure 2c,d).	 They	 occur	 in	 seeds	 of	 grasses	 belonging	 to	 the	
Panicoideae	Link.	subfamily.	Several	plant	species	are	related	to	this	
taxonomic	group	(e.g.,	Paniceae	tribe:	Setaria	sp.	P.	Beauv.,	Panicum 
sp.	L.)	and	their	starches	overlap	in	size	and	shape,	making	a	lower	
taxonomic	identification	challenging.

Thirty-	three	 undiagnostic	 starches,	 with	 no	 identifiable	 fea-
tures,	 were	 found	 (indicated	 as	 not	 determined	 in	 Appendix	 S2).	
Together	 with	 the	 grinding	 process,	 cooking	 procedure	 in	 water	
and/or	chewing,	the	oral	bacterial	activity	might	have	changed	their	
shape.	Indeed,	it	is	known	that	many	oral	streptococcal	commensal	
species	can	adhere	to	starch	granules	and	bind	to	salivary	amylase.	
The	 latter	would	 facilitate	 bacterial	 nutrition	 by	 releasing	 glucose	
from	dietary	starch	for	energy	production	(Butterworth	et	al.,	2011; 
Nikitkova	et	al.,	2013;	Scannapicco	et	al.,	1990).

3.1.2  |  Pollen	and	spores

Pollen	nomenclature	used	in	this	paragraph	mostly	follows	Berglund	
and	 Ralska-	Jasiewiczowa	 (1986),	 Faegri	 and	 Iversen	 (1989)	 and	
Moore	et	al.	(1991).	The	morphometric	parameters	were	in	accord-
ance	with	the	Palynological	Database	(PalDat,	2019)	and	described	
in	detail	in	Table 1.

In	total,	16	palynomorphs	and	one	megasporangium	with	spores	
were	found	in	the	calculi	from	La	Sassa	cave	(Appendix	S2-	Table S1).

Two	pollen	grains	were	classified	as	not	determined,	as	 lacking	
distinctive	diagnostic	features.	One	sample	showed	3	palynomorphs	
cautiously	associated	with	Asteroideae	type	(Figure 2e),	due	to	the	
absence	of	further	peculiar	characters.

Another	 ancient	 grain	 displayed	 a	 morphology	 tentatively	
ascribed	 to	 Brassicaceae	 or	 Oleaceae	 pollen	 types	 (Figure 2f)	
(Erdtman,	1986;	Jin-	tan,	1982;	Khalik	et	al.,	2002).

Calculi	 from	 La	 Sassa	 cave	 also	 revealed	 the	 presence	 of	 two	
pollen	attributed	to	the	Betulaceae	family	(Figure 2g).	One	of	them	
showed	 morphological	 features	 commonly	 occurring	 in	 Ostrya 
carpinifolia	 Scop.	 (Subfamily	Coryloideae)	 and	Betula	 L.	 (Subfamily	
Betuloideae)	pollen	 (Halbritter,	2016;	Mäkelä,	1996),	while	 the	ap-
pearance	of	the	second	one	(Figure 2h)	was	reminiscent	of	palyno-
morphs	from	Alnus	spp.	(Faegri	&	Iversen,	1989),	as	they	are	peculiar	
in	morphology	within	the	Betulaceae.

Three	microremains	 showed	a	morphology	widespread	 in	 sev-
eral	species	of	Cupressaceae.

Other	three	pollen	grains	were	closely	similar	to	those	produced	
by	different	 species	of	Fagaceae	 (more	specifically	Quercus decid-
uous	 type),	 whose	 morphologies	 are	 not	 distinguishable	 as	 over-
lapping	 in	 size,	 shape	 and	 ornamentation	 (Denk	 &	 Tekleva,	2014; 
Grímsson	et	al.,	2015).

In	one	calculus	sample,	a	monad	was	identified	with	high	prob-
ability	 as	 pollen	 of	 Tilia	 sp.	 L.	 (Malvaceae,	 Subfamily	 Tilioideae)	
(Figure 2i)	(Halbritter	et	al.,	2021).

The	morphology	of	another	ancient	pollen	 typically	 resembled	
that	of	the	Poaceae	spontaneous	group	(Figure 2j)	(Perveen,	2006);	
however,	a	more	specific	systematic	recognition	is	difficult.

Finally,	a	Pteridophyte	megasporangium	(Figure 2k)	was	found	in	
sample	LSC	O	(Appendix	S2-	Table S1).	Unfortunately,	a	lower	taxo-
nomical	identification	would	be	risky.

3.1.3  |  Non-	pollen	palynomorphs	(NPPs)

This	 section	 includes	 22	 palynodebris	 elements,	 or	 rather	
structured	 elements,	 such	 as	 plant	 cuticles	 and	 cells	
(Appendix	S2-	Table S1).

A	sample	deriving	from	one	isolated	tooth	showed	a	fragment	of	
plant	epidermis	still	preserving	several	unicellular	conical	trichomes.	
In	Figure 2l,	this	tissue	is	shown	embedded	in	an	undissolved	calcu-
lus	matrix,	also	containing	a	polyhedral	starch	(black	arrow).

In	the	other	two	individuals,	21	brachysclereid	aggregates	were	
observed (Figure 2m,n).	 Also	 called	 stone	 cells,	 brachysclereids	
are	 isodiametric	 sclerenchyma	 cells,	 formed	 by	 secondary	 depo-
sition	of	 lignin	on	 the	 cell	wall.	 In	 detail,	 our	 ancient	micro	debris	
corresponded	in	morphology	and	appearance	to	stone	cell	clusters	
typically	occurring	 in	the	pith,	cortex	and	bark	of	many	stems	and	
certain	Rosaceae	fruits	and	false	fruits	(such	as	Pyrus	sp.	L.,	Prunus 
sp.	L.,	Crataegus	sp.	L.	and	so	forth)	(Barclay,	2007;	Lin	et	al.,	2022; 
Smith,	 1935).	 The	 single	 sclereids	 looked	 greatly	 irregular	 and/or	
rectangular,	 yellowish	 in	 colour	 and	 with	 a	 narrow	 central	 cavity	
(clearly	visible	in	the	magnification	reported	in	Figure 2o).

3.2  |  Pila cave

3.2.1  |  Starch

A	 huge	 amount	 of	 starch	 granules	 (exactly	 19.065)	 was	 found	
in	 all	 samples	 from	 Pila	 cave,	 in	 a	 good	 state	 of	 preservation	
(Appendix	S2-	Table S2).	They	were	ascribable	to	Morphotype	I	and	
II,	as	showing	the	same	morphological	identifying	characters	previ-
ously	described	in	the	section	of	La	Sassa	cave	and	Table 1.	Among	
all,	 898	 were	 attributed	 to	 Morphotype	 I	 (Figure 3a),	 16.980	 to	
Morphotype	II	(Figure 3b,c)	and	1.187	were	indicated	as	not	deter-
mined,	lacking	diagnostic	features.

3.2.2  |  Pollen	and	spores

All	 samples	 from	 Pila	 cave	 showed	 the	 presence	 of	 pollen	
(Appendix	S2-	Table S2).	In	total,	598	pollen	grains	and	2	spores	were	
found	and	described	in	Table 1.	Unfortunately,	82	pollen	grains	were	
not	determined.

 20457758, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.11053 by U

niversita D
egli Studi D

i R
om

a, W
iley O

nline L
ibrary on [26/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



8 of 18  |     D'AGOSTINO et al.

Five	hundred	and	eleven	ancient	palynomorphs	were	classified	
as	some	of	the	pollen	types	already	documented	for	La	Sassa	cave;	
therefore,	the	morphologies	are	those	reported	in	detail	in	Table 1. 
In	 one	 calculus,	 a	 pollen	was	 generically	 attributed	 to	 Betulaceae	
pollen	 (Sub	 Family	 Coryloideae,	Ostrya carpinifolia	 or	 Sub	 Family	
Betuloideae,	Betula	sp.)	 (Figure 3d).	Thirty-	eight	samples	out	of	39	
showed	492	palynomorphs	with	 features	comparable	 to	Fagaceae	
pollen	(e.g.,	Castanea or Quercus	deciduous	types)	(Figure 3e).	Eleven	

calculi	 contained	 a	 total	 of	 15	 pollen	 ascribable	 to	 Cupressaceae	
species (Figure 3f),	while	in	the	other	three	samples	the	presence	of	
3	microremains	which,	respectively,	recalled	pollen	from	subfamily	
Tilioideae,	Tilia sp. (Figure 3g),	Oleaceae	and	Poaceae	species	were	
registered.

The	 pollen	 types	 not	 shared	 with	 La	 Sassa	 cave	 were	 five.	
Two	of	them	were	ascribed	to	the	Asteraceae	family.	 In	detail,	the	
first	one	could	not	be	identified	at	a	 lower	taxonomic	level,	as	not	

F I G U R E  3 Plant	microparticles	retrieved	from	human	calculi	of	Pila	cave.	Representative	images	obtained	by	optic	microscopy	analysis	
were	shown.	Triticeae	starch	(Morphotype	I,	indicated	by	the	arrow)	with	three	starch	granules	belonging	to	Morphotype	II	(a);	aggregate	
of	Panicoideae	starch	granules,	still	adhering	to	calculus	flecks,	and	relative	polarised	image	(b);	Panicoideae	starches	and	relative	polarised	
image	(c);	Betulaceae	pollen	(the	arrow	indicates	two	polyhedral	granules)	(d);	Fagaceae	pollen	(e);	Cupressaceae	pollen	grain	(indicated	by	
the	arrow),	emerging	from	undissolved	dental	calculus	(f);	Tilia	sp.	pollen	(g)	Asteraceae	pollen	type	(h	and	i);	Trifolium-	type	pollen	aggregate	
at	different	focus	(j	and	k);	fern	spore	(l).	The	scale	bar	indicates	25 μm.

(a) (b) (c)

(d)

(g)

(f)

(h)

(j)

(i)

(e)

(l)(k)
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well-	conserved,	although	it	showed	shape	and	dimensions	recalling	
the Aster-	type	pollen	(Figure 3h).	The	second	one	appeared	similar	to	
the	pollen	morphology	of	different	genera	from	the	Tribe	Cichorieae	
(Subfamily	Cichorioideae;	e.g.,	Taraxacum	sp.,	Lactuca	sp.,	Crepis	sp.,	
Hieracium	sp.)	 (Figure 3i).	 In	one	sample,	an	ancient	aggregate	of	4	
pollen	 grains	 was	 found.	 These	 palynomorphs	 were	 attributed	 to	
Trifolium-	type	 (Fabaceae)	 (Koçyiğit	 et	 al.,	 2013)	 (Figure 3j,k).	 One	
microremain	 was	 generally	 linked	 to	 the	 Fabaceae	 pollen	 type,	
while	another	one	was	recognised	as	an	Ulmaceae	(e.g.,	Ulmus	sp.)	
palynomorph.

Lastly,	 the	 microscopic	 analysis	 revealed	 two	 Pteridophytes-	
monolete	 spores.	One	 remained	unidentified,	while	 the	other	one	
(Figure 3l)	 was	 traced	 back	 to	 Polypodiaceae	 J.	 Presl	 &	 C.	 Presl	
family	(more	specifically	Polypodium	L.)	(Adojoh	et	al.,	2019;	Daniau	
et	al.,	2019).

3.2.3  |  Non-	pollen	palynomorphs	(NPPs)

This	 systemic	 grouping	 consists	 of	 remains	 of	 organisms,	 often	
strictly	 reflecting	 local	 ecological	 conditions,	which	 provide	 evi-
dence	about	environment	and	human	impact.	Dental	calculi	from	
Pila	 cave	 show	a	great	 variety	of	NPPs	 from	different	 kingdoms	
of	 life.	 Results	 were	 presented	 in	 sections	 and	 summarised	 in	
Appendix	S2-	Table S2.	Criteria	and	reliability	of	identification	are	
reported	 below	 for	 each	 category,	 including	 palynodebris	 ele-
ments,	 animal	micro	debris,	 remains	of	 algae	or	 radiolarians	 and	
testate	 amoebae	 shells.	 The	majority	 of	 the	microremains	 were	
well preserved (Figures 4	and	5).

Palynodebris elements
In	this	section,	35	microdebris	were	classified	according	to	Richter	
et	al.	(2004)	and	the	International	Code	for	Phytolith	Nomenclature	
2.0	 (ICPN	2.0)	proposed	by	the	 ICPT	 (International	Committee	for	
Phytolith	 Taxonomy)	 (Neumann	 et	 al.,	 2019).	 These	 elements	 in-
cluded	vessel	elements	with	simple	perforations	(Figure 4a),	portions	
of	plant	tissues	(Figure 4b),	phytoliths	(i.e.,	amorphous	silica	particles	
forming	in	plant	cells)	and	wood	fragments.	The	latter	were	tracheid	
radial	 fragments	 from	 coniferous	wood	 (earlywood),	 consisting	 of	
uniseriate	 lines	of	bordered	pits	 (torus-	margo	pits)	 (Figure 4c)	 and	
more-	seriate	tracheid	pits	in	radial	sections	with	arrangement	alter-
nate	 (Figure 4d,e).	Other	microremains	were	 identified	 as	 charred	
material	(not	completely	carbonised),	made	up	of	sinuate	long	cells	
(Figure 4f–i),	acute	bulbous	(Figure 4j)	and	globular	echinate	phyto-
liths (Figure 4k).

Animal micro debris
This	 section	 presents	 the	 morphological	 details	 of	 59	
non-	plant	 microremains	 found	 in	 calculi	 from	 Pila	 cave	
(Appendix	S2-	Table S2).

Fifty-	eight	parasite	eggs,	 isolated	from	each	other,	were	found	
in	the	sample	PC	12.	Their	shape	is	well	appreciable	in	Figure 4l–n. 
These	eggs	were	round	or	slightly	oval	(average	size:	32 μm	in	length;	

28 μm	 in	width)	 and	 the	 space	between	 the	membranes	 appeared	
generally	 smooth.	 This	 morphology	 commonly	 occurs	 in	 some	
cestode	 (tapeworms)	 genera	 of	 the	 order	 Cyclophyllidea,	 such	 as	
Hymenolepis	and	Dipylidium,	infecting	humans	and	domesticated	an-
imals	(Garcia	et	al.,	2018).	As	the	appearance	of	the	eggs	produced	
by	these	tapeworms	is	similar	and	considering	the	state	of	preserva-
tion,	we	were	not	able	to	identify	them	at	lower	taxonomic	ranks	and	
discriminate	their	proper	origin.

One	tartar	sample	entrapped	a	fragment	of	invertebrate,	which	
consisted	mainly	of	an	insect	remain	(Lepidoptera).	It	appeared	still	
attached	to	small	calculus	particles	and	was	recognised	as	part	of	the	
wing	of	a	butterfly/moth	with	the	attachment	marks	for	the	missing	
wing	scales	(Figure 4o)	(Hardy	et	al.,	2016;	Henry,	2020;	MacKenzie	
et	al.,	2021).

Diatoms and/or radiolarians
Fifty-	eight	regularly	perforated	siliceous	microfossils	were	tenta-
tively	attributed	to	fragments	of	the	hole-	bearing	globular	shells	
Radiolaria	and/or	to	the	silica	cell	walls	(frustules)	of	diatoms	(mi-
croalgae)	(Figure 5a–n),	according	to	their	size	and	pore	patterns.	
Some	of	them	could	be	recognised	as	the	skeletons	of	Spumellaria	
radiolarians.	Indeed,	the	morphology	of	this	specific	microremains	
recalled	 the	 spherical	 cortical	 shell	 of	 the	 Actinommidae	 family	
(Figure 5a)	or	the	skeleton,	with	concentric	chambered	rings,	from	
Coccodiscidae	(e.g.,	Coccodiscus	sp.)	(Figure 5b).	Other	debris	(and	
fragments)	equipped	with	chequered	or	hexagonal	pore	arrange-
ment,	 which	 was	 disposed	 of	 in	 both	 transverse	 and	 longitudi-
nal	 rows,	might	be	part	of	 siliceous	 cone-	shaped	 skeletons	 from	
Nassellarians	and/or	centric	diatom	frustules	(Figure 5c–j)	(Gibaud	
et	al.,	2019;	Matsuzaki	&	 Itaki,	2019).	Noteworthy,	 the	morphol-
ogy	observed	 in	 the	micro-	remains	shown	 in	Figure 5k–n,	which	
would	 represent	 frustule	 cylindrical	 fragments	 and/or	 partially	
dissolved	concentric	ringleistes	of	Aulacoseira	valves	(more	in	gen-
eral	 Aulacoseirales	 order)	 (diameter:	 17–36 μm).	 Unfortunately,	
their	perforation	pattern	appeared	as	not	preserved.	Finally,	one	
calculus	 sample	 revealed	 a	 micro	 debris	 which	 resembled	 the	
pentagonal	 valve	 of	 the	 centric	 diatom	 genus	 Triceratium	 (e.g.,	
Triceratiaceae),	with	characteristic	ocelli	in	angles	and	inner	raised	
pentagonal	area.

Microdebris of doubtful origin
Two	 calculus	 samples	 revealed	 the	 presence	 of	 2	 microparticles	
which	 can	 be	 similar	 in	 appearance	 to	 autogenic/xenogenic	 tests	
of	 lobose	 testate	 amoebae.	 They	 appeared	 circular,	 with	 a	 single	
central	 opening	 in	 apertural	 view	 and	 a	 range	 of	 diameter	 equal	
to	 33.4–76 μm (Figure 5o).	 A	 similar	morphology	 usually	 occurs	 in	
Arcellinida	species,	 such	as	Arcella or Galeripora,	whose	organisms	
inhabit	 marshes	 and	 other	 freshwater	 habitats	 and	 whose	 shells	
have	 been	 found	 to	 survive	 chemical	 treatments	 applied	 for	 pol-
len	preparation	methods	 (Andrews	et	al.,	2021;	González-	Miguéns	
et	al.,	2022;	Payne	et	al.,	2012).	However,	degraded	valves	of	centric	
diatoms	(e.g.,	Hyalodiscus	species)	cannot	be	excluded	as	the	source	
of	these	peculiar	microremains	(Rott	et	al.,	2009).
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F I G U R E  4 Mosaic	selection	of	microdebris	recovered	from	dental	calculus	samples	of	Pila	cave.	Examples	of	microremains	captured	
by	optic	microscopy	are	shown.	Fragments	of	plant	vascular	tissue	(a	and	b);	tracheid	fragment	in	radial	section	from	conifer	wood,	with	
uniseriate	torus-	margo	pits	(c);	microdebris	consisting	in	tracheid	pitting	more	seriate	and	alternate	arrangement	in	radial	walls	(d	and	e);	
fragments	of	plant	tissue	containing	articulate	phytoliths	(f–i);	acute	bulbous	phytolith	(j);	globular	echinate	phytolith	(k);	parasite	eggs	
indicated	with	arrows	(l–n);	magnification	of	a	section	of	Lepidoptera	wing	(o),	in	the	subpanel	the	whole	microparticle.	The	scale	bar	
indicates	30 μm.

(a) (b) (c)

(d)

(g)

(f)

(h)

(j)

(i)

(e)

(l)(k)

(m) (n) (o)
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F I G U R E  5 Siliceous	microdebris	retrieved	from	human	calculi	of	Pila	cave.	Some	of	the	images	obtained	by	light	microscopy	analysis	were	
shown.	Microremains	attributable	to:	Spumellaria	order,	putative	Actinommidae	family	(a);	Spumellaria	order,	putative	Coccodiscidae	family	
(b);	putative	Nassellaria	radiolarians	or	diatoms	(c–j);	dissolved	diatom	frustules	(k–n);	putative	amoeba	shell	at	different	focuses	(o).	Arrows	
localise	the	debris	in	panels	(i	and	j).	The	scale	bar	measures	30 μm.
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(g)
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4  |  DISCUSSION

Our	 knowledge	 about	 ancient	 plant	 biodiversity	 and	 its	 exploita-
tion	 by	 prehistorical	 communities	 still	 needs	 to	 be	 unravelled.	 In	
the	present	study,	the	microscopic	analysis	of	human	dental	calculi	
from	two	Italian	burial	caves	returned	a	high	number	of	microfossils,	
including	starches,	different	pollen	types,	pteridophyte	spores	and	
non-	pollen	palynomorphs.	These	debris,	considered	as	environmen-
tal	indicators,	allowed	us	to	obtain	some	information	about	the	phy-
toecological	contexts	in	which	the	studied	inhumates	were	framed.	
Deposition	 and	 preservation	 of	 organic	 matter	 in	 archaeological	
sediments	are	very	complex	phenomena	linked	to	taphonomic	pro-
cesses,	which	influence	the	survival	of	plant	macro	remains.	For	this	
reason,	the	hidden	evidence	in	dental	calculus	constitutes	a	precious	
undisturbed	 element	 for	 supposing	 the	 role	 of	 plants	 in	 ancient	
contexts.

Problematic	 is	 the	 attribution	 of	 starches	 (Morphotype	 I)	 to	
Triticum or Hordeum	 genera,	 due	 to	 their	 similar	 morphology	 and	
size.	 However,	 it	 is	 possible	 that	 these	 plants	 existed	 simultane-
ously,	as	macro	botanicals	attributable	to	different	cereals,	such	as	
Triticum monococcum	 L.,	T. dicoccum	Schübl.,	T. aestivum/durum	 and	
Hordeum vulgare	L.,	have	been	found	in	Italian	Neolithic,	Copper	and	
Bronze	Age	contexts,	testifying	cultivation	and	notable	employment	
of	these	crops	(Fiorentino	et	al.,	2013;	Rottoli	&	Castiglioni,	2009; 
Ucchesu	 et	 al.,	 2018).	 The	 record	 registered	 in	 the	 present	 con-
tribution	was	 also	 in	 line	with	other	 studies	 carried	out	on	dental	
calculus	relative	to	the	same	time	span	in	Central	Italy	(D'Agostino	
et	al.,	2021;	Lippi	et	al.,	2017;	Modi	et	al.,	2021;	Nava	et	al.,	2021).

Particular	 attention	 must	 be	 paid	 to	 Panicoideae	 starches	
(Morphotype	II),	indicators	of	warm	growing	season.	Despite	the	in-
creasing	evidence	in	prehistorical	contexts,	the	distribution	of	these	
species	and	their	importance	in	human	life	(Varalli	et	al.,	2022)	are	
still	poorly	clear.	Panicoids	are	warm-	season	crops	easily	cultivable	
in	 geographical	 areas	 characterised	 by	moist	winters	 and	meagre	
summer	 precipitation	 as	 fast-	growing	 organisms	with	 high	 adapt-
ability	 (Stevens	 et	 al.,	2016).	 Among	 them,	millets	 are	 rather	 rare	
in	central	and	southern	 Italian	Neolithic-	Bronze	Age	contexts	and	
are	mainly	attributed	to	Panicum	and	Setaria	(Primavera	et	al.,	2017; 
Rottoli	&	Castiglioni,	2009).	In	addition,	isotopic	data	from	Central	
Italy	 have	 indicated	 prehistorical	 people	 started	 to	 regularly	 con-
sume	 panicoids	 only	 from	 BA	 (De	 Angelis	 et	 al.,	 2019;	 Romboni	
et	al.,	2023;	Tafuri	et	al.,	2009).	The	absence	of	 this	signal	 in	pre-
vious	and	coeval	sites	(Cortese	et	al.,	2022;	De	Angelis	et	al.,	2019,	
2021;	Scorrano	et	al.,	2019),	even	located	in	the	same	region,	could	
be	probably	explained	by	 low/random	consumption	of	millets,	not	
isotopically	detectable.	To	date,	no	dietary	investigation	is	available	
for	Pila	cave,	while	Romboni	et	al.	(2023)	have	carried	out	isotopic	
analyses	of	carbon,	nitrogen	and	strontium	from	the	human	bones	
recovered	 at	 La	 Sassa	 cave.	 The	 isotopic	 values	 have	 shown	 that	
different	 communities	 could	 have	 exploited	 the	 cave	 as	 a	 funer-
ary	 shelter	 from	CA	 to	MBA,	 sometimes	 for	 selected	 individuals.	
Unfortunately,	 no	 settlement	 areas	 for	 those	 human	 groups	 have	
been	discovered	and	the	researchers	have	not	determined	the	exact	

geographic	 origin	 of	 the	 individuals,	 as	 their	 isotopic	 signatures	
matched	those	of	wide	areas	around	the	cave.	Moreover,	as	no	CA	
and	EBA	settlement	has	been	ever	registered	in	Central	Italy	with	a	
such	long	presence	as	that	of	La	Sassa	cave	(Romboni	et	al.,	2023),	
it	is	possible	to	hypothesise	a	continuous	attendance	of	the	area	for	
the	studied	inhabitants.	Thus,	we	decided	to	extend	our	discussion	
to	Central	Italy	and	not	uniquely	to	a	regional	level.	For	CA	and	EBA	
individuals	 from	 La	 Sassa,	 scholars	 have	 proposed	 a	 subsistence	
strategy	grounded	on	terrestrial	C3-	based	resources,	while	for	just	
one	individual	dated	to	MBA2	a	diet	based	on	C4	plants	cannot	be	
excluded.	Nevertheless,	as	stated	in	Romboni	et	al.	(2023),	no	iso-
topic	value	for	C4	plants	in	Italian	prehistory	is	available;	thus,	they	
have	not	had	 the	possibility	 to	check	whether	 the	 recorded	value	
for	 that	 single	 individual	 was	 derived	 reliably	 from	 an	 exclusive	
consumption	of	those	species.	Studies	on	dental	calculus,	 instead,	
have	testified	knowledge	of	panicoids	since	the	Late	Palaeolithic	in	
Southern	Italy	and	Sicily	(Carra	et	al.,	2022),	the	Upper	Palaeolithic	
in	 Abruzzi	 (Nava	 et	 al.,	 2021)	 and	 the	 Neolithic-	Bronze	 Age	 in	
Tuscany	and	Lazio	 (D'Agostino	et	al.,	2021;	D'Agostino,	Di	Marco,	
Marvelli,	Marchesini,	Rizzoli,	 et	 al.,	2022;	 Lippi	 et	 al.,	2017),	 even	
if	the	employment	was	a	rare	occasion	of	use.	Evidence	of	grasses	
belonging	to	the	Panicoideae	subfamily	was	found	in	our	samples,	
confirming	their	use	and	suggesting	ecological	aspects	of	the	places	
frequented	by	the	individuals.	Indeed,	the	Paniceae	species	prefer	
mild	climates	and	spreads	near	waterways	and	in	coastal	areas	and	
may	be	considered	suitable	crops	for	challenging	environments.	Our	
results	revealed	that	the	individuals	buried	in	La	Sassa	and	Pila	caves	
used	 C4	 plants	 during	 CA-	BA.	 These	 starches	 may	 be	 attributed	
to	 grasses	 (e.g.,	 Setaria	 sp.,	 Panicum	 sp.	 and/or	 Echinochloa	 sp.	 P.	
Beauv.),	whose	consumption	could	also	be	supported	by	the	detec-
tion	of	phytoliths,	powerful	tools	to	reconstruct	past	environments	
(Cabanes,	2020).	Indeed,	the	latter,	found	in	Pila	cave	samples,	are	
indicative	of	monocots	 (e.g.,	 sedge,	 reed),	both	domestic	and	wild	
(Goude	et	al.,	2020),	helping	to	define	the	herbaceous	component	
of	the	landscape.	In	the	current	work,	the	analysis	of	starch	granules	
retrieved	from	La	Sassa	samples	showed	the	use	of	caryopses	be-
longing	to	C4	plants	in	individuals	dated	to	CA,	EBA	and	MBA1/2.	
These	data	are	not	unexpected,	as	starches	of	similar	morphology	
have	already	been	 found	 in	Neolithic	dental	 calculus	 from	Grotta	
Continenza	 (Abruzzi;	Nava	et	 al.,	2021)	 and	Mora	Cavorso	 (Lazio;	
D'Agostino,	 Di	 Marco,	 Marvelli,	 Marchesini,	 Rizzoli,	 et	 al.,	 2022)	
and	 CA-	BA	 samples	 from	 Grotta	 dello	 Scoglietto	 (Tuscany;	 Lippi	
et	al.,	2017)	and	Casale	del	Dolce	 (Lazio;	D'Agostino	et	al.,	2021),	
representing	further	proof	of	an	already	established	presence	of	C4 
plants	 in	 the	human	diet.	 Therefore,	 our	data	 from	La	Sassa	 con-
firm	the	processing	of	Panicoideae	in	southern	Lazio,	already	doc-
umented	by	D'Agostino	et	al.	 (2021),	while	those	from	Grotta	Pila	
induce	 us	 to	 reflect	 on	 the	 presence	 and	 the	 exploitation	 of	 the	
same	cereal	resources	even	at	higher	altitudes	and	in	the	innermost	
areas	of	the	region,	even	if	only	occasionally.

The	 failure	 to	 find	 legume	 starches	 in	 the	 investigated	 dental	
calculi	 seems	 to	be	 in	 line	with	 the	evidence	obtained	 from	other	
studies	on	ancient	tartar	of	prehistorical	periods	(Carra	et	al.,	2022; 
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D'Agostino,	 Di	 Marco,	 Marvelli,	 Marchesini,	 Rizzoli,	 et	 al.,	 2022; 
Lippi	et	al.,	2017;	Nava	et	al.,	2021;	Oxilia	et	al.,	2021)	and	the	scarce	
record	of	pulses	 registered	 in	 Italian	Neolithic	archaeological	 sites	
(Bouby	et	al.,	2020;	Celant,	2020),	although	Fabaceae	are	among	the	
most	adaptable	plants	to	a	wide	range	of	habitats	and	dry	 legume	
seeds	are	capable	of	being	well	stored.	However,	pulses	could	have	
been	less	appreciated	by	the	Neolithic	people	as	a	crop	because	of	
their	 low	yield,	 compared	 to	cereals	 and	due	 to	 their	 content	 in	 a	
wide	range	of	potentially	toxic	metabolites	(e.g.,	saponins,	alkaloids).	
The	 possibility	 that	 pulses	 were	 consumed	 in	 limited	 quantity,	 or	
only	seasonally,	needs	to	be	also	considered.

Finally,	the	discovery	of	brachysclereids	in	two	samples	from	La	
Sassa	cave	appears	interesting.	This	evidence	suggested,	for	instance,	
the	possible	existence	of	Rosaceae	plants	in	this	area	of	Central	Italy.	
Thus,	the	putative	consumption,	even	occasional	but	shared	among	
the	individuals	of	the	communities,	of	wild	edible	false	fruits/fruits,	
such	 as	pear	 and	hawthorn,	might	be	hypothesised.	 In	 support	 of	
this	practice,	the	discovery	of	Ficus	sp.	and	Rosaceae	ancient	DNA	in	
Neolithic	dental	calculi	from	Mora	Cavorso	(Lazio,	Central	Italy)	can	
be	mentioned	 (D'Agostino,	Di	Marco,	Marvelli,	Marchesini,	Rizzoli,	
et	 al.,	2022),	 together	 with	 the	 finding	 of	 carpological	 records	 of	
Corylus avellana	L.,	Cornus mas	L.,	Crataegus	sp.,	Malus sylvestris	Mill.,	
Pyrus	sp.,	Prunus	sp.,	Quercus	sp.	L	and	Vitis vinifera ssp. sylvestris L. 
(Gismondi	et	al.,	2016;	Rottoli	&	Castiglioni,	2009;	Ucchesu	et	al.,	
2018)	in	Italy	since	the	Neolithic,	although	usually	in	small	amounts.	
Pollen	observed	in	the	calculus	samples	of	both	archaeological	sites	
evidenced	a	similar	vegetation	composition	 in	 the	surroundings	of	
the	caves.	This	assumption	was	supported	by	the	fact	that	strontium	
isotope	analysis	on	the	human	bones	from	La	Sassa	has	suggested	
this	context	as	a	burial	place	by	different	villages,	perhaps	spreading	
in	a	radius	of	a	few	kilometres	(Romboni	et	al.,	2023).	Thus,	based	on	
our	results,	the	 individuals	were	probably	able	to	move	in	a	mixed	
forest,	characterised	by	deciduous	(Quercus,	Ulmaceae,	Betulaceae	
as	Ostrya carpinifolia),	riparian	(e.g.,	Alnus)	and	xerophilous	evergreen	
(Quercus,	Oleaceae)	elements	typical	of	Mediterranean	regions	char-
acterised	by	mild	winters	and	dry	summers,	inhaling	pollen.	This	pic-
ture	 is	 confirmed	by	 several	pollen	 records	 from	Lazio,	 in	which	a	
change	 in	 phytoassociations	 and	 a	 more	 warm-	temperate	 climate	
were	 established	 (Valle	 di	 Castiglione:	 3480 ± 50 years B.P.	 Follieri	
et	al.,	1986;	Lago	Lungo:	3680 ± 70 years B.P.	Calderoni	et	al.,	1994; 
Mora	 Cavorso:	 3640–3385 cal.	 years	 B.P.	 D'Agostino,	 Di	 Marco,	
Marvelli,	Marchesini,	Martínez-	Labarga,	et	al.,	2022).	As	regards	Tilia 
pollen,	several	pathways	of	inclusion	in	calculus	can	be	considered:	
(i)	 accidental	aspiration;	 (ii)	use	of	decoctions	of	 floral	parts	 (dried	
inflorescences	 are	 traditional	 remedies	 against	 cough,	 cold	 and	
bronchitis;	Oniszczuk	&	Podgórski,	2015;	Sroka	&	Bełz,	2009;	and	
references	within);	(iii)	use	of	a	fermented	honey-	based	drink,	pure	
honey,	 or	 beehive	 product	 (e.g.,	 honeydew)	 (Carboni	 et	 al.,	2015; 
D'Agostino	et	al.,	2021).	This	latter	hypothesis	can	be	assumed	also	
for	 the	numerous	Fagaceae	pollen	 (e.g.,	Quercus	 deciduous	group)	
identified	 in	Pila	 samples	and	 to	a	 lesser	extent	 in	La	Sassa	speci-
mens.	Pollen	data,	partially	outlining	the	ancient	plant	diversity,	sug-
gested	that	the	environs	of	the	caves	could	include:	(i)	cosmopolitan	

non-	arboreal	 taxa	 generally	 indicative	of	 open	environments	 (e.g.,	
Poaceae,	Asteraceae,	Aster- type	 in	mountain	 steppe	 zone);	 (ii)	 im-
portant	pastureland	or	grazing	indicators	(e.g.,	Cichorieae);	(iii)	arbo-
real	taxa	related	to	local	edaphic	requirements	(e.g.,	Cupressaceae)	
and	not	 indicative	of	 specific	 ecological	 conditions	 (e.g.,	 Fabaceae	
undetermined).

Individuals	 from	 both	 caves	 showed	 Pteridophyte	 elements,	
uncommon	microparticles	 rarely	 observed	 in	 ancient	 human	 den-
tal	calculi	 (D'Agostino	et	al.,	2021;	Fiorin	et	al.,	2019).	Fern	spores	
are	 resistant	 to	 unfavourable	 environmental	 conditions;	 thus,	 this	
finding	could	derive	from	their	sedimentation	on	food	or	from	the	
activities	performed	in	poorly	drained	habitats	(e.g.,	swamps,	areas	
near	rivers	and	lakes,	coastal	plain	landscapes).	Fragments	of	gym-
nosperm	 wood	 (e.g.,	 Pinus),	 charred	 material	 (not	 completely	 car-
bonised)	with	 phytoliths	 and	 an	 insect	 remain	 from	 calculi	 of	 Pila	
cave	 indicated	 the	 presence	 of	 taxa	with	 different	 ecological	 and	
climatic	requirements.	Dental	calculus	has	been	proved	to	preserve	
such	types	of	microparticles,	which	could	have	different	pathways	of	
inclusions	(Hardy	et	al.,	2017;	Nava	et	al.,	2021;	Radini	et	al.,	2016).	In	
particular,	insects	are	common	food	contaminants	ubiquitous	in	soil	
and	air,	while	wood	debris	can	enter	the	mouth	by	toothpick	use,	or	
through	not	deliberate	ingestion	linked	to	working	practices	involv-
ing	fire	or	environmental	(domestic)	pollution	(Cristiani	et	al.,	2016; 
Hardy	et	al.,	2016;	Juhola	et	al.,	2019;	MacKenzie	et	al.,	2021;	Radini	
et	al.,	2016,	2017).	However,	we	also	suggest	they	can	derive	from	
poorly	washed	food	still	preserving	traces	of	soil.

Parasitic	 particles	 from	 archaeo-	anthropological	 materials	
denounce	 a	 status	 of	 zoonosis,	 whose	 existence	 is	 established	
starting	 from	Neolithic	 domestication	 events	 and	 sharing	 of	 liv-
ing	areas	 (Mazoyer	&	Roudart,	2006).	Worldwide	reports	of	hel-
minth	eggs	have	been	reported	for	populations	of	Fertile	Crescent	
(Diamond,	2002;	Driscoll	et	al.,	2009;	Zeder,	2008),	Western	Iran	
(Paknezhad	 et	 al.,	 2017)	 and	 Atacama	 Desert	 (northern	 Chile)	
(Ramirez	 et	 al.,	2021).	 The	 discovery	 of	 several	 cestode	 eggs	 in	
the	dental	calculus	of	an	 individual	buried	 in	 the	Pila	cave	could	
seem	counterintuitive.	However,	accidental	infection	of	the	most	
prevalent	human	cestodiasis	in	the	world	(Acha	&	Szyfres,	2003)	
can	easily	be	acquired	by	touching	the	mouth	with	contaminated	
fingers	and/or	ingesting	food,	soil	or	water	contaminated	with	fae-
ces	by	companion	animals	or	parasitic	insects	(Garcia	et	al.,	2018)	
and/or	presence	of	dung	(animal	and/or	human)	in	the	living	areas.	
Similar	 evidence	 has	 already	 been	 registered	 for	 dental	 calculus	
samples	 (Juhola	et	al.,	2019);	 thus,	 the	recovery	of	cestode	eggs	
from	tartar	would	seem	to	be	sufficient	for	the	establishment	of	
a	 parasite's	 existence	 of	 public	 health	 significance	 (as	 a	 disease	
agent)	 among	 the	 prehistorical	 individuals	 buried	 in	 Pila	 cave.	
From	length-	width	measurements	and	morphological	features,	the	
eggs	we	 detected	 could	 correspond	 to	Hymenolepis	 spp.	 and/or	
Dipylidium caninum.	Unfortunately,	 a	deeper	classification	of	 the	
tapeworm's	 eggs	 is	 not	 possible	 based	 only	 on	morphology	 and	
size	(Garcia	et	al.,	2018).	It	is	important	to	underline	that	no	para-
site	was	found	in	the	control	washings	both	before	and	after	the	
decontamination	procedure.
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The	inclusion	of	non-	dietary	microfossils	in	dental	calculus	sam-
ples,	such	as	silica-	rich	fragments,	has	already	been	documented	in	
the	literature.	The	recovery	of	such	type	of	remains,	including	microal-
gae,	provided	evidence	of	 the	phytoplancton	diversity	 from	water	
sources	in	archaeological	contexts,	together	with	demographic	im-
plications	of	settlement	strategy	and	geographic	mobility	(Dudgeon	
&	Tromp,	2014;	King	et	al.,	2017;	Stone	&	Yost,	2020).	Among	many,	
Radiolarians	 and	diatoms	possess	biogenic	 silica	 structures,	which	
can	be	resilient	to	alteration	by	salivary	digestion,	masticatory	activ-
ities	and	acids.	Radiolarians	are	mainly	seawater	protozoan,	whose	
ecological	niches	are	 rather	complex	and	whose	species	may	vary	
based	on	season,	depth	and/or	nutritional	availability.	Diatoms	are	
ubiquitous,	unicellular	microalgae	mostly	colonising	aquatic	ecosys-
tems,	both	as	planktonic	forms	(suspended	in	the	water	column)	and	
as	 benthic,	 surface-	attached	 organisms.	 As	 photosynthetic	micro-
organisms,	diatoms	proliferate	in	sunlit	surface	waters	of	ponds	and	
streams,	as	well	as	in	brackish	and	marine	systems,	but	they	can	also	
thrive	in	terrestrial	habitats	such	as	moist	soil	and	wet	rocks.	Thus,	
all	 these	organisms	may	represent	proxies	of	brackish,	marine	and	
fresh-	water	 sources	or	of	 the	mixing	of	 seawater	 and	 fresh	water	
(e.g.,	estuaries	or	fossil	brackish	water	aquifers)	(Adojoh	et	al.,	2019; 
Smol	&	Stoermer,	2010;	Suzuki	&	Not,	2015).	In	our	case,	some	sili-
ceous	microparticles,	different	in	pore	size	and	arrangement,	could	
be	tentatively	attributed	to	both	the	globular	perforated	skeletons	
of	Radiolaria	and	to	the	silica	cell	walls	(frustules)	of	centric	diatoms,	
although	most	of	them	appeared	highly	fragmented.	It	would	be	very	
interesting	 to	 understand	 if	 their	 fragmentation	preceded	 the	 en-
trapment	in	calculus	deposits.	The	hypotheses	for	their	presence	in	
dental	calculus	may	be	the	consumption	of:	(i)	 local	drinking	water	
(also	ephemeral	rainwater	collected	in	vessels);	(ii)	local	aquatic	food	
organisms	 (e.g.,	 fish,	shellfish,	macroalgae);	 (iii)	dried	fish,	macroal-
gae	or	other	seafood	collected	before	reaching	the	settlement	areas	
neighbouring	to	Pila	cave	(e.g.,	travel	to	the	coast);	(iv)	mineral	con-
cretions	(e.g.,	salt	crystals)	in	which	fragments	of	diatoms	may	have	
precipitated.	Finally,	microparticles	referred	to	as	‘of	doubtful	origin’	
and	tentatively	attributable	to	lobose	testate	amoebae	shells	and/or	
degraded	diatom	frustules,	could	testify	to	a	wide	variety	of	aquatic	
and	 terrestrial	 environments:	 lake	 and	 river	 sediments,	 peat	bogs,	
coastal	environments,	glaciers	and	dry	mosses	growing	on	different	
substrates	(Andrews	et	al.,	2021;	Payne	et	al.,	2012).

5  |  CONCLUSION

Beyond	macrobotanicals,	which	represent	direct	evidence	of	the	ex-
istence	of	plant	species	in	the	past,	recently,	many	research	groups	
have	taken	advantage	of	the	analysis	of	plant	microremains	retrieved	
from	ancient	dental	calculus,	to	open	a	window	on	the	palaeoeco-
logical	 conditions	 and	 past	 plant	 diversity.	 The	 development	 and	
the	distribution	of	phyto-	associations,	which	are	influenced	by	geo-
graphic	and	climatic	variability,	certainly	have	affected	the	subsist-
ence	strategies	of	prehistoric	communities.	To	date,	unfortunately,	
little	 is	 known	 about	 how	our	 ancestors	 selected	 plant	 species	 in	

nature	and	exploited	their	diversity.	Thus,	our	work	demonstrated	
that	dental	calculus	analysis	can	be	used	to	extrapolate	information	
about	 human-	plant	 interaction	 and	 to	 gain	 a	 glimpse	 on	 the	 past	
landscape,	 corroborating	 and	 even	 expanding	 the	 insights	 already	
obtained	by	palynological	 investigations.	Here,	we	also	proved	the	
survival	in	the	dental	calculus	of	a	wide	range	of	material	items	that	
may	reflect	ecological/environmental	details	of	a	specific	context.

The	 identification	 of	 starches,	 pollen	 and	 non-	pollen	 palyno-
morphs	was	able	to	reveal	the	plant	resources	that	came	into	con-
tact	with	pre-		and	proto-	historical	communities	from	Central	 Italy.	
For	instance,	the	exploitation	of	C4	plants,	a	debated	research	topic.	
Indeed,	we	highlighted	that	panicoids	have	started	to	be	consumed	
and/or	processed	from	the	individuals	living	in	the	areas	around	La	
Sassa	and	Pila	caves,	already	from	the	Copper	Age,	even	if	only	for	
brief	periods.	These	plant	species,	possessing	a	very	short	lifecycle,	
may	have	been	able	to	sprout	and	grow	locally	outside	of	the	usual	
season,	maybe	thanks	to	more	favourable	climatic	conditions.

The	 whole	 starch	 documentation	 suggested	 the	 existence	 of	
both	C3	 and	C4	grasses,	even	 though	 it	couldn't	clarify	 the	contri-
bution	of	gathered	wild	plants	and	domesticated	cultivars.	On	the	
other	hand,	the	detection	of	other	plant	microparticles,	considered	
as	environmental	multiproxy	(e.g.,	diatoms,	pollen,	brachysclereids),	
helped	us	 to	 infer	past	 contexts,	 characterised	by	both	water	and	
terrestrial	 plant	 species.	 Our	 evidence	 for	 the	 consumption	 of	 at	
least	two	different	starchy	plant	taxa,	in	addition	to	the	direct	proofs	
for	the	consumption	of	wild	edible	fruits,	maybe	honey	and	the	use	
of	plant-	based	raw	materials,	suggests	that	the	individuals	had	a	de-
tailed	knowledge	of	the	phytoecological	context	of	their	settlement	
areas,	including	the	relative	biodiversity.

It	is	well	known	that	the	same	cultural	phase	shows	time	discrep-
ancies	in	various	geographical	districts,	although	both	our	data	sets	
indicate	 homogeneity	 in	 the	 vegetation	 for	 the	 areas	 frequented	
by	the	individuals.	Thermophilous	taxa	and	evergreen	elements	re-
trieved	 from	 dental	 calculi	 suggested	 that	 during	 the	Copper	 and	
Middle	Bronze	Age	mixed	coniferous–deciduous	woodlands	existed	
in	Central	Italy.
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