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Abstract

The ancient town of Akrai/Acrae (founded in 664/663 BC) is located in the SE Sicily in an area 
characterized by alluvial terraces and steep slopes cut by deep valleys. The area under the study was 
covered by Mediterranean wood lands, however, due to human activity, the forest began to gradually 
shrink around 2700 BC, putting pressure on the local fauna. Previous studies suggest that wild animals, 
especially red deer, inhabited open woodlands and grass-lands and their diet was rich in C4 plants. A wide 
range of δ15N values was attributed to seasonal differences in moisture availability. Twenty-eight faunal 
samples, dated between 3rd century BC and 8th century AD, collected within the Akrai/Acrae residential 
complex, were the subject of carbon and nitrogen stable isotope analysis. Seventeen samples met the 
standard quality criteria. The animal diet was based on C3 plants (δ13C values of herbivores: -21.7 to 
-20.0‰; omnivores and carnivores: -20.0 to -19.1‰). The δ15N values vary between 3.9 (fallow deer) and 
7.9‰ (dog). The study confirms some earlier observations. Deer probably occupied the open woodlands 
relying on the C3 diet, however elevated δ15N values were not detected in the study. The authors discuss 
whether the previously observed higher δ15N values were due to the aridity or consumption of plants 
growing in the fertilized fields. High δ15N values in combination with high δ13C values could be an indicator 
of human induced changes deforestation and intensification of agricultural production. 
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Introduction
The palaeoecological reconstruction in the Mediterranean is prone to simplification of 

otherwise complex matter (Stevens et al. 2006). Through the application of interdisciplinary 
studies to archaeology, various changes in human-environment relationships, habitat 
exploitation, and other phenomena have been better understood. Stable isotope analyses, 
which are frequently used in the examination of human bones for dietary and mobility 
reconstructions, are one of the elements of this kind of research [1,2]. However, stable 
isotope investigations of faunal remains are not as common, particularly for archaeological 
sites belonging to the ancient Greek and Roman periods. The latter turned out to be highly 
important for the reconstruction of the local ecosystem and biodiversity. For these types 
of investigations, bones of wild animals and species deemed inedible or unfit for human 
consumption (such as dogs and cats), can be used. The studied samples are derived from well-
dated archaeological contexts, from which the analyzed samples are taken. Moreover, the data 
from archeozoological and archaeobotanical studies should be compared to these research. 
Research with both terrestrial and marine records have been done in Sicily, although it is 
mainly restricted to micro-regions and is far from comprehensive [3-5]. This paper aims to 
offer new biochemical data of carbon and nitrogen stable isotope analysis of animals from 
ancient Akrai/Acrae (SE Sicily) and examine and discuss them within the context of the 
paleoenvironmental reconstruction.

http://dx.doi.org/10.31031/AAOA.2024.05.000626
https://crimsonpublishers.com/aaoa/
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Stable Isotope Analysis
Carbon and nitrogen stable isotope analysis of bone collagen 

is a well-established method for reconstructing the past feeding 
ecology. The relationship between the synthesized collagen and 
the isotopic composition of the majority of the diet serves as the 
basement for this reconstruction. Accordingly, based on the stable 
isotope composition of collagen in the bones, one can estimate the 
stable isotope content in the food ingested [1]. Between terrestrial 
and marine environments, as well as between terrestrial plants 
utilizing Calvin (C3) and Hatch-Slack (C4) cycles for photosynthesis, 
there are differences in the carbon stable isotope ration (δ13C) 
[6,7]. Organisms in the marine habitats exhibit approximately 8‰ 
enrichment in heavier carbon isotopes [8]. Within the terrestrial 
ecosystems, C3 plants, which compose most of the terrestrial 
flora, express low δ13C values (mean of around -27‰), although 
C4 plants (certain grasses, such millet) express high δ13C values 
(mean of approximately -12‰) [7,9]. As a result, it is feasible to 
identify C4 plant consumption in the environment where C3 flora 
predominates.

The carbon stable isotope ratio can be further affected by CO2 
recycling in more closed environments, among others. In closed 
canopy conditions, the mixing between CO2 respired by plants 
and atmospheric CO2 is limited. Therefore, the bio-available CO2 
can be depleted in heavier carbon isotopes, as can be the plant 
re-using depleted CO2, and reduced sunlight adding to the factors. 
Consequently, compared to plants in open environments, forest 
plants can ex-press extremely low δ13C values [10]. The ration 
of nitrogen stable isotope (δ15N) in plants is determined by the 
composition of biologically accessible nitrogen present in the soil 
[6]. This is affected by temperature, moisture availability [11], and 
manuring [12]. Since plants want to use all of the nitrogen that is 
available, the stable nitrogen isotope composition of plant tissue 
reflects the conditions under which the plant was growing as well 
as the isotopic signature of the pool of bioavailable Nitrogen [6].

Consumed food is the source of carbon and nitrogen for 
animals. A meta-analysis of several published control feeding 
experiments showed that average enrichment between collagen 
of the consumer and the diet is approximately 3.7±1.6‰ for δ13C 
values and 3.6±1.3‰ for δ15N [13]. In effect, animals in successive 
trophic levels will be enriched in heavier isotopes of both carbon 
and nitrogen by the enrichment factor. According to Michener & 
Kaufman [8], organism in aquatic ecosystems with more complex 
trophic relations can show high values of δ13C and δ15N, atypical for 
terrestrial environments.

Paleoenvironment of Akrai/Acrae
The territory of ancient Akrai/Acrae was in majority covered 

by Mediterranean woodlands. Gradually, a forest habitat emerged 
in the interior pf the island and mountains regions, reaching 
its peak around 10.000 BC. The broad-leaved, evergreen trees 
persisted until 2700 BC, when human habitation caused the forest 
to gradually begin to di-minish [14]. Archaeological research 
suggests that forested sections in the mountainous areas of the 
island’s interior appeared to have been covered by the forest for 

an extended period of time. The surrounding area of Akrai/Acrae 
was rich in wild animals and had dense, lush vegetation, according 
to archaeobotanical and archeozoological investigations [4,15] 
(Figure 1). 

Figure 1: Map of Sicily with location of studied area.

The previous study on carbon and nitrogen stable isotopes 
of animal bone collagen [4] allowed for few observations. Deer 
displayed δ13C values that suggested they were occupying open 
habitat, such as open woodlands, and that C4 grasses had a 
significant presence. A solitary leproid was also observed for in 
this area. A wide range of δ15N values (2.5-7.2‰) observed for 
herbivorous was explained as the outcome of variations in plant 
moisture availability or a physiological reaction to water stress. 
Collagen of a single dog was enriched in heavier carbon isotopes 
(-17.0‰) with moderate δ15N values (8.0‰), indicating diet 
composed of terrestrial resources, with significant share of C4 
plants and/or proteins of animals feed with C4 plants and/or 
marine resources [4].

Materials and Methods
The town Akrai/Acrae is situated in the Hyblaean Mountains, 

northwest of the modern town of Palazzolo Acreide. It is perched 
atop the Acremonte hill and is a part of an area made up of large 
plateaus with a landscape that is characterized by alluvial terraces, 
steep slopes traversed by deep valleys, and lower-lying areas that 
surround them [16]. Founded in 664/663BC, this Greek colony 
was for a long time associated with Syracuse, its metropolis, a 
wealthy town, and a sizeable port, from which Akrai/Acrae was 
around 35km away [17,18]. Since the Roman conquest in 212 
BC, there have been gradual changes in this area. The town most 
likely continued to operate until the 8th century AD, with short gap 
in second half of the 4th century AD [18]. The presented data were 
collected within the excavated residential area. Materials dated 
between 3rd century BC and 8th century AD were discovered during 
the excavations between 2011 and 2020, painting a clear picture of 
the settlers’ way of life. Constructed in the Late Hellenistic period, 
the residential complex saw use during the Republic and Imperial 
periods before being destroyed by natural disaster in the 50s-70s 
of 4th century AD, intentionally levelled at the end of 4th century AD, 
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and repurposed for a variety of activities until 8th century AD [18] 
(Figure 2).

Figure 2: Photogrammetry of the archaeological site of 
Akrai with excavated area.

Three main stratigraphic blocks comprise the material under 
the current analysis. In the research provided, only samples 
obtained from the original occupation contexts which include 
layers dated from the 3rd century BC to the 50s-70s of 4th century 
AD and the reoccupied strata dated to the end of 4th-8th century 
AD, were employed here. Because of their extensive chronology 
and heavy mixing, the artefacts from the levelling layers are not 
suitable for providing accurate information about the paleoecology 
of Akrai/Acrae [18]. Majority of samples came from the levels dated 
back to the houses’ foundation at the end of the 3rd century BC and 
continued through the end of 1st century BC and the beginning of 
the 1st century AD. There are just three samples from the layer 
dated to the end of 4th and mid-7th century AD, when the residential 
area was adopted for the secondary activities (i.a. metallurgical and 
craft). Collagen was extracted using method proposed by Brown et 
al. [19]. 

The samples were measured at the Department of Forest 

Ecology and Management at the Swedish University of Agricultural 
Sciences, Umea, Sweden using IRMS system Delta V connected 
to elemental analyzer Flash EA 2000 (Thermosphere Scientific, 
Bergen, Germany), against international standards (IAEA-600, 
IAEA-CH-6, IAEA-N-2, USGS40, and USGS41). Samples with high 
carbon (>30%), nitrogen (>10%), and the atomic C/N ratio 
between 2.9 and 3.6 were chosen for additional examination 
[19,20]. Only a few studies for Western Mediterranean provide 
reference data. The first archaeological site is Carrer Ampel, a 
necropolis situated within Barcelona (ancient Colonia Iulia Augusta 
Paterna Faventina Barcino) founded in 14 BC. The Mediterranean 
Sea coast, the Colterol Mountain range, and two rivers limited the 
town. There was cultivation of the land surrounding the town [21]. 
The second site is Velia (ancient Elea), a Greek colony located on the 
west coast of southern Italy, which was under Roman control since 
the late 3rd century BC. The area around the town was made up of 
hills covered by forest and river valleys used for agriculture. The 
town’s inhabitants made substantial use of marine resources [22]. 
Last but not least, the necropolis at Isola Sacra, which was situated 
between Ostia and the port of Rome, was used between the 1st and 
3rd century AD [23].

Result
Of the 28 samples, 17 satisfied the quality criteria. The results 

were obtained for six taxa (Table 1). The number of observations 
per taxon is low, allowing only for robust comparisons and 
observations for red deer and dog. Animals express δ13C values 
typical of C3 environment: herbivorous - δ13C values between -21.7 
and -20.0‰, while omnivorous and carnivorous, between -20.0 
and -19.1‰. Herbivores (leporids and deer) express δ15N values 
be-tween 3.9 and 5.3‰, omnivorous (dog and hedgehog) between 
5.2 and 7.9‰, carnivorous cats between 7.2 and 7.3‰ (Table 2 & 
Figure 3). Deer of Akrai/Acrae express δ13C values that are in the 
range between those from Velia and Carrer Ample, and δ15N values 
that are higher than those of the majority of deer from these two 
archaeological sites. The variation most likely results from varied 
ecological settings of the sites. Stable isotope values of dogs and 
cats overlap. Indicating that diet of dogs was abundant in animal 
proteins. In contrast to the dogs of Velia and Isola Sacra, dogs of 
Akrai/Acrae did not ingest significant amount of marine resources 
(Figure 3).

Table 1: Results of the carbon and nitrogen stable isotope analysis of animal remains from Akrai/Acrae.

Sample Taxon Common 
Name Element Chronology %C %N C/N δ13C δ15N

1.1 a
Felis 

silvestris f. 
catus

Cat Cranium End of 4th-mid 7th century AD 47.7 16.1 3.4 -19.1 7.2

1.1 b
Felis 

silvestris f. 
catus

Cat Cranium End of 4th-mid 7th century AD 47.5 15.9 3.5 -19.3 7.3

1.2 Canis lupus f. 
familiaris Dog Cranium End of 4th-mid 7th century AD 47.0 15.9 3.5 -19.2 7.2

1.3 Dama dama Fallow deer Radius End of 4th-mid 7th century AD 47.0 15.5 3.5 -20.0 3.9

3.1 Canis lupus f. 
familiaris Dog Calcaneus Mid 3rd century BC - 1st 

century AD 47.1 15.7 3.5 -19.6 6.7

4.1 Leporidae Leproid Mandible 3rd century BC 46.6 15.4 3.5 -21.7 4.0
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5.1 Cervus 
elaphus Red deer Radius 3rd century BC 46.3 15.4 3.5 -21.5 5.5

5.2 Erinaceus 
europaeus Hedgehog Mandible 3rd century BC 45.5 15.0 3.5 -20.0 5.2

6.1 Leporidae Leproid Molar 2nd-1st century BC - Octavian 
August reign 46.1 15.3 3.5 -21.5 4.3

6.2 Cervus 
elaphus Red deer Humerus 2nd-1st century BC - Octavian 

August reign 43.7 14.5 3.5 -21.6 5.3

6.3 Cervus 
elaphus Red deer Mandible 2nd-1st century BC - Octavian 

August reign 47.2 15.4 3.6 -20.4 5.0

9.1 Cervus 
elaphus Red deer Radius End of 3rd century BC-

beginning of 1st century AD) 47.1 15.8 3.5 -21.1 4.3

9.2 Cervus 
elaphus Red deer Phalanx 1 End of 3rd century BC-

beginning of 1st century AD) 46.7 15.6 3.5 -21.3 4.8

11.1 Canis lupus f. 
familiaris Dog Ulna End of 3rd-end of 1st  century 

BC 47.5 16.0 3.5 -19.2 7.9

12.1 Canis lupus f. 
familiaris Dog

Humerus, 
proximal 
epiphysis

End of 3rd-end of 1st  century 
BC 46.9 15.6 3.5 -19.4 7.4

12.2 Canis lupus f. 
familiaris Dog

Humerus, 
distal 

epiphysis

End of 3rd-end of 1st  century 
BC 47.3 15.7 3.5 -19.4 7.3

12.3 Cervus 
elaphus Red deer Os 

metatarsale
End of 3rd-end of 1st century 

BC 48.1 16.0 3.5 -21.7 4.6

Table 2: Summary statistic for carbon and nitrogen stable isotope analysis in animal remains form Akrai/Acrae.

Taxon Common 
Name N

δ13C δ15N

Min Median Max Min Median Max

Cervus elaphus Red deer 6 -21.7 -21.4 -20.4 4.3 4.9 5.5

Canis lupus f. familiaris Dog 5 -19.6 -19.4 -19.2 6.7 7.3 7.9

Felis silvestris f. catus Cat 2 -19.3  -19.1 7.2  7.3

Leporidae Leproid 2 -21.7  -21.5 4  4.3

Dama dama Fallow deer 1  -20   3.9  

Erinaceus europaeus Hedgehog 1  -20   5.2

Figure 3: Distribution of δ13C and δ15N values of animals from Akrai/Acrae (present study), Carrer Ample [21], Isola 
Sacra [23], Velia [22].
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Discussion
The present study confirms some previous observations [4]. 

Deer occupied the open wood-lands relying on the C3 diet, however, 
the study failed to provide evidence of deer consuming the C4 plants. 
Addition-ally, compared to the previous research [4], the spectrum 
of δ15N values is narrower, indicating a smaller range of occupied 
settings. Compared to deer of Velia [22], specimens of Akrai/Acrae 
are enriched in both carbon and nitrogen heavier isotopes, probably 
due to more open habitat. Deer of Carrer Ample are enriched in the 
heavier carbon iso-topes, relative to specimen from Akrai/Acrae, 
but most of them are depleted in the heavier nitrogen isotopes. 
Nonetheless, deer of Carrer Ample exhibit great spectrum of values, 
similar to deer of Akrai/Acrae observed by Chowaniec et al. [4]. 
The enrichment in the heavier nitrogen isotopes was attributed 
to the moisture availability, which is unlikely. According to Pate & 
Anson [24], the δ15N values significantly increase when the annual 
precipitation falls below 250mm, whereas Sicily receives more than 
600mm.

Manuring is another important factor to take into account. The 
studied regions experienced intensive transformations aimed at 
boosting agricultural productivity. This could include manuring, 
which increases the δ15N values of plants growing in fields and their 
vicinity [12]. Therefore, plants that are richer in the heavier nitrogen 
isotopes may be consumed by animals grazing fields in the vicinity. 
In this case, high values of both δ13C and δ15N may be an indicator 
of human-induced changes, such as deforestation and increased 
agricultural intensity. As opportunistic omnivores, dogs will depend 
on the food that is readily available, and usually supplied by people. 
Dogs can therefore serve as an excellent model, which is close to the 
human diet [25]. The fact that dogs express similar values as other 
carnivores, such as cats, suggests that their diet were abundance of 
animal proteins. Compared to other sites, dogs of Akrai/Acrae are 
depleted heavier isotopes of both carbon and nitrogen, probably as 
an effect of limited access to marine resources. Dogs do not appear 
to consume any C4 plants in their diet. Assuming that diet of dogs 
and humans was similar, inhabitants of Akrai/Acrae most likely did 
not eat a significant number of marine proteins.

Archaeological and archaeobotanical investigations should be 
added to the results described in connection with the discussion 
of deforestation and the intensification of agricultural production 
in the Akrai/Acrae region. According to archaeobotanical evidence, 
a wide range of plants were cultivated in this area between 3rd 
century BC and 8th century AD. The analysis shows the presence 
of deciduous wood species (such as Quercus type super as well 
as Ulmus and Fraxinus) and evergreen oak species. From the 3rd 
century BC until Late Antiquity, Olea europaea become-come 
less widespread. The cultivation of leguminous plants is also 
documented, while olive and grape agriculture only predominated 
between the 3rd century BC and the Roman Imperial period (1st-
3rd century AD). The cultivation of olives, grapevines and grains in 
the Hellenistic period also seems to have been characteristic of the 
Roman Imperial period, during which the cultivation of fruit trees 
and other crops underwent additional advancements. There is 
also a noticeable increase in weed plants, such as Gallium, Malva, 

etc. throughout the Roman Imperial period, which could indicate 
the weeding and abandonment of the fields. The cultivation of 
cereals (Triticum aestivum/durum, Triticum docucam, Triticum 
monococcum, Hordeum vulgare), fruit trees (Maloideae and 
Prunoideae), and flax (Linum usitatissimum) increased in Late 
Antiquity. Furthermore, archeozoological research and stable 
isotope analysis contributed to understand that the Akrai/Acrae 
inhabitants were mostly dependent on terrestrial resources, with a 
minor amount coming from marine sources. In the data sets dated 
to the Late Hellenistic Early Imperial periods, the most prevalent of 
the four livestock species were pigs (47.0%), followed by sheep and 
goat (30.0%), and cattle (23.0%).

The proportion of animals in aforementioned varied in 
the archaeological strata dated to the Roman Imperial period. 
Estimates for the percentage of pig bones and teeth was 35.0%, 
for cattle - 34.0%, and for sheep and goats was nearly unchanged 
-32.0%. In the culture deposits dated between the end of 4th and 
the 8th century AD, the percentage for pigs decreased from 35% 
to 24%. At the same time, the percentage of cattle and sheep/goat 
has increased for cattle was 38.0%, for sheep and goats was 37.0%. 
In the Late Hellenistic – Early Imperial strata the highest number 
of wild animals, estimated at 10.0%, was recorded. At the more 
recent period, in the 4th century AD, the proportion of wild animals 
was lower, and it only amounted to 0.5%. The majority of wild 
animals were represented by red deer, fallow deer, wild boar and 
leporids. Among 450 bones identified as bird bones, approximately 
81% were represented by domestic chicken. Wild or potentially 
domesticated animals, such as rock partridge, pigeon/dove, song 
thrushes, geese, quails, etc., were used to represent other species. 
Besides that also 200 fish bones were found, which was only 0.4% 
of all archeozoological set. A tiny number of the remains are bivalve, 
particularly oysters; 54 belong to turtles, and 202 to the land snail 
(predominantly Helix genus) [15].

Conclusion
Throughout the Greek and Roman periods, intense pastoralism 

and extensive farming caused a noticeable shift in the ecosystem. 
For instance, an increase in the proportion of ruminants bones 
found in strata dated to the Roman Imperial and Late Roman-
Byzantine periods may indicate the spread of intensive pastoralism. 
In turn, the intensive breeding of sheep and cattle requires large 
grazing areas. Additionally, botanical research indicates that 
around the 3rd century BC, deforestation and degradation began to 
accelerate and worsen. This suggests that the natural environment 
was deteriorating due to deforestation in favor of ever-expanding 
cultivation of grains, grapevines, olive and fruit trees. These 
human-induced changes shaped the environment in a variety of 
ways, forcing animals to adapt to new conditions and surroundings. 
Those adaptations can be observed in their diet, which can become 
a good indicator of anthropogenic pressure. When compared to 
other Mediterranean regions, isotopic evidence from Akrai/Acrae 
revealed differences in the stable isotope values of deer occupying 
dense forests and open regions altered by agricultural activities. 
Dogs, on the other hand, can shed some light on the human diet, 
especially the food items that could be spared or leftovers.
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