
Universidade de �Evora - Instituto de Investiga�c~ao e Forma�c~ao Avan�cada

Programa de Doutoramento em Qu��mica

Tese de Doutoramento

Agricultural practices and environmental changes in the
Phoenician-Punic Western Mediterranean during 8-5 th

century BC: a novel multidisciplinary approach

Roshan Paladugu

Orientador(es) j Cristina Barrocas Dias

Donatella Magri

Federico di Rita

�Evora 2023



Universidade de �Evora - Instituto de Investiga�c~ao e Forma�c~ao Avan�cada

Programa de Doutoramento em Qu��mica

Tese de Doutoramento

Agricultural practices and environmental changes in the
Phoenician-Punic Western Mediterranean during 8-5 th

century BC: a novel multidisciplinary approach

Roshan Paladugu

Orientador(es) j Cristina Barrocas Dias

Donatella Magri

Federico di Rita

�Evora 2023



A tese de doutoramento foi objeto de aprecia�c~ao e discuss~ao p�ublica pelo seguinte j�uri nomeado
pelo Diretor do Instituto de Investiga�c~ao e Forma�c~ao Avan�cada:

Presidente j Jo~ao P. Prates Ramalho (Universidade de�Evora)

Vogais j Anne-France Maurer (Universidade de�Evora)
Cristina Barrocas Dias (Universidade de�Evora) (Orientador)
Federico di Rita (Universit�a degli Studi di Roma "La Sapienza")
Jane Elizabeth Thomas-Oates (University of York)
Marco Ant�onio Jim�enez Gonzalez (Universidad Aut�onoma de Madrid)
Marco Diogo Richter Gomes da Silva (Universidade Nova de Lisboa)

�Evora 2023



 

 
 
 
 
 
 

Agricultural practices and environmental ��changes in the Phoenician -Punic 
Western ��Mediterranean during  8-5 th century ��BCE 

 

 

 

Roshan Paladugu 

 

Supervision: Cristina Barrocas Dias 

              Donatella Magri 

              Federico Di Rita 

 

 

Chemistry  

Environmental and Evolutionary Biology  

 

08/ 06/202 3 

 

This dissertation includes  the criticisms and suggestions made by the Jury. 

 

 

 



You cannot hope to be a scholar. But what you can do is to curb your arrogance.
- Marcus Aurelius



ACKNOWLEDGEMENTS

I want to thank my supervisors: Prof. Cristina Barrocas Dias, Prof. Donatella Magri, and
Dr Federico di Rita for guiding me through this doctoral journey. I will never forget the
incredible kindness and patience they had for me. This thesis would not have been possible
without the support of Prof. Ana Arruda and Prof. Elisa de Sousa in the form of access to
the material and being there for all my archaeological queries. Ana Olaio and Irís Dias also
provided the material from Quinta do Almaraz and provided archaeological support. Dr
Alessandra Celant has taught me elementary archaeobotanical identi�cation and has been
instrumental in contextualising this work's botanical aspects. Dr Anne-France Maurer
has played the role of a mentor and colleague. I will always be grateful for the long
discussions about stable isotopes and R. I regret not meeting Dr Cleia Detry early in my
research. She has been a key �gure in the equid collagen marker development. Dr Kristine
Korzow-Richter has in�uenced my doctoral journey the most after my supervisors. An
accidental meeting turned into a fun adventure of developing the equid collagen marker.
She also made my stay at Harvard pleasant and memorable. I would also like to thank
Prof.Christina Warinner, who graciously supported the equid collagen marker endeavour
and o�ered to train me with her group. Special mention to Agnes Schneider, who spent
hours teaching me QGIS. It is said that even an arduous journey becomes easy with the
right company. Margarida Nunes and Ana Margarida Cardoso have been amazing friends
and colleagues. I will always cherish our discussions and vents. Sergio Lins and Thomas
Rose have played the role of siblings more than colleagues/friends. This journey would
not have been possible with all the happy moments and emotional support they gave me.
Gopesh Jha played the role of the calm and collected younger sibling. All those long
archaeological discussions and dreams have been the source of inspiration. I also would
like to acknowledge the contribution of Silvia Russo, who has made me a better scientist
and human. She has taught me the lesson of constantly pushing the boundaries to do
better in science. Lastly, I would like to thank my parents, who have believed in me and
supported my choices.

This project has received funding from the European Union's Horizon 2020 research and
innovation programme under the Marie Skªodowska-Curie grant agreement No. 766311.



PREFACE

Phoenicians have received chronically little attention compared to Romans in Mediter-
ranean archaeological studies. Though the existence of Phoenician culture was discovered
in the early 19th century, formal investigations did not start till a few decades later.
Moreover, many Phoenician city-states exist in modern-day states where geopolitics are
volatile, making long-term excavations unsustainable. This is compounded by the shortage
of trained experts, infrastructure, and funds to conduct research. In Portugal, ceramics
and metals have been the focus of much of the archaeometrical research from Phoenician
contexts. Ceramics have been studied to understand cultural transitions and trade net-
works. More importantly, ceramics have been used for relative dating in conjunction with
radiocarbon dating because of the famous `Dating Problem'. On the other hand, bronze
and silver metal objects have been of particular interest since they were the primary mo-
tivation for the Phoenician westward expansion. The agricultural aspect has been largely
ignored until a decade ago. Systematic zooarchaeological studies consist of the �rst ef-
forts. Only two archaeobotanical studies were carried out, of which only one has been
published. The severe lack of environmental studies and long-term excavations severely
hinders agriculture investigation. Fortunately, e�orts have started to plug these gaps so
that chemical analyses can be carried out. This thesis aims to be a pilot study to set
the ball rolling in kicking start a broader conversation about the husbandry and farming
practices carried out by the Phoenicians in the Western Mediterranean.



ABSTRACT

This thesis is a �rst-of-its-kind attempt to study Phoenician husbandry and farming prac-
tices in Portugal between the 8th to the 5th century BCE. The main approaches are stable
isotope analyses of plant and collagen of faunal remains to reconstruct the cultivation
and husbandry practices and zooarchaeology by mass spectrometry (ZooMS) to perform
taxonomic identi�cation of various livestock. The isotopic and ZooMS data complements
information obtained by the morphological studies of both carpological and osteological
remains.

Botanical remains recovered includes barley, wheat, peas, and broad beans, with barley
being the most abundantly cultivated cereal crop. Ovicaprids were the most abundant do-
mesticates, followed closely by cattle and pigs. Rabbits and red deer are the most common
wild fauna while most of the bird remains belong to chicken. Horse bones were recovered
in one archaeological site. The stable isotope results of barley indicate that it depended
primarily on natural precipitation with a certain intensity of manuring. The di�erences
from stable isotope data of domesticated fauna suggest a diverse management strategy
for di�erent species based on their economic importance and capitalising on animal by-
products such as wool and dairy products. Some of the domestic animals in the di�erent
sites present a sulfur isotopic data that is not consistent on them being raised on coastal
areas. The novel collagen peptide marker developed to be used in ZooMS is successful in
distinguishing horses and donkeys. The marker will be vital for future investigations into
the introduction of donkeys in the Iberian Peninsula.





RESUMO

Práticas agrícolas e mudanças ambientais no Mediterrâneo ocidental fenício-
púnico durante o século VIII-V BC: uma nova abordagem multidisciplinar

Esta tese é uma primeira tentativa de estudar as práticas agrícolas no período Fenício
em Portugal entre os séculos VIII e V a.C. São utilizadas análises de isótopos estáveis de
carbono, azoto e enxofre de restos carpológicos e colagénio ósseo de fauna para reconstruir
as práticas agrícolas, e ZooMS para conseguir a identi�cação taxonómica de algumas
espécies animais. Os dados isotópicos e de ZooMS complementam a informação obtida
através do estudo morfológico dos restos carpológicos e osteológicos.

Os restos carpológicos recuperados incluem cevada, trigo, ervilhas e favas, sendo a cevada a
cultura cerealífera mais abundante. Os ovicaprideos são os amimais domésticos mais abun-
dantes, seguidos de perto por bovinos e suínos. Os coelhos e veados-vermelhos são a fauna
selvagem mais comum, enquanto a maior parte dos restos osteológicos de aves pertencem
à galinha. Retos osteológicos de cavalo foram recuperados num dos sítios arqueológicos.
Os resultados isotópicos da cevada indicam que o cultivo desta envolvia alguma adubação,
mas que dependia principalmente da precipitação natural. Os dados isotópicos da fauna
domesticada sugerem que os Fenícios teriam uma estratégia de gestão diversi�cada para
as diferentes espécies de animais com base na sua importância económica, considerando os
subprodutos como a lã e os produtos lácteos. Alguns dos animais domésticos apresentam
valores isotópicos de enxofre que não são consistentes com serem provenientes de zonas
costeiras. Foi identi�cado um novo marcador de peptídeo de colagénio que permite a dis-
tinção de cavalos e burros por ZooMS. Este marcador será vital para futuras investigações
sobre a introdução de burros na Península Ibérica.
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CHAPTER

1
INTRODUCTION

1.1 Project objectives and approaches

A radiation of settlements in the Mediterranean were established or taken over by Near

Eastern diaspora from the Levant region starting in 9th century B.C.E. This colonization

process took nearly two centuries to conclude. Commercial activities and Iberian mineral

resources have been widely accepted as the driving force behind the expansion of the

Phoenicians. A less studied but viable factor was the rich fertile land with easy access

to water in Southern Iberia. An important hypothesis which has gained interest in the

recent years is that agricultural activities could have also played an important role in

Phoenician colonisation of the Iberian Peninsula. The Phoenicians had to secure stable

food supply chains for the populations in the settlements as well create a parallel revenue

stream apart from the industrial activities (Arrastio, 2000; Wagner and Alvar, 2003). The

South Western coast of Iberia is noted for its fertile soils and the Phoenicians exploited

this landscape while actively transforming it (Arruda, 2003). Rural areas have always been

exploited for agriculture, which requires large extensions of land. Agriculture consists of

two main activities, farming and husbandry. Key factors in deciding the farming strategy

are environment and geography. The Mediterranean climate during the Phoenician time

was a period of aridity with long dry summers and scanty rain in winters (Neville, 1998).

The landscape is composed of hills and plateaus, with rivers cutting through them, and

fertile riverine valleys. The Phoenicians brought agricultural aspects such as irrigation
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techniques (to improve upon the native practices) and iron implements such as plowshare

(Gómez Bellard, 2019). The introduced better yielding cultivars of grapes and olives as

well as new species of animals such as donkey and chicken (Davis, 2007; Gómez Bellard,

2019). Following the `sixth century crisis' (see Section 1.4), the use of both settlement

and domain was altered to a great extent. There was a greater cultivation of cash crops

and wine together with the exploitation of local arboreal products (Queiroz et al., 2006).

The systematic and large-scale cultivation of grapes and olive was introduced by the

Phoenicians in Iberia (Gómez Bellard, 2019; Queiroz et al., 2006).

The main objective of this project is to understand the rural landscape changes occurring

in Portugal with the arrival of the Phoenician - Punic merchants during the period span-

ning the 8th -5th centuries BC. An investigation into the agricultural strategies (husbandry

and farming practices) were conducted at four selected archaeological sites of Portugal.

Stable isotopes (C, N, and S) analyses of plant macro-remains and bones of wild fauna

and livestock will be combined with background environmental data of the studied sites,

to investigate the way of life of the populations, using a multidisciplinary approach. The

proteomic approach of zooarchaeology by mass spectrometry was also employed to per-

form taxonomic identi�cation of livestock which are di�cult to identify morphologically.

Donkeys and horses has been a point of enquiry due the fact that Phoenicians introduction

of donkeys to the Iberian Peninsula has been contested. Since, its very di�cult to distin-

guish between horses and donkeys based on morphology alone, a novel collagen marker

was developed (Chapter 9). While the Phoenician metal exploitation perspective has been

studied, the agricultural aspects have received little attention so far.

1.2 Phoenicians in Iberia

Con�rmed by the presence of Mycenaean ceramics, contacts between the Iberian Peninsula

and the Aegean region have existed since the Late Bronze Age (Martín, 2005). These

pre-colonial contacts supplied the Phoenicians with the knowledge of navigation routes,

logistical needs, and points of entry to the Iberian Peninsula (Arruda, 2009). Based on

established radiocarbon chronology, the Iberian Peninsula saw the in�ux of Phoenicians

starting with the 9 th century BCE or even as early as the 10th century BCE (De Canales

et al., 2006; Escacena Carrasco et al., 2007; Nijboer and van der Plicht, 2006; Sánchez

Sánchez-Moreno et al., 2012). The Phoenician settlements were organised in a strategic

2



CHAPTER 1. INTRODUCTION

and well-connected manner with the colonisation starting from the Eastern Mediterranean

and progressed westward. This phenomenon referred to as the `Phoenician expansion',

was spread across the Mediterranean, eventually reaching the Atlantic coast of Europe.

In a strategic move, the Phoenician expansion followed the existing Bronze Age networks

for metal trade. This tracing of network is marked by the establishment of permanent

settlements or taking over of previously existing settlements.

With the Phoenician presence, the settlements show evidences of manufacturing craft

products, metallurgy, ceramics, and agriculture (López Castro, 2019). The Phoenician

presence is identi�ed through the changes observed in urban and defensive architecture,

archaeological remains, language, and texts. The littoral zones are the most impacted

by the Phoenician presence on a socio-economic, technological, agricultural, and cultural

level (Arruda, 2019). Near-Eastern diaspora responsible for arriving and establishing

settlements in the Iberian coastal regions was an element of more extensive organised

colonisation. It has been hypothesised that the Western Phoenicians of Huelva and Cadiz

Gulf might have played an instrumental role in the preparations starting in the 10th century

BCE, in collaboration with indigenous people (Arruda, 2009). The driving reason for the

planned colonisation of Portuguese territory was the abundance of metalliferous resources

needed to establish a stable supply chain for the Mediterranean region (Arruda, 2009;

Aubet, 2001, 1987; Eshel et al., 2019; Markoe, 2005). Since Late Bronze Age, parts of

the Iberian Peninsula, including Portugal, have been integrated into a Mediterranean �

Atlantic trade network of metal artefacts (Arruda, 2019, 2008; Vilaça, 2008).

1.3 Phoenicians in Portugal

The settlements in Portugal were a part of the greater Mediterranean � Atlantic Phoenician

trade network. Phoenicians, through the establishment of agreements and negotiations

with the native Iberian communities, mined the Iberian Pyrite belt for silver, tin, lead,

and copper in the early 8th century BCE (Eshel et al., 2019; Renzi et al., 2012; Wood et al.,

2019). These mined metals were hauled back to the inner Mediterranean region through

their well-established networks through posts along the rivers and the southern shore of

the Iberian Peninsula (Eshel et al., 2019). True to their sea-faring nature, the Phoenicians

established their settlements in the coastal zones, often on estuaries of di�erent rivers in

Portugal (Arruda, 2000). Most Phoenicians sites were indigenous of nature in the Late
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Figure 1.1: Map of Phoenician sites in Portugal mentioned in this text: (1) Santarém; (2)
Largo de Santa Cruz do Castelo; (3) Quinta do Almaraz; (4) Santa So�a (Vila Franca de Xira);
(5) Castro do Amaral (Alenquer); (6) Alto do Castelo (Alpiarça); (7) Quinta do Alorna; (8) Al-
cáçer do Sal; (9) Abul; (10) Tavira; (11) Castro Marim. Marked in red are the sites from which
fauna was studied for this thesis.
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Bronze Age, which became `Oriental' in the following Iron Age levels. Though under

the colonial in�uence, artefacts of local tradition were still found in signi�cant quantities

(Arruda, 2019).

Radiocarbon dates from the sites of Santarém and Quinta do Almaraz (Fig. 1.1) show

that the colonisation process began in the early 9th century BCE. R1-10.1.1.1 type of

wine amphorae, red-slip ceramics,pithoi, glass beads and adornments, and iron artefacts

have been found in the above sites (Arruda, 2019). Archaeological layers corresponding

to the oldest Iron Age of the sites also present evidence of the local cultures in the form of

indigenous hand-made ceramics. Chronological data also suggests that the westernmost

part of the Tagus estuary (10th - 9th century BCE) was the �rst region to be colonised by

the Phoenicians (Soares and Arruda, 2017). By the 7th century BCE, the Tagus estuary

became a locus for a number of Phoenician settlements such as Santa So�a, Castro do

Amaral, Alto do Castelo, and Quinta da Alorna (Fig. 1.1). These sites are all located in

proximity to the river and form a network of close interconnected spaces. This has been

interpreted as a complex system of unique political, economic, and ethnic combinations

constituting a singular identity (Arruda, 2019). The Southern coast of Portugal was

colonised much later (9th - 8th century BCE) than the Atlantic coast (Soares and Arruda,

2017). These facts indicate a well-planned colonisation program where the targets and

objectives were to control designated territories and networks (Arruda, 2009).

In the later phases (8th - 5th century BCE) of the Phoenician colonisation, the Mondego

and Sado estuaries became more prominent (Soares and Arruda, 2017). On the banks of

the Sado river, Alcáçer do Sal (Fig. 1.1), a prominent indigenous settlement with a necrop-

olis, has strong Oriental attributes in its architectural elements and spaces (Arruda, 2009).

The necropolis at Alcáçer do Sal also has funerary practices not seen in the Western part

of the Peninsula but present in the Mediterranean region. The incineration was carried out

in a ustrinum and then the ashes were put in a cinerary urn, which was buried in a small

ditch (Arruda, 2019). The intense and prolonged settlements along the Southern Iberian

coast cannot simply be explained by the quest for mineral sources, primarily because a

considerable part of them are situated in locations with neither metallogenic minerals nor

pre-existing indigenous settlements. This settlement pattern is further emphasised by the

contrast between the densely clustered settlements of Iberia and the sparsely scattered

settlements of North Africa. Other factors in�uencing settlement density include agricul-

tural resources (Wagner and Alvar, 2003; Wagner and Alvar, 1989), exploitation of marine
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resources (e.g., salt (Manfredi, 1992), Tyrrhenian Purple production (Uriel, 2000)), tim-

ber (Treumann, 2009, 1998), and labour force (Arrastio, 2000, 1999). The Phoenicians

transformed the landscape tremendously, with forested areas being converted to arable

lands suitable for cultivation of olives and grapes (Arruda, 2003). This introduction of

large-scale farming could be to ensure stable sources of food for the population apart from

industrial activities as a shift in social and dietary habits (Arruda, 2019).

1.4 Sixth century crisis

The `sixth century crisis' is a socio-economic event where the Phoenician settlements in

the Mediterranean region undergo massive loss of populace and subsequently trigger an

economic collapse. It is not very clear which if population loss triggered the economic crisis

or vice-versa. Though the �ne dynamics of the crisis are not understood, it is theorised

that the fall of the Tyrean monarchy in 573 BCE was the cause of this socio-political

crisis. Tyre was defeated by the Babylonians after a thirteen-year siege and the political-

commercial lines between the colonial outposts and the metropolis were a�ected. The �rst

signs of crisis in the Iberian Peninsula is the abandonment of the settlements around 600

BCE (Alvar Ezquerra et al., 1992). Tyre was the main supplier of Western products in

the East, particularly luxury goods. The war possibly lead to the sharp drop in demand of

manufactured goods from the Western Mediterranean. This economic crisis is also thought

to be due to the depletion of accessible mineral resources in the Iberian Peninsula. The

cessation of the mining activity also coincides with the �rst signs of abandonment of

settlements. Whatever the reason, the economic decline led to the change in primary

activities of the populace from mining and manufacturing to agriculture (van Dommelen

et al., 2008).

1.5 Landscape, Geography, and Climate

The geographical setting of Portugal, being located at the southern margin of the northern

hemisphere temperate zone and the northern margin of the subtropical high-pressure zone,

causes the climate of the mainland to be in�uenced by the seasonal latitude shift of the

jet stream that directly impacts the trajectory of the polar front (Vieira et al., 2020).

Mainland Portugal has been classi�ed by the geographer Orlando Ribeiro into four regions
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Figure 1.2: The climatic regions of Portugal according to the classi�cation of Orlando Ribeiro
il lustrated along the coastline (Dalcin et al., 2020; Ribeiro, 1945).
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(Fig. 1.2): North Atlantic, Pre-Atlantic, Pre-Mediterranean and Mediterranean (Ribeiro,

1945). The physical boundaries of these regions coincide with orographic reliefs, river

basins, soil conformation and di�erent plant cover characteristics (Dalcin et al., 2020).

Broadly speaking, Portugal exhibits a Mediterranean climate with cool, wet winter and

hot, dry summer. By the Köppen � Geiger classi�cation, the summer in the north is fresh

(Csb) while the one in the south is hot (Csa) (Dalcin et al., 2020). Air �ows from the

Atlantic, Mediterranean, northern Europe, the Arctic, and north Africa determine the

regional climate, with the annual rhythm being set by the landforms and their spatial

distribution (Medeiros and Ferreira, 2005; Vieira et al., 2020). Due to the mountainous

terrain of the north and primarily plains with hills, a general north-south gradient linked

to the latitude control is observed (Daveau, 1985). The Portuguese coast is also divided

into two zones based on these climatic conditions: Atlantic (northern and central part),

and Mediterranean (southern part) (Carvalho and Andrea, 2003; Dalcin et al., 2020).

The geographical border between these two zones is marked by the Central Cordillera,

Limestone � Massif of Estremadura, the Lousã, Açor, and the Estrela mountains. With

the mountains acting as an orographic barrier to the western air streams, the Western

façades are wetter than the Southern slopes and thus the latter side is more Mediterranean

in nature (Vieira et al., 2020). In terms of temperatures, Portugal has one of the highest

surface temperature gradient in the world, controlled by latitude (Medeiros and Ferreira,

2005). In summers, the temperatures are determined by the distance to the coast and

altitude due to the presence of the subtropical anticyclone of the Azores and a thermal

low over Central Iberia (Daveau, 1985). The Atlantic Ocean greatly a�ects the summer

temperatures of mean temperature 30°C with the exception of Algarve which is protected

by the mountains of Monchique and Caldeirão. In winters, due to unstable atmospheric

conditions, the temperatures fall with increasing altitude and distance from the coast.

Rainfall in Portugal occurs in the cold season which is characteristic of the Mediterranean

climate. The rainfall in Portugal is unevenly distributed due to physical barriers. A

thing which should be noted is the high inter-annual �uctuation of precipitation in the

Mediterranean climates (Vieira et al., 2020). The climate was warm and dry during the

Phoenician times, due to a lower amount of precipitation, decline of evergreen �ora, and

expansion of upland heath scrubs (Fletcher et al., 2007; Neville, 1998).

Phoenician sites in Portugal were mostly located in the littoral regions until the 6th century

BCE with most of them being constrained to the major river basins: Mondego, Tagus, and
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Sado to the West, and Gilão and Guadiana in the South (Arruda, 2009). Like the cities in

the Levant which were home to the colonisers, the settlements in Portugal are also located

mostly on the coast, dominating a bay or smaller riverine inlets which act as natural ports

(Neville, 1998). Phoenicians also chose to build their settlements on naturally elevated

locations often overlooking a river and often in proximity to the coast. The proximity to

the coast and the river gave them access to fertile alluvial soil for cultivation. The location

of the sites gave them a natural advantage of having strategically defensive position. The

rivers also gave access to the connected hinterland and the other communities. By locating

the sites in estuarine settings, the Phoenicians also had an easy access to the sea via the

bays and riverine inlets which also acted as natural anchoring points and shelters from

adverse weather conditions (Neville, 1998). Since most of the Phoenician sites are located

in estuarine/riverine settings, they were well-suited for agricultural activities. The fertile

alluvial soil on the river banks close to the sea, made farming easier. The crops could be

easily irrigated with water from the river. Animal husbandry, also might have pro�ted

from the easy access to water and grazing areas in the immediate hinterland.
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CHAPTER

2
PHOENICIAN - PUNIC

AGRICULTURE

The primary issue with studying Phoenician agriculture is the lack of contemporary lit-

erary sources, unlike Greek, Roman, or Medieval periods. Much of the information about

Phoenician - Punic agriculture is sourced from the treaty by Mago, parts of which only

survived and were consequently translated (Martin, 1971). Other narratives temporally

close to the period of our interest are written from the Greek and Roman domains several

centuries afterwards (Gómez Bellard, 2019; Krings, 2008). Pioneering archaeological ex-

cavations of di�erent settlements in the Mediterranean region since the 1980s have led to

the development of the current understanding of Phoenician � Punic rural spaces (Dom-

melen, 2006; van Dommelen et al., 2008). Agriculture, which is the primary activity in

rural spaces, was better understood through the subsequent archaeobotanical and zooar-

chaeological studies on recovered plant and animal remains (Aubet, 2001; Wagner and

Alvar, 2003; Wagner and Alvar, 1989). As previously mentioned, the Phoenician colonists

had a coastal presence, and the sites quickly expanded in size due to their strategic lo-

cation. Most of these sites were located in a landscape similar to the Levant region: in

proximity to the coast and marked with steep mountain ranges and riverine valleys. Be-
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ing located in a river valley allowed the colonisers to adapt existing practices from the

Mediterranean in the Iberian hinterland. This included modifying and adapting the land-

scape to suit their agricultural needs, comprising farming and animal husbandry (Gómez

Bellard, 2019). The advances in agricultural techniques from the Levant, such as irriga-

tion and manuring, were most likely implemented to improve the native methods. The

development of metallurgical technology, especially iron production, made more robust

implements feasible. Agricultural techniques were not the only entities introduced by the

Phoenicians in Iberia. They introduced better-yielding cultivars (e.g., grapes and olives)

and new species of animals (e.g., donkey and chicken) (Davis, 2007; Queiroz et al., 2006;

Van Leeuwaarden and Janssen, 1985).

Studying farming practices from the Portuguese territory is extremely limited due to the

lack of systematic sampling and methodical application of recovery techniques of animal

bones and botanical remains. Despite being an important region to understand the transi-

tion from hunter-gathering to food production, minimal e�orts have been put into pursuing

archaeobotany in Portugal. The lack of prior systematic studies hampers our e�orts to

develop a broader picture of Phoenician farming. In this study, we try to draw parallels

from studies on Andalusian sites to create a loose framework to contextualise our data.

2.1 Crops

With the occurrence of `6th century crisis', the Phoenicians seem to have directed their

focus to the cultivation of cash crops. The crisis might have partially led to changes in

the primary economic activities of the colonies. This change is marked by changes in

the material culture too. The term `Punic' is commonly used to de�ne this period which

ranges from the middle of 6th century BCE to the end of 2nd century BCE (Gómez Bellard,

2019). The primary change in the agriculture after the 6th century crisis occurred through

the exploitation of rural spaces. The colonial forces studied the landscape thoroughly to

build farms and villages to suit their agricultural strategies (Arruda, 2019; van Dommelen

et al., 2008). Due to slight inconsistencies in chronology, the changes are considered

to occur between the 6th and 5th century BCE in the Iberian Peninsula and various

other regions under colonial in�uence. The agricultural economy was once again export-

driven with the main products being olive oil, wine, cereals, and pulses. Cereals were the

most abundantly grown cash crop followed by pulses. This scale of agriculture probably
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required large swathes of cultivable land. The need to cultivate large areas of land became

the driving factor for implementing innovative techniques in both farming and animal

husbandry (Gómez Bellard, 2019). The spread of iron metallurgical techniques played

a huge role in increasing the scalability of farming. Farming implements made of iron

were of high quality, produced good yields, and were durable. Of the implements, the

ploughs made of iron could be used more pro�ciently with the help of cattle and horses to

turn the soil quicker and deeper (Gómez Bellard, 2019; Wagner and Alvar, 2003; Wagner

and Alvar, 1989). An increase in population due to migration could have been another

signi�cant factor that caused a shift in the economy due to increased food demand. This

shift caused a cyclic process of agricultural production and demographic increase, which

can be traced to material culture improvements (Gómez Bellard, 2019).

Cereals have been the central tenet of human subsistence in the European region since the

advent of agriculture and continued well into the Iron Age. Human societies have con-

sumed barley and wheat in various forms in the Phoenician � Punic world (Campanella,

2008). Consequently, cereals have been the most abundant carpological remains in exca-

vations across the Iberian Peninsula. The consensus was that wheat was dominating in

Mediterranean sites and barley in the Atlantic sites (Neville, 1998; Semmler, 1992). The

high abundance of barley compared to wheat at the site of Castro Marim in Portugal

cast doubt on the generalisation (Queiroz et al., 2006). One explanation for this varied

preference of cereals is that the cultivators knew the nature of the land well. They selected

the species that returned the most yield with the available resources and the number of

side products (Iborra, 2004). According to Columella, the Roman agronomist from Cádiz,

the cultivation of cereals required 43 hours of working hours per hectare per year (Col.

2.12.17) (Gómez Bellard, 2019). This indicates that cereals require very little investment

of sta�ng and time, with the added advantage that the cultivation cycle is short.

On the other hand, pulses acted as the primary plant-based sources of protein for the

Phoenician-Punic populations. Chickpeas (Cicer arietinum ), shell beans (Phaseolus vul-

garis), broad beans (Vicia faba), and peas (Cicer arietinum ) were some of the commonly

cultivated pulses. Farmers could have cultivated pulses to replenish the soil nitrogen af-

ter a cycle of cereal cultivation. Unfortunately, enough studies have not been carried

out to understand the preference amongst the di�erent species of pulses amongst the

Phoenicians. Another signi�cant characteristic of Phoenician agriculture is the extensive

arboriculture (Pérez-Jordà et al., 2021). The Phoenicians utilised arboreal products such
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as timber and fruits. Though exploitation of wild resources was a common practice by the

indigenous communities, large scale establishment of orchards of fruits like pomegranate

(Punica granatum), almonds (Prunus dulcis), and �gs ( Ficus carica) was also carried out.

Though cultivated on a large scale, grapes and olives were cash crops. The other di�erence

from cash crops is that these species take years before they bear fruit. Thus, grape and

olive cultivation was a long-term investment and the coloniser's expression of intent to

stay more or less permanently. Added to the investment of time is the need for intensive

labour and agricultural organisation in cultivating these two species (Amouretti, 1992;

Gómez Bellard, 2019). The last kind of plants cultivated by the Phoenicians are likely

fresh vegetables, but not much archaeological evidence exists since they are not preserved.

The cultivation of fresh vegetables is implied by the fact that irrigation was practised

in the countryside of Carthage, and some ancient sources mention the use of garlic (Al-

lium sativum), onion (Allium cepa), cabbage (Brassica oleracea), and cucumber (Cucumis

sativus) (Gómez Bellard, 2019). Though no Phoenician irrigation structures have been

identi�ed yet in Portugal, permanent irrigation systems and small vegetable gardens have

been reported in the Mediterranean region (Dommelen, 2006).

2.1.1 Cereals

Cereals (wheats and barleys) have been found in sites across the Iberian Peninsula since the

emergence of agriculture around 5000 BCE, with free-threshing wheat, naked barley, and

hulled barleys being the most abundant till the Iron Age (Buxó et al., 1997; López-Dóriga,

2016). With the advent of the Iron Age, hulled barley and free-threshing wheat became

the most important taxa. The cultivation methods of cereals seem to vary across regions

and time. Two critical factors a�ecting the distribution of cereals in the Iberian Peninsula

are the prevailing climate and the ability of the speci�c taxa to adapt to the ecological

conditions (Buxó et al., 1997). Since archaeobotanical studies of Portuguese Iron Age

agriculture are non-existent, we will try to paint a global perspective with studies from

Spanish sites and extrapolate the conclusions to Portuguese sites while acknowledging the

ecological and geographical diversity of the Iberian Peninsula. Among cereals, barley and

globiform wheat have always been cultivated in Portugal and were the most widespread

cereals until Iron Age. Charred caryopsis have been found with varying frequencies at

di�erent archaeological sites across chronologies since the Neolithic (Hopf, 1964; Pinto da
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Silva, 1988, 1943; Queiroz et al., 2004; Queiroz et al., 2001; Queiroz and Leeuwaarden,

2003; Queiroz and Ruas, 2004; Queiroz and Ruas, 2001).

Cereal taxa in the Iberia and their general characteristics are:

a. Free-threshing wheats (Triticum aestivum/durum )

ˆ Triticum aestivum and Triticum durum are two very di�erent species that be-

long to distinct genetic groups and have di�erent protein content (Rachon et

al., 2012). However, in most archaeological texts, these two species are clumped

together because it is impossible to distinguish between them based on mor-

phology alone. The criteria published by Hillman (1978) and Jacomet and

Schlichtherle (1984) are the basis for identifying the two species, but even the

authors are cautious about the certainty (Buxó et al., 1997). Coming to the

morphology of the naked wheat grains, the body is usually rounded with a

truncated apex and a deep narrow furrow. The length ranges between 3 � 6.9

mm. A smaller variety of this taxon, designated as Triticum aestivum var.

compactum has been identi�ed in a few sites in Portugal (Hopf, 1991). Naked

wheat has been recovered in the Iberian Peninsula from the Early Neolithic till

modern times. The cultivation of naked wheat coincides with hulled wheats

in the Mediterranean. In some cases, it has been found to be preferred over

the barleys (as reported in Buxó et al., 1997), probably for its lower water re-

quirements. Naked wheat remained the main cereal through the Chalcolithic

and Bronze Ages. In Iron Ages I and II, naked wheat was widely cultivated

throughout the Mediterranean (Buxó et al., 1997).

b. Hulled wheats (Triticum dicoccum , Triticum monococcum, and Triticum spelta )

ˆ Triticum dicoccum , Triticum monococcum, and Triticum spelta have pointed

apices as a common characteristic withTriticum monococcum being more

pointed. In lateral view, Triticum monococcum has a more or less convex

ventral side, while Triticum dicoccum has a �at/concave ventral outline. In

addition, the ventral furrow in Triticum monococcum is narrower and deeper

than in Triticum dicoccum . Triticum monococcum and Triticum spelta are less

commonly found in archaeological records in Iberia (Buxó et al., 1997). They

have not been found at Phoenician sites in Portugal as of now. In Iberia, hulled
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wheat appears at later dates than naked wheat. It is found in small quantities

in the Late Neolithic and presents a declining trend from the Chalcolithic. In

the Iron Age, the occurrence falls greatly but does not disappear completely

(Buxó et al., 1997).

c. Hulled barley (Hordeum vulgaressp. vulgare and Hordeum vulgarevar. nudum)

ˆ Hordeum vulgaressp. vulgare is the most abundantly found taxa at Phoenician

sites in Portugal. The grains are 4 � 8 mm in length, though it has been

suggested that there has been some evolution in the grain size of hulled barley

(Buxó et al., 1997). Spanish sites in the South of Spain such as Cerro del Villar

have also reported the presence of hulled barley in large quantities (Neville,

1998). Hulled barley has been found in Iberia since the Neolithic, often with

naked wheat where the latter is more abundant. Naked wheat continues to be

preferred over hulled barley through the Chalcolithic and the Bronze Age. In

the �rst Iron Age, hulled barley suddenly becomes the dominant taxon over all

the other cereals and this trend becomes more profound in the second phase

of Iron Age (Buxó et al., 1997). This could be because of the adaptability of

hulled wheat to a wide range of soil qualities and water conditions.

d. Naked barley (Hordeum vulgarevar. nudum)

ˆ Hordeum vulgarevar. nudum are more rounded than hulled barley where the

apex is curved and the furrow is narrow and deep. At the site of Castro Marim,

a large number of charred naked barley grains along with hulled barley have

been reported (Queiroz et al., 2006). Measurement studies show that naked

barley grains are smaller than hulled barley with lengths ranging between 3.7

� 5.8 mm. Length/breadth ratios show that the grain is rounder than those

of hulled barley (Buxó et al., 1997). Naked barley has been often found along

side hulled barley since the Neolithic till the Iron Age but in relatively lower

quantities (Buxó et al., 1997).

2.1.2 Pulses

Post-domestication, a combination of pulses spread through the Mediterranean and

reached the Iberian Peninsula in the Neolithic period. Pulses have often been cultivated
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in tandem with cereals to replenish soil nitrogen levels. People in Iberia have long utilised

pulses as an alternative to animal-sourced protein. In the Early Neolithic, a very high

density of legume diversity has been observed in Iberia (Peña-Chocarro et al., 2018). Pea

(Pisum sativum), lentil ( Lens culinaris), broad bean (Vicia faba), grass and red pea (Lath-

yrus sp.), bitter vetch ( Vicia ervilia ) and common vetch (Vicia sativa) have been identi�ed

at many sites in the Eastern coast and in Andalusia. López-Dóriga (2016) reported that

Lathyrus sp. was dominant with lesser abundance of pea, lentil and broad bean on the

Atlantic coast of Portugal. Overall, the evidence suggests that legume cultivation was well-

established in the South of Iberia including Portugal during the Neolithic. As previously

mentioned, due to a chronic lack of archaeobotanical studies, no information is available

to understand cultivation patterns of pulses apart from the period of study covered by

López-Dóriga (2016). The only archaeobotanical studies carried out on Phoenician layers

are from Castro Marim and Santarém by Paula Queiroz. A small quantity of pulses have

been reported from the site of Castro Marim which include:

a. Broad beans (Vicia faba)

ˆ The broad beans at Castro Marim correspond to the variety Vicia faba var.

minuta, which have been found at other pre-historic sites in Portugal (Queiroz

et al., 2006). This speci�c variety persisted till the Middle Ages. Broad beans

are a good source of protein and can be stored for a long time when dried. The

dried beans can be consumed by soaking them or grinding them to make �our.

It is also the most frequently found legume in Portuguese archaeological records,

and the oldest occurrence is from the Chalcolithic (Queiroz et al., 2006).

b. Garden peas (Pisum sativum)

ˆ Garden peas have not been reported by Paula Queiroz in her original report

but were identi�ed during this thesis's investigation from the same site. Garden

peas have been identi�ed across many sites in Portugal since the Early Neolithic

and have been consumed well into modern times (López-Dóriga, 2016). Like

the other pulses, it, too, can be stored in its dried form and is a good source of

protein.

c. Chickpeas (Cicer arietinum )

ˆ Chickpeas arrived in the Mediterranean region from western Asia, in modern
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day Turkey (Van der Maesen, 1987; Zohary et al., 2012), and were introduced

to the Iberian Peninsula much later than other pulses. Despite its late introduc-

tion, it was widely cultivated throughout the Peninsula (Queiroz et al., 2006).

Little is known about its status during the Phoenician times, but it was con-

sidered a luxury product for high-ranking military o�cers during the Roman

times (Bakels and Jacomet, 2003). The charred chickpea from Castro Marim

is the oldest specimen of this species from the Portuguese territory to this date

(Queiroz et al., 2006).

2.1.3 Grapes and olives

The characteristic feature of Phoenician farming in the Iberian Peninsula is the introduc-

tion of large-scale grape and olive cultivation. Wine and olive oil were the top products

and were symbolic exports of Iberia during the Iron Age until the Roman times. Micro-

scopic examination and organic residue analysis of ceramic amphora suggest that wine was

initially imported from Eastern Mediterranean and other territories until local production

kicked in (Buxó, 2008). The oldest grape pips in Portugal are from the Chalcolithic layers

of Buraco da Pala in Mirandela. However, it is undetermined if they are of wild or do-

mesticated origin (Rego and Aira Rodriguez, 1993). Pips dated to the 5th century BCE

from Phoenician settlements in Central and South Portugal have revealed a sudden in-

crease in grape (Vitis sp.) cultivation which could have been used for wine production for

both domestic and foreign consumption (Arruda, 2003; Bellard et al., 1993; Queiroz et al.,

2006; Queiroz and Mateus, 2007). Phoenician-Punic tradition amphorae of Iberian origin

in other parts of the Mediterranean indicate the development of wine production, starting

in the 7th century BCE (Castro et al., 2016; Guirguis, 2019). Since the agricultural aspect

of the Phoenicians has not been studied much in Portuguese territory, we must rely on

the information from the sites in Spanish territory. It has been hypothetically estimated

that in the territory of Benimaquia, 400 hl of wine was produced annually and would

require somewhere between 1300 � 1600 amphorae to store it (Bellard et al., 1993). Apart

from the amphorae for storage, they would have also needed some machinery to press

and macerate the grapes to obtain wine (Buxó, 2008). Similar trends in increase of grape

and olive cultivation are observed in the Portuguese sites of Castro Marim and Santarém

(Arruda, 2003; Queiroz et al., 2006; Queiroz and Mateus, 2007). Olive oil production
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followed a similar trend as wine during the Phoenician colonisation but only reached peak

production at the end of the late Iron Age (Buxó, 2008). In Castillo de Doña Blanca,

archaeobotanical evidence shows that olive was cultivated and utilised on a large scale

(Buxó, 2008; Chamorro, 1994). Organic residue analyses of Pellicer B/C and D typology

amphorae from Castro Marim show that olives or olive oil could have been transported

to other regions in the Mediterranean (Gaspar, 2019). Similar analyses of Phoenician

wheel-made pottery from Cerro de los Vientos in Spain also presented evidence of olive

oil production in the 7 th century BCE (Sánchez et al., 2019).

2.2 Animals

Animal husbandry is the other half of agriculture which played a considerable role in the

agricultural economy of the Phoenicians. Sheep (Ovis aries), goats (Capra hircus), cattle

(Bos taurus), and pigs (Sussp.) are the most common taxa in Western Phoenician contexts

(Gómez Bellard, 2019). Apart from the indigenous fauna, the Phoenicians are credited

with the introduction of three new species to the Iberian Peninsula: chicken (Gallus

domesticus), donkey (Equus asinus), and house mouse (Mus musculus domesticus) (Davis,

2007). These taxa existed in the Central Mediterranean region for centuries before being

introduced in Iberia. The livestock played a crucial role in the rural peasant communities.

Domesticated animals were used not only as a source of meat but also as draught animals.

The secondary products such as wool, milk, and manure of the livestock also contributed

to the economy. Meat, secondary products, and live animals could have been traded; thus,

a more signi�cant number of individuals at a site indicates wealth. Before the arrival of

the Phoenicians, the indigenous communities had complex animal husbandry practices.

The Phoenicians initially adopted the local management models but started to change

them with time (Gómez Bellard, 2019). Animal management during the Phoenician times

varied greatly, depending on the species and the place (Gómez Bellard, 2019).

In this section the common taxa found in Phoenician contexts are described to understand

the diversity of the faunal assemblages.

2.2.1 Mammals

a. Cattle (Bos taurus/primigenius )
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ˆ Cattle played an important role in the agricultural societies of the Iron Age.

Most of the cattle bones from Phoenician contexts indicate that the animals

have been kept well into maturity (Cardoso et al., 2016; Davis, 2007; Raban-

Gerstel et al., 2018; Sardà Seuma et al., 2016) indicating that they were valued

for their secondary products including power and dairy products. The introduc-

tion of a more durable iron ploughshare might have increased the importance

of the cattle as source of power in the �elds. However, from traditional mea-

surements of the cattle bones, it has not been possible to distinguish between

domesticated (Bos taurus) and wild cattle ( Bos primigenius) (Davis, 2007).

b. Sheep and Goats (Ovis aries and Capra hircus)

ˆ Ovicaprids are relatively the most abundant large mammals found in Phoeni-

cian faunal assemblages (Davis, 2007; Raban-Gerstel et al., 2018; Sardà Seuma

et al., 2016). In the Iberian Peninsula, the sheep mostly outnumber the goats

since the former are easier to control and provide richer milk and wool (Davis,

2007). Like the cattle, the ovicaprids are also reared to maturity for their sec-

ondary products. The preference of sheep over goats and cattle is explainable

by the high quality secondary products obtainable from the former. On top of

that sheep are easier to manage, they huddle in groups and can be penned in

close spaces.

c. Pigs/Wild boars ( Sus domesticus/scrofa)

ˆ Pigs/Wild boars is another large mammal which is commonly found in Phoeni-

cian contexts. It is very di�cult to distinguish between pig ( Sus domesticus)

and wild boar (Sus scrofa) based on morphological analysis alone. MostSus

bones found in Western Phoenician assemblages are juvenile (Cardoso et al.,

2016; Davis, 2007). Pigs are primarily reared for their meat and fat. It does not

provide any dairy products or wool, thus making it economical to slaughter at a

young age. Wild boars on the other hand are hunted where adults are preferred

over the sub-adults. Faunal studies across Iberia reveal extensive consumption

of pork by the Phoenicians despite being of Semitic origins. Maintaining pigs

is a low cost operation and act as dense meat reserves with plenty of fat. Since

they are omnivorous, they are often fed human food scrapes/refuse. They also

have a short growth cycle, maturing quickly.
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d. Horses and Donkeys (Equus caballusand Equus asinus)

ˆ Both horses and donkeys are commonly found across sites in the Mediterranean.

They are relatively less in abundance when compared to other domesticates

reared for their meat. Horses have been utilised for riding, racing, and as

mounts in war for their intelligence and running ability (Clutton-Brock, 1992;

Hanot and Bochaton, 2018). Donkeys, on the other hand have been appreciated

for their endurance and adaptations to harsh environments, leading them to be

utilised as a load-bearing beast (Baxter, 1998; Kimura et al., 2013). Phoeni-

cians have been traditionally credited with the introduction of the donkey to

the Iberian Peninsula (Davis, 2007) but new evidence indicates that it has been

present since the Chalcolithic (Cardoso et al., 2013). Though horses and don-

keys are used primarily as draught animals, they are sometimes also reared for

meat. It is also di�cult to distinguish between horse and donkey with just

skeletal macroscopic criteria. The traditional identi�cation criteria are based

on morphology of teeth enamel (Armitage and Chapman, 1979; Davis, 1980;

Eisenmann, 1986, 1981, 1980; Uerpmann, 2002), skull (Albizuri and Nadal,

1991; Azzaroli, 1978; Eisenmann, 1986, 1980; Groves and Mazák, 1967; Kunst,

2000), and post-cranial elements (Arloing, 1882; Eisenmann and Beckouche,

1986; Hanot and Bochaton, 2018; Peters, 1998). The methodological issue

with most of these criteria is that they are dependent on the simple criteria of

bone size with the assumption that horses and hybrids are larger than donkeys

(Forest, 2008; Hanot et al., 2017). This issue has been tackled in this thesis

by developing a novel collagen marker for domesticated equids and will be de-

scribed later chapter.

e. Red deer (Cervus elaphus)

ˆ Red deer has a consistent presence in Phoenician assemblages across the

Mediterranean. It is a large ungulate which prefers open forests for foraging.

Thus, making it an easily accessible source of meat, and no evidence points

towards domestication (Davis, 2007). They could have also been hunted for

their antlers which have been recovered in many Phoenician contexts.

f. Rabbits (Oryctolagus cuniculus)

ˆ The other common wild mammal found along with the red deer is the rabbit
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(Davis, 2007). During the Phoenician period, the rabbit was not domesticated

and its presence in the assemblages is attributed to hunting. Rabbits can easily

replenish their number due to their relatively large litter size. Being larger than

poultry, rabbits must have served as an excellent source of protein.

2.2.2 Birds

g. Chicken (Gallus domesticus)

ˆ The chicken originated in the east and southeast Asia and was gradually brought

to the Mediterranean through the Middle East. The Phoenicians are respon-

sible for its di�usion across the Mediterranean region. The chicken is �rst

mentioned in Europe around 6th century BCE in Greek literature (Davis, 2007;

Hehn, 1888). The earliest evidence of chicken in the Iberian Peninsula occurs

only in Phoenician contexts (Carrasquilla, 1992). Most chicken bones found in

these contexts are juvenile indicative of the bird's domesticated status. The

introduction of chicken is crucial since they are a source of meat and eggs, en-

suring a stable food supply.

h. Red-legged Partridges (Alectoris rufa )

ˆ The other most common galliform found in the Phoenician contexts is the red-

legged partridge. It was a good candidate for domestication in the Iberian

peninsula since it is adaptable to agricultural landscapes with a gregarious and

hierarchical behaviour (Carrasquilla, 1992). However, the importance of the

red-legged partridge declined as its presence in the faunal assemblages decreased

after the chicken's introduction (Carrasquilla, 1992; Davis, 2007).

i. Other birds

ˆ Since most Phoenician sites are located near the coastline and often in proxim-

ity to river systems, a diverse taxa of birds are found in the faunal assemblages.

Several species of marine birds such as gulls (Larus sp.), gannets (Morus),

ducks (ex: velvet scoter (Melanitta fusca), mallard ( Anas platyrhynchos)), and

osprey (Pandion haliaetus) are represented in the archaeological records. Estu-

arine species including plovers (Pluvialis sp.) and curlews (Numenius sp.) are

commonly identi�ed in the assemblages (Davis, 2007).
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3.1 Stable isotopes

Atoms of an element with the same atomic number but di�erent mass numbers due to a

di�erence in the number of neutrons are called isotopes (Schoeninger and Moore, 1992).

Also, isotopes can either be in a stable or radioactive form where the stable forms are

in greater abundance. The number of neutrons in the nucleus is what di�erentiates the

isotopes from each other and thus have di�erent atomic masses. Generally, the heavier

isotopes are less abundant than the lighter isotopes of a given element in the nature

(Sulzman, 2007). Stable isotopes of the same element are chemically equivalent i.e. they

create the same number of chemical bonds in any given chemical reaction (Ben-David and

Flaherty, 2012). However, the di�erence in neutron number leads to the stable isotopes

having di�erent physical properties. These di�erences in physical properties related to

their atomic masses leads to varied behaviour, such as reaction rate and bond strength,

in chemical reactions (Sulzman, 2007). The di�erence in physical properties leads to the

preference of one isotope over the others in physiochemical processes leading to a change

in the isotope abundances of the products when compared to those in the reagents.

It is the convention to express isotopic compositions using� notation, which is de�ned as
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the di�erence between the ratios of the number of heavier stable isotopes to the number

of lighter stable isotopes in the measured sample versus the ratio in standard reference

material, normalised by the ratio of the standard reference material:

� sample =
�

Rsample � Rstandard

Rstandard

�

The ratios are expressed as� 13C values where the stable carbon isotope ratio is expressed

concerning the value of Vienna Pee Dee Belemnite (VPDB) (Brand et al., 2014). The

� 15N isotope values of the sample are measured against the� 15N ratio of an international

standard which is atmospheric nitrogen (AIR � Ambient Inhalable Reservoir), and the

standard for � 34S isotope values is Vienna-Canyon Diablo Troilite (VCDT) (Brand et al.,

2014). A sample is called enriched when the heavy to light isotope ratio of the sample is

higher than that of the international standard and vice versa, the sample is called depleted

(Brand and Coplen, 2012). The standard for stable carbon isotope, VPDB, is sourced

from a sedimentary limestone containing high abundance of13C, and thus most organic

samples are depleted relative to it (Ben-David and Flaherty, 2012). The15N standard

atmospheric air is assumed to be 0‡ and subsequently the nitrogen stable isotope ratios

of organic samples are usually positive. The� 34S value of the earth is assumed to be 0

‡ , most organic samples have positive or negative sulphur stable isotope ratios based on

the location and geology.

Isotope fractionation is a set of processes that cause relative partitioning of heavier and

lighter isotopes of an element between two coexisting phases in a system (Tiwari et al.,

2015). This change in isotope ratio is denoted by� (Ben-David and Flaherty, 2012; Sulz-

man, 2007). Fractionation processes have been classi�ed in to equilibrium fractionation

and kinetic fractionations. When the isotope ratios of substrates and products di�er due

to stronger bonds created with the heavier isotope in either the substrate or product, is

called equilibrium fractionation. In kinetic fractionations, isotope ratios change due to

change in phase or when the chemical reaction is non-reversible (Sulzman, 2007). Kinetic

fractionations are typically observed in evaporation, di�usion, and enzymatic processes

(Ben-David and Flaherty, 2012). The magnitude of changes in isotopic abundances is

usually small but can reveal critical information (Brand and Coplen, 2012).

Three temperature-dependent processes: evaporation, condensation, and di�usion, mainly

cause fractionation between substrates and products (Michener and Lajtha, 2008). Tem-
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perature plays a key role in fractionation due to its in�uence on molecular velocity and

the strength of chemical bonds (Michener and Lajtha, 2008; Sulzman, 2007). Focussing

on biological systems, enzymatic reactions are the mainstay. Enzymatic reactions are

mainly regulated by the dynamic between the demand and availability of the substrate

(Ben-David and Flaherty, 2012; Michener and Lajtha, 2008). The discrimination towards

the heavier isotope is small when the substrate availability is limited compared to the

demand, and product isotope ratio will be similar to the substrate. Excessive abundance

of substrate relative to demand causes larger discrimination towards the heavier isotope

(Ben-David and Flaherty, 2012; O'Leary, 1980).

3.1.1 Stable isotopes in archaeology

Stable isotope studies were introduced in archaeological studies in the early 1980s to es-

tablish relationships between food sources and animal tissues. In the past two decades,

stable isotope analysis has played a vital role in reconstructing ecosystem dynamics and

agricultural practices, including farming regimes and animal husbandry (Bogaard et al.,

2013; Fiorentino et al., 2015; Pilaar Birch, 2013). Stable isotopes assimilate impacts and

transpositions in organism-environment interactions through space and time (Bowen et al.,

2009). Earliest stable isotope studies in archaeology reported18O values of biogenic car-

bonates from marine molluscs (Bailey et al., 1983; Deith, 1986; Deith, 1983; Pilaar Birch,

2013). This was followed closely by studies on stable carbon and nitrogen isotope studies

which established baselines to distinguish dietary di�erences between marine-terrestrial

and C3-C4 plant diets using modern animal collagen as reference (Deniro and Epstein,

1981; DeNiro and Epstein, 1978; Pilaar Birch, 2013; Schoeninger and Moore, 1992). Sul-

phur isotope studies began in the 90s where the application of sulphur isotopes on bone

collagen to understand paleodiet and mobility is explored (Leach et al., 1996; Nehlich

and Richards, 2009; Richards et al., 2001). Plant and animal tissues can be analysed

for their isotope composition of carbon, nitrogen, and sulphur isotopes to reveal physio-

ecological information that can be attributed to their lifetime (Rodrigues et al., 2013).

Thus, it has become a standard tool in archaeology to reconstruct various aspects of past

societies, such as subsistence, mobility, and agricultural practices (Bogaard and Outram,

2013; Makarewicz and Sealy, 2015; Riehl, 2020).
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3.1.2 Photosynthetic pathways

Plants can be categorised into three main categories based on their photosynthetic path-

ways: C3, C4, and Crassulacean acid metabolism plants (CAM). The survival calibre of a

plant species is based on its ability to source carbon for its energy and subsequent propa-

gation by reproduction. Most plants obtain the carbon necessary through a process called

photosynthesis. In photosynthesis, light energy is utilised to convert atmospheric carbon

dioxide and water to glucose molecules with oxygen as a byproduct. Glucose molecules

are utilised by plants as their source of chemical energy to generate adenosine triphos-

phate (ATP) which is the energy currency of the plant cells. The carbon from carbon

dioxide is utilised to synthesise organic molecules, a process called carbon �xation. The

carbon is used to make sugars during photosynthesis and subsequently to build other vital

molecules. The general equation to describe photosynthesis is:

6CO2 (g) + 6H2O (l ) �! C6H12O6 (s) + 6O2 (g)

3.1.2.1 C 3 photosynthetic pathway

Terrestrial plants carry out photosynthesis in their leaves even though other tissues are

also capable. The middle layer of the leaf tissue called mesophyll is the primary loca-

tion of photosynthesis (Gregory, 1977; Van Niel, 1949). Small pores in the surface of the

leaf called stomata act as gateways for carbon dioxide to enter the mesophyll layer and

oxygen to di�use out. The cells in mesophyll layer contain organelles that have chloro-

plasts which are the sites of photosynthesis. Photosynthesis consists of two main stages,

light-dependent reactions, also called stage 1, and Calvin-Benson cycle, or stage 2. The

light-dependent reactions take place in chloroplasts where pigments called chlorophylls

absorb light and use it to make two molecules necessary for next stage of photosynthesis,

namely adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate

(NADPH) (Gregory, 1977). In stage 1, photoreceptors in the leaf cells capture energy

from sunlight and oxidise water into oxygen, triggering the release of electrons (Van Niel,

1949). In a reaction called photophosphorylation, the electrons are utilised to reduce

nicotinamide adenine dinucleotide phosphate (NADP+ ) to NADPH and the synthesis of

ATP from adenosine diphosphate (ADP) (Gregory, 1977; Heldt and Piechulla, 2021). The

ATP and NADPH molecules synthesised in stage 1 are utilised in Calvin-Benson cycle
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Figure 3.1: The biochemical steps involved in the C3 photosynthetic pathway.
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(stage 2) to make sugar molecules from CO2 (Heldt and Piechulla, 2021). The resulting

ADP and NADP + are recycled to participate in the transfer of electrons in stage 1 reac-

tions (Boyer, 2002).

C3 plants comprise 85% of the world's vegetation and carry out their photosynthesis

through the Calvin-Benson cycle. This photosynthetic pathway is called C3 pathway

because the initial product is a 3-carbon compound (Fig. 3.1). In the �rst step, 3

molecules of CO2 combine with 3 molecules of ribulose biphosphate (RuBP) to form

6 molecules of 3-Phosphoglyceric acid (3-PGA) while being catalysed by the enzyme

ribulose-1,5-biphosphate carboxylase (RuBisCO) in the mesophyll cells (Fig. 3.1) of the

leaves (Ehleringer and Monson, 1993). In the next step, 6 molecules each of ATP and

NADPH reduce 3-PGA to glyceraldehyde 3-phosphate (G3P). 5 molecules of G3P are

utilised to regenerate 3 molecules of RuBP through the Calvin-Benson cycle. The remain-

ing 1 mole of G3P is converted into 0.5 mole of glucose (Van Niel, 1949).

RuBisCO is the most widespread protein in plant species and it can act as a carboxylase or

oxygenase enzyme based on the conditions (von Caemmerer, 2020). As mentioned above

it acts as an carboxylase in the �rst stage of Calvin-Benson cycle. But it can also act as

an oxygenase to catalyse reaction of oxygen with ribulose biphosphate (RuBP) to PGA

and 2-phosphoglycolate (2-PG). This reaction does not lead to any net gain of carbon but

the PG is essential for a process called photorespiration (Ehleringer and Monson, 1993).

In dry and arid climates, the leaf stomata constrict to prevent loss of water through

evaporation. The constriction of stomata prevents the inward di�usion of carbon dioxide

and outward di�usion of oxygen. O2 has an advantage over CO2 while binding with

RuBisCO due to di�erence in the solubility of O 2 and CO2 (Artus et al., 1986; Chollet,

1977). Under such conditions, RuBisCO binds O2 molecule instead of CO2. This triggers

the alternative pathway of photorespiration, where already-�xed carbon atoms are lost in

the form of CO2 (Gregory, 1977; Van Niel, 1949).

In photorespiration, RuBisCO attaches 6 molecules of O2 to 6 molecules of RuBP (Fig. 3.2)

to form 6 molecules each of 3-PGA and 2-PG. Since 3-PGA is a conventional intermediate

of the Calvin-Benson cycle, the �xed carbon atoms are `gained' as usual (Peterhansel et al.,

2010). On the other hand, 2-PG cannot enter the Calvin-Benson cycle, and its two carbon

atoms are considered `lost'. Salvage pathway does exist in plants, where the 6 molecules

of 2-PG is converted back to 3 molecules of 3-PGA (Fig. 3.2) with a net `loss' of 3 carbon
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Figure 3.2: The biochemical steps involved in photorespiration reaction in plant leaves.
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Figure 3.3: The biochemical steps involved in the C4 photosynthetic pathway.
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atoms (Buchanan et al., 2015). All 9 3-PGA molecules are converted to 9 molecules of

G3P (Fig. 3.2) with no glucose synthesis (Peterhansel et al., 2010). At this step of the

cycle, there is not enough carbon atoms to regenerate all 6 RuBP molecules for the next

iteration (Buchanan et al., 2015; Peterhansel et al., 2010). There is a net loss of 3 �xed

carbon atoms in photorespiration, while 6 �xed atoms are gained in Calvin-Benson cycle.

Photorespiration leads to wastage of energy and lowers the e�ciency of sugar production

(Buchanan et al., 2015). This leads to greater water loss in arid climates and subsequently

led to the evolution of alternative photosynthetic pathways (Artus et al., 1986; Chollet,

1977).

3.1.2.2 C 4 photosynthetic pathway

However, in the case of C4 plants (such as maize and sorghum), the fractionation of

carbon isotopes is not straightforward as in C3 plants. In C4 plant mesophyll cells (Fig.

3.3), atmospheric CO2 is �xed to form oxaloacetate (OAA), a 4-carbon compound, by

phosphoenolpyruvate carboxylase (PEP carboxylase) (Fiorentino et al., 2015; Slack and

Hatch, 1967). The PEP carboxylase enzyme has higher a�nity for CO2 than RuBisCO

while having no oxygenase activity. The oxaloacetate is converted to malate, another 4-

carbon compound, and subsequently transported to bundle sheath cells (Fig. 3.3). In the

sheath cells, the malate is broken down to release CO2, which is then �xed by RuBisCO

and converted to sugars via the Calvin-Benson cycle as in C3 plants (Hatch, 2002; Slack

and Hatch, 1967). CO2 is concentrated in the leaves due to the physical separation of the

biochemical pathways. No photorespiration is observed in intact C4 leaves since any CO2

that is released in the sheath cells is �xed again by PEP carboxylase in the mesophyll

cells. The reduced photorespiration makes C4 plants more water e�cient than C 3 plants.

3.1.2.3 Crassulacean acid metabolism pathway

Certain species of plants have adapted to arid environment is a di�erent photosynthetic

pathway than the C4 plants. Plants such as cacti and pineapples use the crassulacean acid

metabolism pathway to minimise energy loss through photorespiration. CAM plants sep-

arate light-dependent and Calvin-Benson cycle reactions in time instead of cellular space

(Winter and Smith, 2022). CO2 is allowed to di�use in to the leaves by opening stomata

at night reducing water loss in this way. The di�used CO2 is �xed into oxaloacetate by
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PEP carboxylase and subsequently converted to malate/organic acid in a similar way as

C4 plants (Winter and Smith, 2022). During the day, the organic acid synthesised during

the night enters the Calvin-Benson cycle. By temporally separated photosynthesis, CAM

plants avoid photorespiration while being water-e�cient.

3.1.3 Carbon isotope variability in plants

Figure 3.4: Mechanism responsible for variation in � 13C values in C3 plants as a response
to water availability (Fiorentino et al., 2015). (A) Under well-watered conditions, intercellu-
lar CO2 is limited and the plants discriminate against � 13CO2. (B) In water de�cit conditions,
intercelluar CO~2 is strongly limited and the plants discriminate less against� 13CO2.

Stable isotope analyses of modern and fossil plant tissues have proved valuable archives

for understanding the phytochemical pathways (especially photosynthesis) and their role
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in food webs. The implications of stable isotope ratios of plant tissues are based on

the isotope distribution in the environment and the processes involved in fractionation.

Therefore, systemic studies have been undertaken to understand the in�uence of various

factors in soil-plant systems on isotopic variation (Aguilera et al., 2008; Bogaard et al.,

2007; Ferrio et al., 2007; Wallace et al., 2013).

The process of carbon dioxide �ow (photosynthetic carbon assimilation) can be expressed

as a di�usion process where CO2 �ows from the atmosphere to the plant leaves following

the concentration gradient. Here the concentration gradient is between the CO2 of the

surrounding air and the inside of the leaf. This gradient is maintained due to the conversion

of carbon dioxide into carbohydrates. As expected the concentration of CO2 inside the leaf

is less than the concentration of the surrounding air. The conductance of CO2 is controlled

by the rate of di�usion through stomata, di�usion across the intercellular spaces into

chloroplasts, and the enzymatic �xation of carbon dioxide. Atmospheric carbon dioxide

is made up of two stable carbon isotopes (12C and 13C). The plants prefer the CO2 made

of the lighter 12C isotope over the heavier13C for photosynthesis. Discrimination against

the heavier isotope while preferring the lighter isotope is expressed as carbon isotope

discrimination ( � 13C) (Farquhar et al., 1982):

� 13C =
� 13Cair � � 13Cplant

1 + � 13Cplant

The isotopic fractionation of carbon occurs in two stages (Fig. 3.4). Initial fractionation

of +4.4 ‡ occurs during CO2 di�usion through stomata. The second fractionation of

+27 ‡ occurs during carbon �xation by RuBisCO as 12CO2 is preferred (Farquhar et

al., 1989, 1982). In the case of abundant water availability, the stomata are open, and

CO2 �ows freely into the intercellular spaces of the leaf, causing maximum fractionation

(Ehleringer and Monson, 1993). This leads the plant tissues to have� 13C values lower than

atmospheric CO2 (Gregory, 1977). In the case of water shortage, the stomata constrict to

prevent water loss through transpiration. Constriction of stomata also leads to a shortage

of CO2 and limited photosynthesis. Shortage of CO2 leads to an increase in� 13C isotope

value as RuBisCO no longer has the luxury of choosing. Thus the� 13C isotope values

are inversely related to water availability. On the other hand, � 13C increases with an

increase in water availability since it re�ects only the fractionation e�ect independent of

the atmospheric CO2 �uctuations (Fiorentino et al., 2015). C 3 plants have � 13C values
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ranging between -35‡ to -20 ‡ .

The additional steps in the C4 plants have made it di�cult to experimentally determine

the relationships between the environmental e�ects and� 13C values of the plant tissues

(Fiorentino et al., 2015). The CAM photosynthetic pathway produces a varied range of

� 13C values falling between C3 and C4 plants (Osmond et al., 1973). C4 plants have them

between -20‡ to -6 ‡ .

Figure 3.5: Scheme illustrating the canopy e�ect on� 13C values of plants and animals under
di�erent canopy densities (Gillis, 2021).

Forests have been utilised for pasturing across the world by both humans and wild ani-

mals. Forests in Europe were exploited by humans to source branches and leaves to secure

fodder (Hejcmanová et al., 2014).Plants that grow in heavily forested areas have lowered

� 13C values compared to the same species growing in open areas (Bona�ni et al., 2013;

Francey and Farquhar, 1982). In C3 forests, canopies contribute to retardation of free cir-

culation and mixing with atmospheric CO2 and decomposing organic matter at the forest

�oor (Fig. 3.5) also produces CO2 depleted in 13C (Noe-Nygaard et al., 2005). This com-

bination of retarded circulation and decomposition produces depleted CO2 concentration,

pronounced at the �oor level (Noe-Nygaard et al., 2005). This depletion of� 13C values

(more pronounced in the plants at ground level) is called canopy e�ect.
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3.1.4 Accounting for past �uctuations in � 13C of atmospheric CO 2

Terrestrial plants source their carbon from atmospheric carbon dioxide. Fluctuations in

the � 13C of atmospheric carbon dioxide (� 13Cair ) a�ects the � 13C values of plant tissues.

� 13Cair is not constant through space-time which leads to baseline-incompatibility issues

when comparing� 13C values of plants from di�erent sites and periods. Two approaches are

employed to overcome this issue: local and global. In thelocal approach, the � 13C values

of local C4 and peat mosses are used as proxies for ancient� 13Cair with the assumption

that � 13C is constant for individual species (Marino et al., 1992; Toolin and Eastoe, 1993;

White et al., 1994). The global approach involves using Antarctic ice cores as reference

material for measuring � 13Cair in archaeobotanical samples. A� 13Cair curve is �tted

by interpolating Antarctica ice-cores data with current data from the atmospheric CO2

monitoring network (Ferrio et al., 2005; Ferrio et al., 2006).

3.1.5 Nitrogen isotope variability in plants

Multiple biogeochemical processes in�uence the� 15N isotopic composition of plants at

di�erent magnitudes (Amundson et al., 2003; Högberg et al., 1996). The factors in�uencing

the plant � 15N values are mycorrhizal-plant association, climate, and soil nutrient status

(Aguilera et al., 2008; Amundson et al., 2003; Högberg et al., 1996; Szpak, 2014). Most

of these processes are interdependent, but it is commonly observed that plant tissue� 15N

increase with the loss of nitrogen from soil (Fig. 3.6) due to ammonia volatilisation

(Handley et al., 1999). Mean annual precipitation and� 15N values have been reported to

have a negative relationship since rainwater leaches soluble soil nitrates (Amundson et al.,

2003; Handley et al., 1999). Plants in symbiotic relationship with mycorrhizal fungi (Fig.

3.6) have depleted� 15N values as the latter tend to retain the heavier isotope (Craine

et al., 2009). A broad scheme to interpret� 15N Aguilera et al. (2008) proposed values

of plant remains based on the assumption that there is no fractionation within the plant

tissues. The scheme (Fig. 3.6) proposes that plant� 15N values are a combination of

(a) � 15N of the multiple nitrogen sources, (b) relationship between inputs and excess of

nitrogen, and (c) proportion of nitrogen input from decomposition processes (Fiorentino

et al., 2015). Thus, high � 15N values can be observed in:

ˆ plants which grow in soils with large inputs of animal manure (Bogaard et al., 2007).
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Figure 3.6: Schematic model of nitrogen cycling in plant-soil systems that may a�ect plant sta-
ble nitrogen isotope ratios (Szpak, 2014).
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ˆ plants growing in nitrogen rich soils (Szpak, 2014).

ˆ soils with optimal water availability which in turn favour decomposition (Craine et

al., 2009).

Salt marshes are well exploited ecosystems for agricultural purposes in coastal regions

(Gedan et al., 2009; Guiry et al., 2021). In the Atlantic coast of Europe, salt marshes

have been particularly exploited for their low-maintenance and high-value pastures (Guiry

et al., 2021) for livestock. Plants growing in coastal regions or salt marshes have been

reported to have elevated� 15N values (Britton et al., 2008; Müldner et al., 2014). Thus, it

is di�cult to distinguish coastal and salt-marsh e�ect from other � 15N -enriching processes

in plants. Britton et al. (2008) has attributed the elevation of � 15N values to nitrogen-rich

soils. From a broad perspective, it can be concluded that� 15N acts as an indicator of

nutrient status of plants in a speci�c ecosystem.

3.1.6 E�ect of carbonisation on plant stable isotopes

Charred botanical remains are preserved better than uncharred ones (with the exception

of water-logged remains) as the charring forms an inert layer on the rest of the body.

Consequently, a majority of botanical remains found in archaeological records are charred

and it is important to determine if charring causes any quanti�able shifts in the original

isotope composition. Early stable isotope studies investigated the e�ects of temperature

and charring in various seeds and plant parts (DeNiro and Hastorf, 1985; Marino and

Deniro, 1987). The studies reported little shifts in � 13C and � 15N during charring and

chemical treatments. Araus et al. (1997) concluded that wheat grains charred for vary-

ing periods of time (15 � 120 minutes) at 400 °C under both the presence and absence

of oxygen showed no signi�cant variation in their � 13C values. A strong correlation was

observed between� 13C values of intact grains cultivated in di�erent variety of environ-

mental settings and their carbonized counterparts (250°C in both aerobic and anaerobic

conditions) (Ferrio et al., 2007). No dependence in the alteration of� 13C isotope values on

temperature and minimal dependence on time (+0.016‡ /4 hours) when 6 di�erent taxa

of cereals and pulses were analysed (Nitsch et al., 2015). Bogaard et al. (2007) reported

that no signi�cant shifts were observed in � 15N values when grains were carbonized at

230 °C for up to 24 hours. Minor predictable shifts in � 15N values, attributed to loss of

nitrogen containing volatiles as stable Maillard products was noted by Fraser et al. (2013).
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Nitsch et al. (2015) reported an increase in� 15N by an increment of an average 0.12‡

with every 15 °C increase in temperature as well as an average of 0.04‡ increase with

every 4 hours of increased charring duration. An average o�set of +0.11‡ (95% CI) and

+0.31‡ (95% CI) was observed for� 13C and � 15N respectively across all analysed plant

taxa (Nitsch et al., 2015).

3.1.7 Farming strategies through isotopes

There are only two signi�cant inputs humans can manipulate in the cultivation of plants:

water and nitrogen input. Stable isotope analysis of carbon and nitrogen can aid in under-

standing ancient farming strategies that varied watering regimes and manuring practices.

The way to reconstruct the water availability and manuring of the ancient botanical re-

mains is to conduct agricultural reconstructions with varying availability of water and

manure (Aguilera et al., 2008; Araus et al., 1997; Bogaard et al., 2013; Fraser et al., 2011;

Wallace et al., 2013).

As mentioned before,� 13C values vary according to water availability while � 15N values

vary due to 3 main reasons: manuring, slash-burn agriculture, and tillage. One of the

most ancient practices to increase soil fertility is manuring with animal waste (Bogaard

et al., 2013). Animal manure is much higher than endogenous soil in nitrogen isotopic

composition. Since nitrogen is the major element after carbon in manure (plants do not

uptake carbon from manure), plant nitrogen isotopic composition is altered. Usually, the

plants treated with manure exhibit higher � 15N values compared to unfertilized plants

(Bogaard et al., 2013; Fraser et al., 2011). � 15N isotopic values also makes it possible

to distinguish the various animal source of manure where the pattern of� 15N is poultry

� cattle � pig � seabirds (Szpak, 2014). The� 15N values themselves do not reveal

the manuring practices, but they reveal patterns when interpreted (over time) within the

context of a speci�c site (Bogaard et al., 2013). The second agricultural practice which

a�ects � 15N values is slash and burn agriculture. In this practice, wild vegetation is burnt,

and crops are cultivated in cycles until the nitrogen is depleted. Upon the depletion of

nitrogen, the land is left fallow to let nitrogen be replenished naturally, and a new patch

of land is selected to cultivate. This practice is considered necessary in prehistoric and

modern cultivation and is carried out by some tribal communities worldwide. The burning

process utilized to clear the land causes changes in the nutrient cycle of the plant-soil
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dynamic. Though the mechanism is not clearly understood, it is observed that plant

remains from initial post-�re vegetation were found to have elevated � 15N values, which

subsequently return to initial pre-�re � 15N values (Cook, 2001).

Tillage is the third and the other signi�cant cause to alter � 15N values. Tillage is the

intended mechanical disturbance of topsoil to disrupt soil clumps and aerate the soil (Er-

ickson, 1982). A strong correlation between soil depth and� 15N has been reported (Hobbie

and Högberg, 2012). The relation between soil depth and� 15N is disturbed by tillage and

provides plants access to� 15N enriched soil. This mechanism is found to be very insigni�-

cant in agricultural patches in comparison to pastures and grasslands, and combined with

the fact that manuring causes a more substantial� 15N variation leads us to conclude that

it is challenging to discern tillage with just � 15N values (Szpak, 2014).

3.1.8 Carbon isotope variability in fauna

Stable isotope analyses of humans and animals follow dichotomic postulation: the pri-

mary being `you are what you eat', which stems from the logic that animal tissues are

constructed from their dietary inputs. The second assumption is that di�erent food sources

have distinctive isotopic signatures (Deniro and Epstein, 1981; DeNiro and Epstein, 1978;

Szpak, 2014). Thus, archaeological tissues such as bone collagen can be analysed to re-

construct the di�erent kinds of foods eaten by the individual. Bone collagen is the most

abundant protein in archaeological remains and is an excellent target for various chemical

analyses. The isotopic dietary signature `registered' in the bone collagen is based on the

biochemical pathway responsible for collagen formation and the subsequent remodelling.

Bone remodels gradually over an individual's lifespan; the amino acids making up the

collagen are exchanged with new molecules. Thus, the dietary isotopic signal registered

in bone collagen represents a long-term diet average (Hedges et al., 2006). Amino acids

from dietary protein are preferentially utilised to synthesise collagen (Ambrose and Norr,

1993; Tieszen and Fagre, 1993).

� 13C isotope values of bone collagen are interpreted based on the isotopic relationship be-

tween C3 (e.g., most shrubs, trees, and crops) and C4 (e.g., tropical grasses such as maize

and millet) photosynthetic pathways. As mentioned above, C4 plants are less discrimina-

tive against the heavier 13C isotope than C3 plants. Dietary and crop choices based on

isotopically and economically unusual plants such as maize and millet can be elucidated
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(DeNiro and Epstein, 1978; Van der Merwe and Vogel, 1978). Foraging in forested areas

or consuming fodder collected from such an environment also causes the faunal tissues

to have depleted � 13C values (Fig. 3.5) due to the canopy e�ect (Bona�ni et al., 2013).

The other important variable is the o�set produced in � 13C values when dietary inputs of

aquatic or marine environments are consumed, which is re�ective of the di�erence in the

major source of carbon for plants (dissolved bicarbonates versus atmospheric CO2) at the

base of the food web (Chisholm et al., 1982; Webb et al., 2017). Trophic level e�ect is

re�ected by a smaller carbon isotope o�set � +1 ‡ (DeNiro and Epstein, 1978).

3.1.9 Nitrogen isotope variability in fauna

� 15N values serve as an excellent indicator of the trophic level of an individual in a food

web, i.e., plant, herbivore, carnivore, and omnivore (Deniro and Epstein, 1981). Due to

the catabolic breakdown of proteins and excretion, the lighter nitrogen isotope (14N) is

preferentially lost, and a trophic level e�ect is seen. It has been observed that an increase

of 3 � 5‡ occurs as the energy �ows upwards in a food chain, and researchers have used

this to demonstrate relative carnivory and omnivory (Ben-David and Flaherty, 2012). The

local soil-plant level of the nitrogen cycle at the base of terrestrial food webs di�ers, and

it is imperative to establish baselines before interpreting animal diet (Szpak, 2014).� 15N

values are also useful to identify aquatic/marine protein sources in diet (Schoeninger et al.,

1983). Marine plants have 4‡ higher � 15N values compared to terrestrial plants and thus

marine food webs have higher� 15N average values (Schoeninger et al., 1983). Water intake

can also a�ect animals' � 15N values. Fractionation due to urea cycle in�uences� 15N values

in drought-resistant vs. obligate drinking animals (Ambrose and DeNiro, 1986). Young

individuals and juveniles also have elevated� 15N values due to nursing. The nursing signal

causes a similar elevation of� 15N values to the trophic level (Jenkins et al., 2001). Water

availability and weaning can irregularly a�ect � 15N values of animals and interfere with

the interpretation of the trophic level. For investigating foddering studies of domesticated

fauna, it is important to establish spatially and temporally `local' isotopic baselines with

wild herbivores such as red deer (Cervus elaphus) and rabbits (Oryctolagus cuniculus)

(Nitsch et al., 2017).
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Figure 3.7: Schematic model of global sulphur cycling and expected sulphur isotope values at
various environments (Nehlich, 2015).

3.1.10 Sulphur isotope variability in fauna

Only cysteine and methionine amongst the twenty main amino acids have sulphur in their

structure. These sulphur containing amino acids are vital for the structural folding of

collagen. Methionine is an essential amino acid, meaning that it cannot be synthesised

by vertebrates in their cells and needs to be provided through diet (Walton et al., 1982).

Cysteine on the other hand is a non-essential amino and can be converted to methionine

on demand (Finkelstein et al., 1988; Nehlich, 2015). The isotopic e�ects of this cysteine -

methionine conversion have not been fully studied. Methionine is the major contributor

of sulphur in collagen molecules. The� 34S values of bone collagen re�ect the dietary

methionine sources since it can only be obtained from food. However, the� 34S value of

cysteine re�ects both the dietary cysteine and the internally synthesised cysteine from

methionine (Nehlich, 2015). The � 34S value of bone collagen must be considered as the

average of both amino acids (Ambrose and Norr, 1993; Nehlich, 2015).

The mean � 34S values of terrestrial sources is assumed to be 0‡ and that of the ocean

water sulphates (Fig. 3.7) +20.3‡ (Nehlich, 2015). Inorganic sulphur enters the food

web through plants from the weathered bedrock (in a complete terrestrial setting), pre-

cipitation (sea spray), and microbial activity due to �ooding events (Nitsch et al., 2019).

Due to the chemical structure of amino acids, the elemental concentration of sulphur is

much lower than that of carbon and nitrogen. Added to this, cysteine and methionine are
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present in low concentrations compared to other amino acids. The sulphur concentration is

also dependent on the species and tissue (Nitsch et al., 2019). For example, Eastoe (1967)

reported that bones have lesser sulphur content compared to muscles. Modern feeding

studies on pigs showed very little fractionation between diet and liver tissue (González-

Martin et al., 2001; Nitsch et al., 2019). This is to be expected since inorganic sulphur

passes through the food web in the form of proteins, only a negligible fractionation occurs

between diet and consumer (Hobson, 1999; Nehlich, 2015). Thus, the� 34S ratio of colla-

gen closely re�ects that of the native water source, bedrock, and soluble sulphur-bearing

minerals.

3.2 Zooarchaeology by mass spectrometry (ZooMS)

Figure 3.8: Schematic of ZooMS illustrating the process of attributing taxonomic identi�cation
using collagen marker peaks (Brown et al., 2021).

Bones and teeth are one of the most abundantly recovered biological remains from archae-

ological contexts due to the protection of the hydroxyapatite matrix. Even though oste-

ological remains are resilient to diagenesis, they undergo taphonomic and anthropogenic

alteration over time. This usually leads bones to be recovered in a fragmented form where

there is a loss of characteristic morphology and subsequently unidenti�able. A large pro-

portion of bone assemblages from archaeological contexts are mostly under-utilised, which

is wasted potential. Zooarchaeological conclusions also risk being biased due to over-
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representation or under-representation of particular taxa. A strategic shift in taxonomic

identi�cation of faunal bones occurred with the advent of biomolecular techniques in tan-

dem with traditional morphological analysis. The most popular and prominent target

biomolecule is DNA, which has been used in identifying assemblages worldwide (Newman

et al., 2002; Pereira et al., 2006; Seersholm et al., 2021). aDNA (ancient DNA) analysis,

though a powerful technique, is not without its pitfalls, such as cost of analysis, access to

specialist laboratories, and highly variable success rates (Haynes et al., 2002; Poinar and

Stankiewicz, 1999). The success rates are lower even more in tropical and sub-tropical

contexts (Ottoni et al., 2009).

The recent development in biomolecular analysis is the utilization of proteins for species

identi�cation that mitigates the issues of aDNA-based analysis. In the past decade, Zooar-

chaeology by Mass Spectrometry (ZooMS) was conceived to target alternative biomolec-

ular targets, namely, collagen type I, to identify species (Fig. 3.8). ZooMS is superior to

DNA-based identi�cation because of (Buckley, 2018):

ˆ Collagen has much higher abundance than DNA in osteological tissues (Tuross, 1994;

Tuross and Stathoplos, 1993).

ˆ Collagen, being a protein is more temperature resilient than DNA (Rybczynski et

al., 2013).

ˆ Cost per ZooMS analysis is a fraction of what it costs to do DNA analysis (Buckley,

2018).

More than 28 types of collagens have been identi�ed in the animal bone and tooth dentine,

but 80-90% of them are types I, II, and III, and even amongst these, type I collagen is

the most dominant (Ricard-Blum, 2011). Collagen type I in bones is the most utilised

source for radiocarbon and isotope studies. Thus, collagen (I) protein is a preferred target

biomarker for species identi�cation. Collagens are a family of proteins known to have

evolved from a standard ancestral genetic unit of 54 base pairs (bp). A study of collagen

(I) revealed that it has evolved from the ancestral multi-exon unit, and due to a strong

evolutionary pressure, it has maintained its elaborate structure across various vertebrate

species (Chu et al., 1984). Collagen (I) consists of two� 1(I) and one � 2 2 (I) chain in a con-

tinuous triple helical domain (approximately 1000 residues per chain). The helical region

is roughly 300 nm and 1.5 nm in diameter with short non-helical terminal telopeptides.
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The triple helical structure also means that most amino acids do not �t the structure due

to much larger side chains. In order to accommodate the stearic limitations, the helical

region of collagen is made up of a repeating Gly-Xaa-Yaa pattern (with Xaa commonly

being Pro and Yaa commonly being Hyp). The smaller side chains of Gly, Xaa, and Yaa

allow the for the helical structure of collagen to form. The repeating Gly-Xaa-Yaa pattern

is highly conserved among species (Chu et al., 1984). The telopeptides (non-helical tail

end peptides), which account for 2% of the molecule, do not possess a recurring amino acid

motif and do not exhibit a triple helical conformation (Kadler et al., 1996). Though the 18

amino acid peptide, � 2 chain carboxy-telopeptide has been used for species identi�cation,

it was later observed that it lacked su�cient variation for some species (Buckley et al.,

2009; Buckley et al., 2008). Collagen �bres are made up of �brils which in turn consist

of micro�brils (Richter et al., 2022). The collagen �bres are tightly packed and bundled

to act as a support for the biomineralisation (Xu et al., 2018). This structure contributes

to the persistence of bones and the associated biomolecules in the archaeological record.

The more varied helical � 2 chain permits the identi�cation of the di�erent phylogenetic

orders and tracking of the evolutionary distance between species.

Peptide Mass Fingerprinting (PMF) is a technique developed to identify proteins by the

characteristic masses of the peptides post enzymatic digestion (Aebersold and Goodlett,

2001; Richter et al., 2022). Matrix-assisted laser desorption/ionisation time of �ight

(MALDI-TOF) provides a simple and robust instrument which o�ers the possibility of

a large mass range, that is ideal for PMF (El-Aneed et al., 2009). The �rst step of ZooMS

involves extraction of collagen from either bone or tooth dentine using a demineralisa-

tion agent (usually HCl). The extracted collagen is gelatinised to disrupt the structure

of collagen and make it susceptible to the proteolytic enzyme. The next steps usually

involve removing environmental contaminations such as humic and fulvic acids that might

interfere with the MALDI analysis using NaOH (Brown et al., 2020). This is followed by

an enzymatic digestion, typically by trypsin, and the resulting peptide mixture is then

spotted on a MALDI plate with a matrix and analysed (Richter et al., 2022). (Fig. 3.8)

presents a typical ZooMS work�ow.

Using a MALDI, enables coverage of 40 % of� 1 (I) and � 2(I) chain sequence, whereas

liquid chromatography-tandem mass spectrometry can cover up to 70-90 % of the sequence

with peptide separation and probability match sequencing (Buckley, 2018; Buckley et al.,

2011). Collagen �ngerprinting has been vastly carried out on mammalian bones and ini-
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tially targeted at separating sheep and goat bones (Buckley et al., 2010). It has been

observed that � 2 (I) chain is more variable than the � 1 (I) chain. This allows the iden-

ti�cation of species which have diverged long ago phylogenetically. This is even though

collagen sequence is highly conserved.

The collagen (I) mass spectrum is interpreted by associating am/z value to a speci�c

peptide fragment. Traditionally for ZooMS, peptide masses between 800 and 3500 Da are

measured which correspond to peptides of length between 8 to 30 amino acids. Of the peaks

with masses that correspond to speci�c peptides, only selective ones are taxonomically

informative. These taxonomically informative peptides are called marker peptides.

3.3 Post-depositional modi�cation

Due to burial conditions, post-depositional modi�cation happens to biological tissues

by physical, chemical, and biological agents (DeNiro and Hastorf, 1985). This post-

depositional modi�cation is called diagenesis, and it mainly causes loss of collagen and

alteration of isotopic composition of bone. The main mechanisms contributing to collagen

loss are chemical hydrolysis and microbial degradation. Intra-chain hydrogen bonds sta-

bilise the three � � chains of type I collagen (Shoulders and Raines, 2009). The hydrolysis

of these hydrogen bonds is the most crucial destabilising factor leading to post-depositional

collagen loss (Tuross, 2002). Hydrolysis occurs in archaeological bones due to the di�u-

sion of water molecules (in the form of groundwater) into the collagen molecules and the

cleaving of the hydrogen bonds. In the case of microbial attack, bacteria attack colla-

gen molecules with proteolytic enzymes after the loss of bone mineral component (Child,

1995). This microbial degradation can cause isotopic fractionation amongst other post-

depositional changes (Nielsen-Marsh and Hedges, 2000).

C/N ratios are used to denote the degree of post-depositional changes in tissues (DeNiro,

1985). A strong correlation has been demonstrated between the shift in C/N ratios and

the magnitude of the change in� � values (Guiry and Szpak, 2021) . Therefore, collagen

samples with C/N ratios outside the range of 3.15 and 3.50 (conservative upper limit with

0.5% tolerance) are likely to have stable isotope values re�ecting their dietary protein

(Guiry and Szpak, 2021). Similarly, the stable isotope values are not accepted if the

collagen yield is less than 1% (van Klinken, 1999). Less material and lower quality controls
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are needed for ZooMS compared to stable isotope analysis (Richter et al., 2022). In multi-

analytical approaches involving both stable isotopes and ZooMS, the more conservative

collagen quality parameters prevail. In a ZooMS analysis, it must be kept in mind that

cross-linking, incomplete digestion, glycosylation, glycation, and improper ionisation of

post-digestion peptide fragments can lead to poor quality spectra which lack collagen (I)

peptide peaks. For taxonomic identi�cations involving ZooMS, a measurement can be

accepted as long as it has characteristic collagen peaks and species-diagnostic peaks.
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Macro-botanical remains and bone samples were subjected to stable isotope (carbon, nitro-

gen, and sulphur) and ZooMS analyses in this thesis. All material for the thesis originates

from cultural layers dating to the Phoenician period. Morphological identi�cation was

performed on both botanical remains and bones to assign taxonomic identities. Stable

isotopes analysis was performed on plant and animal remains after treatment to remove

environmental contaminants. ZooMS was performed on extracted bone collagen to distin-

guish equids and ovicaprids. The di�erent techniques applied in this thesis are summarised

in the (Table. 4.1). Material studied in this thesis are present in their respective chapters

to aid the reader.

Table 4.1: Summary of analytical methodologies applied in di�erent contexts in this thesis is
presented in the table below.

Method Castro Marim Tavira Lisbon Almada Equid collagen marker

Archaeobotanical analysis * � � � �
Stable isotope analysis of plant remains * � � � �
Stable isotope analysis of faunal bones * * * * �

ZooMS analysis of ovicaprids * * * * �
ZooMS analysis of equids � � � � *
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4.1 Archaeobotanical analysis

Sediment samples from Phoenician cultural layers of Castro Marim were processed to

recover macro-botanical remains. Unfortunately, the sediment layers from other sites

could not be obtained. Two hundred grams of archaeological sediment from each strati-

graphic layer of the excavation site was weighed and handpicked for plant macro remains

(seeds/fruits and charcoal). The recovered plant macro remains are identi�ed by compar-

ing them against published botanical keys under a stereo-microscope.

4.2 Isotope analysis of botanical remains and bone collagen

ˆ Reagents

� Distilled water, 0.5 M HCl, 0.125 M NaOH, 0.01 M HCl, Liquid nitrogen,

Vanadium pentoxide

ˆ Isotope Standards

� Aspartic acid, Nicotinamide, Acetanilide, IAEA CH6, IAEA 600, IAEA N1,

IAEA N2, NBS127, IAEA S1, , L-Alanine (internal standard), B2155 protein

(internal standard)

4.2.1 Sample preparation of plant macro-remains

Morphologically intact samples were chosen after examination under a stereomicroscope

(7-45x magni�cation) and removing any visibly adhering foreign contaminant. Three to

four grains of each taxa is put in each tube and considered as one sample to have enough

sample for isotope measurements. An acid-base-acid (ABA) treatment was applied as a

pre-treatment (Bogaard et al., 2013; Fraser et al., 2013). First, the samples were treated

with 10 mL of 0.5 M HCl at 70 °C for 60 minutes (or until e�ervescing stops) and then

rinsed with ultrapure water until a neutral pH was achieved. 10 mL of 0.125 NaOH solution

was added to the samples at 70°C for 60 minutes and then rinsed with ultrapure water to

achieve a neutral pH. Finally, the samples were treated with 0.5 M HCl at 70°C for 30-60

minutes, followed by three rinses with ultrapure water and subsequent freeze-drying.
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4.2.2 Sample preparation of bones

Using a Dremel® rotary drill with a diamond disc, ± 600 mg of each bone was sampled

and cleaned to remove dirt, discoloration, and other foreign content. Wherever possible,

compact bone was collected and spongy bone was discarded. Bagged bone samples were

wrapped in paper and broken gently with a hammer while making sure that pieces are

fairly even, not too large or powdery. The weight of the raw bones was recorded before

starting the collagen extraction.

4.2.3 Bone collagen extraction

This is a modi�ed Longin (1971) method of collagen extraction from faunal bones pieces by

demineralization (Richards and Hedges, 1999). 15 ml polypropylene tubes were prepared

(Elkay ® Laboratory Products) by labelling and making holes in lid with sterilised steel

needle. 10 ml of 0.5 M HCl was added to each tube with bone sample at room temperature

for a fortnight. Samples were vortexed twice every day on a low speed (6.0 rpm) at room

temperature and the samples were placed in a fridge overnight at 4°C. The consumed

0.5 M HCl was replaced with fresh acid after 7 days. After two weeks, the demineralised

bones were rinsed to neutrality with distilled water. The samples were rinsed at least 5

times before checking pH with pH paper. Pasteur pipettes were used to remove the liquid

without loosing the collagen. 10 ml of 0.125 M NaOH was added to each sample and left

overnight at room temperature to remove fulvic and humic acid contamination. NaOH

was rinsed out with distilled water to reach neutral pH and check pH for neutrality after

3 rinses. The collagen pseudomorphs were gelatinised by adding 10 ml of 0.01 M HCl at

70 °C for 48 hours. If there are still large pieces after 1 day, 150� l of 0.5 M HCl was

added into the test tubes, vortexed again and checked regularly. Caps were removed from

the polypropylene tubes and Ezee � Filter— �lters were inserted. And subsequently the

�lters were pushed to �lter impurities from collagen-containing liquid fraction. The liquid

was transferred into 20 ml plastic tubes (labelled, weighed and recorded) and sealed with

para�lm. Tubes with collagen were placed in freezer until they could be freeze dried. The

samples were �ash frozen with liquid nitrogen and lyophilised for 48 hours.
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4.2.4 Carbon, nitrogen, and sulphur isotope analysis

For carbon and nitrogen isotope measurement, an amount of 0.5 � 0.7 mg of freeze-

dried collagen powder/botanical samples were weighed in tin capsules and combusted in

an elemental analyzer (EA) with oxygen (Flash 2000 HT—, Thermo Fisher Scienti�c ®,

Bremen, Germany) using pure helium as carrier gas. Isotopic ratios were obtained on a

Delta V Advantage Continuous Flow— � Isotope Ratio Mass Spectrometer (Thermo Fisher

Scienti�c ®, Bremen, Germany). The raw machine output was normalised by a three-point

calibration using international standard reference materials (SRM), namely IAEA-CH-6

(sucrose,� 13C = � 10.499 ‡ ), IAEA-600 (ca�eine, � 13C = � 27.771 ‡ ; � 15N = + 1 ‡ ),

and IAEA-N-2 (ammonium sulphate, � 15N = + 20.3 ‡ ) and in-house standard L-Alanine

(� 13C = � 18.5 ‡ ; � 15N = + 1.1 ‡ ). The standards were regularly (after eleven analyses)

included in the analytical routine to correct for instrumental drifts. The isotope values

are expressed in per mil (‡ ) relative to VPDB (Vienna Pee-Dee Belemnite) for carbon

and AIR (Ambient Inhalable Reservoir) for nitrogen.

Precision (u(RW) ) for � 13C and � 15N was determined to be± 0.107 and± 0.175 respec-

tively in the basis of repeated measurement of calibration standards and check standards.

Accuracy (u(bias) ) of � 13C is ± 0.41 and that of � 15N is ± 0.28. The total analytical

uncertainty was determined to be ± 0.43 for � 13C and ± 0.33 for � 15N . In order to cor-

rect for charring e�ect in plant remains, 0.11‡ and 0.31‡ were subtracted from their

� 13C and � 15N values, respectively (Nitsch et al., 2015). The �uctuations in � 13C of the

atmospheric CO2 throughout the Holocene were considered while interpreting the stable

carbon isotope ratios. The� 13C of atmospheric CO2 during the period in the study was

approximated using the AIRCO2_LOESS system, and then this value was used to com-

pute the � 13C discrimination of plants independent of the source CO2 (Farquhar et al.,

1982; Ferrio et al., 2005).

In the case of sulphur isotopes, the collagen samples (8 � 10 milligrams) were combusted

with additional V 2O5 and an oxygen pulse (IsoPrime— Mass spectrometer, Elementar

Analysensysteme GmbH®, Langenselbold, Germany). Calibration of � 34S values was per-

formed using international inorganic standards for stable sulphur isotope analysis: NBS127

(+20.3‡ ) and IAEA S1 (-0.3‡ ). B2155 protein (+6.96 ± 0.04‡ ) was used as an internal

quality control standard. Stable sulphur isotope values are reported in parts per thousand

relative to Vienna-Canyon Diablo Troilite (VCDT).
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4.3 Statistical analysis of stable isotope data

The obtained stable isotope data were subjected to statistical analysis using R program-

ming language (R Core Team, 2020). Initially, means and standard deviations were cal-

culated per species. Z-scores were calculated to detect the presence of outliers. Deviance

from normal distribution was assessed using the Shapiro-Wilks test. F-tests were �rst

used to check for signi�cant equal variance, and subsequently, unpaired Student's t-tests

were used for two-sample comparison in the case the datasets were normally distributed

and Wilcoxon-Mann-Whitney test for non-normal distributions.

4.4 ZooMS analysis for ovicaprids

ˆ Reagents

� 50mM ammonium bicarbonate (AmBic), 0.5% tri�uoroacetic acid (TFA), 50%

acetonitrile (ACN), 0.5 � g/ � L porcine trypsin (Promega®, UK), � -cyano-4-

hydroxycinnamic acid matrix solution (1 % in 50 % acetonitrile / 0.1 % tri�u-

oroacetic acid (v/v/v))

A small subsample of the extracted collagen was placed into a microfuge tube and 100

� L 50mM ammonium bicarbonate (AmBic) was added to the samples. The samples were

digested overnight using 1� L of 0.5 � g/ � L porcine trypsin (Promega®, UK) at 37 °C and

the digestion was stopped by the addition of tri�uoroacetic acid (TFA) at a concentration

of 0.5�1 % of the total solution. The samples were desalted using C18 zip-tips (van Doorn

et al., 2011) and eluted using 100� L of 50% acetonitrile (ACN)/0.1 % TFA (v/v).

The zip-tipped samples were spotted in triplicate onto a MTP384 Bruker ground steel

MALDI target plate; 1 � L of sample was pipetted onto each sample spot and then mixed

with 1 � L of � -cyano-4-hydroxycinnamic acid matrix solution. The samples were analysed

on a Bruker® Ultra�ex III — MALDI-ToF mass spectrometer. The resulting mass spectra

were analysed using mMass (Strohalm et al., 2010) an Open Source mass spectrometry

interpretation tool. The three spectra for each sample were averaged and the averaged

spectrum was cropped between 800 and 3000m/z and peak picking was carried out using

a signal to noise ratio of 6. The resulting spectra were compared to published ZooMS

markers of the two species.
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4.5 ZooMS analysis for equids

ˆ Reagents

� 0.6M hydrochloric acid (HCl), 0.1M sodium hydroxide (NaOH), 50mM ammo-

nium bicarbonate (AmBic), 5% tri�uoroacetic acid (TFA), 0.5% tri�uoroacetic

acid, 50% acetonitrile (ACN), � -cyano-4-hydroxycinnamic acid matrix solution

(1 % in 50 % acetonitrile / 0.1 % tri�uoroacetic acid (v/v/v)), Wash solution

(0.1% TFA in ultrapure water), Conditioning solution (0.1% TFA in 50% ace-

tonitrile), 0.5 � g/ � L porcine trypsin (Promega®, UK), 0.8 � g Glu-C (Promega®

V1651), 0.8 � g thermolysin (Promega® V4001),0.4 � g chymotrypsin (Promega

® V1061)

4.5.1 Acid insoluble collagen extraction

500 � l of cold (4 °C) 0.6M HCl was added to each tube of the bone sample weighing ap-

proximately 0.4 mg. When the volume of HCl was not su�cient to cover the sample, more

acid was added until the sample was completely submerged. The tubes were refrigerated

at 4 °C until demineralisation was complete. Demineralisation can be considered complete

when the bone is �exible/spongy and no bubbling is visible. The demineralisation usually

takes 1 - 2 days for fragments and 4 - 40 hours for powders. The samples were centrifuged

at 5000 r.p.m for 1 minute to form a collagen pellet and settle the bone at the bottom.

The supernatant was transferred to a new tube (without disturbing the solid sample) la-

belled with the sample ID and �AC� and store at -20 °C. 200 � l of 50mM AmBic was

added and vortexed. The sample was mixed by pipetting and centrifuged at 5000 r.p.m

for 1 minute. The supernatant was discarded. This step was repeated 3 times to attain

neutral pH. 200 � l of 0.1M NaOH was added and mixed by pipetting. The samples were

incubated at 36 °C for 5 minutes. Subsequently, samples were centrifuged at 5000 r.p.m

and the supernatant discarded. 200� l of 50mM AmBic was added and vortexed. The

sample was brie�y mixed by pipetting and then centrifuged at 5000 r.p.m for 1 minute.

The supernatant was discarded. This step was repeated 3 times to attain neutral pH.

100 � l of AmBic was added to the sample tube and incubated for 1 hour at 65°C to

gelatinise the collagen. After incubation, 50� l of the supernatant was transferred in to a

new microcentrifuge tube labelled with the sample ID and �EXT� (for Extract).
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4.5.2 Acid soluble collagen extraction

500 � l of cold (4 °C) 0.6M HCl was added to each tube of the bone sample weighing

approximately 0.4 mg. In case this does not cover the sample, add more acid until the

sample is completely submerged. The tubes at 4°C were refrigerated until demineralisation

is complete. Demineralisation can be considered complete when the bone is �exible/spongy

and no bubbling is visible. The demineralisation usually takes 1 - 2 days for fragments and

4 - 40 hours for powders. The samples were centrifuged at 5000 r.p.m for 1 minute to form

a collagen pellet and settle the bone at the bottom. The supernatant was transferred to a

new tube (without disturbing the solid sample) labelled with the sample ID and �AC� and

store at -20°C. Bu�er exchange was performed by placing 30 kDa ultra�lters in to labelled

tubes and adding 250� l of acid supernatant. Filters were placed into the centrifuge with

the cap strap towards the centre of the rotor. The samples were centrifuged at 3700 r.p.m

until acid has been pushed through the �lter. The �ow-through was discarded. Above

step was repeated two more times with 500� l of 50mM AmBic. 100 � l of 50 mM AmBic

was added to the �lter and mixed carefully by pipetting. 50 � l of the supernatant was

transferred in to a new microcentrifuge tube labelled with the sample ID and �EXT� (for

Extract).

Note: First acid-insoluble collagen extraction method was carried out for all the equid

samples. For the samples where the acid-insoluble method failed, collagen extraction was

carried out using the acid-soluble method.

4.5.3 Enzymatic testing

Col1 sequences from horse (XP_023508478.1, XP_008516208.1, XP_001492989.1) and

donkey (XP_014689063.1, ACM24774.1, XP_014708845.1, ACM24775.1) were aligned

and analysed using Geneious— (R11.1) (Kearse et al., 2012). The sequences were the-

oretically digested with all of the enzymes available using PeptideMass— from Expasy®

(Gasteiger et al., 2005; Wilkins et al., 1997). The peptides containing the amino acid

di�erences were then identi�ed and enzymes where at least two of the di�erences were on

peptides that would be visible within the mass range of the TOF. In order to assess the
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viability of the enzymes six reference samples, plus two well identi�ed archaeological horse

samples were analysed. Multiple gelatinisations were performed from the same digested

bone and pooled to make 400� l of extracted collagen solution. Then digestions were

performed on 50� l of extracted collagen solution for each enzyme.

ˆ Tryptic digestions: Digestions were performed in 50� l AmBic with 0.4 � g trypsin

(Promega® V5111) at 37 °C for 16-18 hours.

ˆ Glu-C digestions: Extracted collagen solution was dried down and resuspended in

50 � l of 100 mM potassium phosphate bu�er pH 8 and incubated with 0.8� g Glu-C

(Promega® V1651) at 37 °C for 16-18 hours.

ˆ Thermolysin digestions: Extracted collagen solution was dried down and resus-

pended in 50� l of 50 mM Tris (hydroxymethyl) aminomethane hydrochloride, 0.5

mM calcium chloride, pH 8 and incubated with 0.8 � g thermolysin (Promega®

V4001) at 70 °C for 4 hours.

ˆ Chymotryptic digestions: Extracted collagen solution was dried down and resus-

pended in 50 � l of Tris bu�er (100 mM Tris(hydroxymethyl)aminomethane hy-

drochloride, 10 mM calcium chloride, pH 8.0) and incubated with 0.4 � g chy-

motrypsin (Promega ® V1061) at 25 °C for 16 � 18 hours.

Dual digestion was performed with trypsin and chymotrypsin. Extracted collagen was

dried down and resuspended in 50� l of Tris bu�er. One set of samples were digested with

0.4 � g of trypsin and 0.8 � g of chymotrypsin at 25 °C for 16 � 18 hours. A second set

of samples were digested with 0.8� g of chymotrypsin at 25 °C for 16 � 18 hours. Then

0.4 � g of trypsin was added and the samples were incubated at 37°C for 30 minutes. All

digestions were stopped by adding 1� l of 5% tri�uoroacetic acid (TFA).

4.5.4 Archaeological sample digestions

Archaeological samples were gelatinised once and the resulting 100� l of extracted colla-

gen solution was split in half and digested separately with trypsin and chymotrypsin as

described above.
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4.5.5 Peptide mass �ngerprinting and data analysis

1. All digests were spotted both undiluted and diluted 1:10, in duplicate on a

BRUKER ® MTP Groundsteel— 394-target plate with equal volume of matrix so-

lution (10 mg of � -cyano-4-hydroxycinnamic acid in 1 ml of 50% acetonitrile

(ACN)/0.1% TFA). Samples were analysed on a Bruker® Ultra�extreme — MALDI-

TOF/TOF (Bruker Daltonics ®) with a smartbeam-II laser. A SNAP averaging

algorithm was used to obtain monoisotopic masses (C: 4.9384, N: 1.3577, O: 1.4773,

S: 0.0417, H: 7.7583) at the Harvard Center for Mass Spectrometry. The resulting

spectra were analysed using mMass (Strohalm et al., 2010). Spectra were assessed

for presence of predicted or con�rmed marker peaks based upon a S/N ratio of at

least 3. Genus level identi�cation was performed by identifying published collagen

peptide markers in the tryptic spectra (Buckley et al., 2017, 2009; Buckley and

Collins, 2011; Kirby et al., 2013; Welker et al., 2016).

4.5.6 Marker identi�cation and con�rmation

After analysis of the MALDI data, one sample from each species was analysed using LC-

MS/MS at the Harvard Center for Mass Spectrometry. 4 �l of chymotryptic digested

collagen was analysed on an Orbitrap— Elite mass spectrometer (Thermo Scienti�c®)

coupled with an Waters nanoACQUITY — HPLC pump (Waters ® AG). Peptides were

separated onto a 100-�m inner diameter microcapillary trapping column packed �rst with

approximately 5 cm of C18 ReproSil— resin (5 �m , 100 Å, Dr. Maisch®, Germany) followed

by an analytical column � 20 cm of ReproSil— resin (1.9 �m , 200 Å, Dr. Maisch®).

Separation was achieved by applying a gradient from 5% to 27% acetonitrile in 0.1%

formic acid over 90 minutes at 200 nlmin � 1. Electrospray ionization was enabled by

applying a voltage of 1.8 kV using a home-made electrode junction at the end of the

microcapillary column and sprayed from fused silica pico tips (New Objective—). The

LTQ Orbitrap — Elite was operated in the data-dependent mode for the mass spectrometry

methods. The mass spectrometry survey scan was performed in the Orbitrap— in the m/z

range of 400�1800 at a resolution of 6Ö 104, followed by the selection of the 20 most

intense ions (TOP20) for collision-induced dissociation (CID)-tandem mass spectrometry

fragmentation in the ion trap using a precursor isolation width window of 2 m/z , automatic

gain control (AGC) setting of 10,000, and a maximum ion accumulation of 200 ms.
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Singly charged ion species were not subjected to CID fragmentation. Normalized collision

energy was set to 35 V and an activation time of 10 ms, AGC was set to 50,000, and

the maximum ion time was 200 ms. Ions in a 10-ppmm/z window around ions selected

for tandem mass spectrometry were excluded from further selection for fragmentation for

60 seconds. Resulting data was processed using Byonic— (v3.5.3) (74) in two steps. All

runs had the following parameters: precursor mass tolerance: 10 ppm; fragment mass

tolerance: 0.5 Da; Cleavage sites: C-terminal to tryptophan, phenylalanine, tyrosine,

lysine, methionine, and histidine; with decoys. The �rst step was to identify any additional

proteins in the sample other than collagen.

This was done using a database composed of Swissprot— (downloaded 13 May 2022) and

the proteomes from horse (UP000002281, 44,487 proteins) and donkey (UP000694387,

33,257 proteins) and the parameters: fully speci�c cleavage, 2 missed cleaves, common

modi�cations: deamidation on arginine and glutamine, oxidation of proline, methionine,

and lysine; rare modi�cations: Glx to pyro-Glu on N-terminal glutamine and glutamic

acid, ammonia loss on N-terminal cysteine; modi�cations allowed: common - 2, rare - 1.

The peptide FDR rate cut o� was 2% and a focused database was made from the pro-

teins identi�ed. The focused databases were then combined and duplicates were removed.

Col1 sequences were also removed and replaced with the six curated equid sequences (see

above). This database was then used to identify the collagen peptide sequences using

Byonic— with the following parameters: semi-speci�c cleavage, 2 missed cleaves, common

modi�cations: deamidation on arginine and glutamine, oxidation of proline, methionine,

and lysine; rare modi�cations: Glx to pyro-Glu on N-terminal Q/E, ammonia loss on

N-terminal C; modi�cations allowed: common - 6, rare - 1. The peptide FDR rate cut o�

was 1%.
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5.1 Site background

Castro Marim is located on the Guadiana estuary (Fig. 5.1) as a portal to the metallo-

genic mineral-rich Baixo � Alentejo region as well as to the fertile cultivable lands in the

interior regions. The Iron Age settlement was located on an elevation with adequate nat-

ural defensive elements and overlooked vast swatches of land, which allowed domination

of estuarine tra�c and agricultural activities in its domain of in�uence. These condi-

tions allowed trade and cultural networks between the indigenous communities and the

Mediterranean communities to �ourish. The earliest Iron Age occupation of the site is

characterized by East-West orthogonal settlement architecture dating from the �rst half

of 7th century BCE, in the Orientalising period (Arruda et al., 2013; Arruda, 1996).This

earliest Iron Age occupation corresponds to Castro Mariḿs phase II (1st half of the 7th

century BCE), III (2 nd half of the 7th century BCE), IV (6 th century BCE), and V (5 th

century BCE). Phoenician imports and other evidence for human presence declined from

the second half of the 6th century BCE till the �rst half of the 5 th century BCE (Ar-

ruda, 1996). Signi�cant changes in material culture and restructuring of the settlement

architecture with a Northeast � Southwest orientation are observed from the second half
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Figure 5.1: Geological map of the region around Castro Marim on the banks of Guadiana
River, Algarve Region of Portugal in EPSG 4326 projection. (Source: Directorate General of
Mines and Geological Services - Carta de Geológica de Portugal).
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of the 5th century BCE (Arruda et al., 2013, 2006; Arruda and Freitas, 2008). After the

departure of the sixth century crisis, Greek products � speci�cally ceramics such askilikes,

skyphoi, and kantharoi (Arruda et al., 2020; Arruda, 1997) were imported on a large scale.

This resurgence put Castro Marim back in the main commercial circuits along the Iberian

Peninsula's Atlantic coast till the 3 rd century BCE (Arruda et al., 2013, 2006; Arruda,

2000; Sousa, 2019). The Phoenician � Punic period is represented by archaeological phases

III, IV, and V.

Being in a littoral zone made it possible to adopt a wide range of agricultural strategies and

husbandry practices at Castro Marim. The presence of cereals (Hordeum and Triticum ),

grapes (Vitis vinifera/sylvestris ), pulses (Vicia and Cicer ), and other cultivated species

(Olea and Coriandrum ), as well as the exploitation of wild woody plants (Pinus and

Arbutus etc.) have been elucidated from the archaeological record (Queiroz et al., 2006).

Animals recovered from the excavation (native to Portugal) include cattle (Bos taurus),

goat (Capra hircus), sheep (Ovis aries), pig (Sus scrofa/domesticus), red deer (Cervus

elaphus), and rabbit ( Oryctolagus cuniculus) (Davis, 2007). The arrival of chicken (Gallus

domesticus) has been documented, being introduced at least in the second half of 5th

century BCE (Davis, 2007).

5.2 Environmental settings

Figure 5.2: Reconstruction of the Guadiana estuary during the Phoenician period based on geo-
physical and lithological data (adapted from Wachsmann et al. (2009)).

Landscape surrounding during the Iron Age was quite di�erent from what it is in mod-

ern times. Paleogeographic reconstruction based on geophysical and lithological data of
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the Guadiana estuary indicates muddy-bottom shallow estuarine setting at the mouth

of the river during the Phoenician period, with the Iron Age settlement situated on a

ridge projecting northward (Fig. 5.2) with a Pleistocene/mid-Holocene bedrock platform

(Wachsmann et al., 2009). After the arrival of Phoenicians (874 BCE), there was a de-

cline in pinewood, Quercus forest, and sclerophyllous thickets with an increase in scrub

vegetation consisting of �re-adapted Cistaceae and Ericaceae (Fletcher et al., 2007). This

is due to prevailing warm and dry climatic conditions corresponding to a more arid regime

across southern Iberia (Jalut et al., 2000; Magny et al., 2002).

5.3 Materials

Nine charred plant macro-remains (Table 5.2) ofHordeum vulgaresubsp. vulgare, Hordeum

vulgare subsp. nudum, and Pinus sp. each as well as �fty faunal bone samples (Table 5.3)

from conclusively adult individuals have been selected for this study. The sampled faunal

bones represent the Phoenician � Punic period of the settlement (phases III, IV, and V),

whereas the charred plant macro � remains are only from phase V due to the absence of

plant remains from the older phases.

5.4 Archaeobotanical assessment

The original archaeobotanical assessment was carried out by Queiroz et al. (2006). Cereals

make up the most signi�cant fraction of the carpological remains. The bulk of cereals

is barley (Hordeum vulgare) with a tiny fraction of wheat ( Triticum durum/aestivum ).

Pulses are mainly broad beans (Vicia faba) and chickpeas (Cicer arietinum ), of which

the former has been present in Portugal since prehistoric times, whereas the latter was

appreciated as a luxury food in the Roman period from Asia. The presence of grape

(Vitis vinifera/sylvestris ) pips and charred wood is typical, starting from the Phoenician

period in Portugal. The presence of grape pips in Iron Age Castro Marim indicates

exploitation of wild vines or cultivated non-local vines by the local population. The most

exciting carpological remains are of coriander (Coriandrum sativum) which is not native

to Portugal and was supposed to be introduced during medieval times, making this the

earliest coriander occurrence in Portugal. Charred pine, oak, ash, and poplar wood were

recovered abundantly. The exploitation of wild woody plants for timber and fruits marks
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the Phoenician colonization of the Iberian peninsula. Due to unforeseen circumstances,

these identi�ed remains could not be accessed for isotope analyses within this thesis.

Previously unprocessed sediments were studied again to gain plant remains.

5.5 Zooarchaeological assessment

Cattle

Goats

Pigs

Rabbits

Red Deer

Sheep

0 10 20
Relative percentage of each species

Figure 5.3: Relative proportions of domesticated and wild fauna (excluding birds) in faunal
assemblages from Castro Marim.

Ovicaprids (sheep and goats) followed by pigs and cattle (Figure 5.3) dominate the Castro

Marim mammal taxa (Davis, 2007). Both sheep and goats were equally represented with

negligible �uctuations throughout the Iron Age at Castro Marim. The wild species in

the assemblage consisted mainly of red deer and rabbits. Both the species (red deer and

rabbits) are present consistently in all the phases of the settlement. It is worth mentioning

here that no morphometric distinction could be made between wild and domesticated pigs.
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There is a spike in the presence of bird remains in the later phases of the Iron Age (Phase IV

- V), primarily due to the introduction of domesticated chicken. The presence of partridge,

a common wild species of Iberia, is also noted. Unlike the chicken, partridge has never

been domesticated. Ovicaprids and cattle were kept well into maturity indicating that

they were prized more for their secondary purposes than their meat. Sheep and goats

were kept for their milk and wool, usually slaughtered after they reach at least two years

of age. Cattle were valued for their power to plow in the �elds as well as to pull heavy

loads. Also, they too, were a source of milk. Pigs, on the other hand, were slaughtered

as juveniles as they were primarily reared for meat. Most of the red deer found were

adults, suggesting a hunting preference of that period as a vital subsidiary source of meat.

Chicken seems to be slaughtered at a young age, whereas the partridges at an adult age.

The slaughter age indicates the domesticated status of chicken and wild status of partridge,

respectively.

5.6 Results

5.6.1 Botanical remains and their stable isotopes

Table 5.1: Recovered plant remains from archaeological sediments.

Species Quantity Phase

Hordeum vulgare 1300 V
Triticum aestivum/durum 4 V
Apium graveolens 1 V
Pinus pinea 2 V
Brassica nigra 3 V
Pisum sativum 1 V
Galeopsis tetrahit 1 V
Vicia faba 2 V

No botanical remains could be recovered from the soil samples of phases I � IV. The bulk of

the recovered remains are from phase V representing the most mature chronological period

of the occupation. Barley (Hordeum vulgare) is the dominant taxon in the botanical record

(Table 5.1). Hordeum vulgarevar. nudum and Hordeum vulgaresubsp. vulgare (Fig. 5.4

(f) and (g) , respectively) are the two cultivars that constitute the barley fraction with

equal abundance. Wheat (Triticum aestivum/durum ) is the second most abundant taxon

after barley. Large-scale cereal cultivation has been observed in sites located in river valleys

near the South Iberian sea coast (including, Castillo de Doña Blanca in Guadalquivir

Valley and El Villar in Guadalhorce Valley) (Semmler, 1992, 1990), two sites which are
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located in similar geographical settings to Castro Marim). Cereal cultivation seems to be

a signi�cant activity, implying that cereals were the principal source of carbohydrates for

both humans and animals. The greater presence of barley compared to wheat can be a

strategy of `minimum returns on investment' against dry climatic conditions, exploiting

the fact that barley has a higher tolerance to drier conditions than wheat (Riehl, 2009).

Two taxa of pulses have been noted, namely, peas (Pisum sativum) and broad bean (Vicia

faba) (Fig. 5.4 (d) and (i) respectively). Pulses serve as a rich source of proteins and

act as an alternative to animal-sourced protein for humans. The combined cultivation of

pulses with cereals helps to maintain adequate soil nitrogen levels, leading to sustainable

and diverse production. The presence of black mustard (Brassica nigra) (Fig. 5.4 (a) )

has been recorded. Black mustard is a common species along the rocky Mediterranean

coasts and has long found its place as a culinary taste enhancer (Dixon, 2006). Like many

members ofBrassica, black mustard was also used as a source of oil (Peña-Chocarro et

al., 2019).

A fragment of a charred fruit has been attributed to Apium taxon, suspected to be a

seed of celery (Apium graveolens) (Fig. 5.4 (b) ). This attribution is done due to the

presence of �ve slender longitudinal ridges on the surface of the fruit (Wilson, 2016).This

species is native to the coastal Mediterranean region, considered to be its center of origin.

The recorded use of celery as a vegetable in Europe is only from the 1600s, originating in

Italy, gradually spreading westwards in the subsequent centuries (Tobyn et al., 2011). The

consumption of celery as a vegetable started in the Mediterranean region only around the

17th century CE. In the Phoenician - Punic period, it could have been either cultivated or

foraged as a medicinal herb rather than a food plant (Sturtevant, 1886). Shells of pine nuts

(Pinus sp.) (Fig. 5.4 (h) ) are suspected to be from the speciesPinus pinea, commonly

known as Mediterranean stone pine. Pine nut consumption has been documented in

Portugal since the Palaeolithic period (Gale and Carruthers, 2000). The stone pine nuts

are high in protein and fat with low carbohydrates (Haws, 2004). The nuts are a valuable

source of nutrition and could have been stored during low cultivated food production

periods.

Table 5.2 shows the results of stable isotope ratios of the two barley cultivars and stone

pine and Table 5.4 shows their mean summary. In the case of barley, the isotope ratios

fall within the established predicted ranges obtained from experimentally charred modern

cereals (Fraser et al., 2013). Since the isotope ratios of the stone pine are similar to that
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Figure 5.4: Charred plant remains of settlement phase V from Castro Marim;(a) Brassica
nigra; (b) Apium graveolens; (c) Galeopsis tetrahit; (d) Pisum sativum; (e) Triticum aes-
tivum/durum ; (f) Hordeum vulgare var. nudum; (g) Hordeum vulgare subsp. vulgare; (h) Pi-
nus pinea; (i) and (j) Vicia faba

Table 5.2: � 13C and � 15N values of the charred plant macro-remains.

Sample
ID

Species % C % N � 13 C
(‡ )

� 15 N
(‡ )

� 13 C �
cr

(‡ )
� 15 N �

cr

(‡ )
� 13 C
(‡ )

CMHV1 Hordeum vulgare subsp. vulgare 37.7 2.1 -22.1 9.6 -22.2 9.3 16.1
CMHV2 Hordeum vulgare subsp. vulgare 49.7 2.8 -22.6 9.4 -22.7 9.1 16.6
CMHV3 Hordeum vulgare subsp. vulgare 50.0 2.2 -24.7 9.1 -24.8 8.8 18.8
CMHN1 Hordeum vulgare var. nudum 49.1 3.6 -23.0 8.9 -23.1 8.6 17.0
CMHN2 Hordeum vulgare var. nudum 49.5 3.9 -23.2 8.4 -23.3 8.1 17.2
CMHN3 Hordeum vulgare var. nudum 47.6 2.6 -23.1 9.8 -23.2 9.5 17.1
CMPP1 Pinus pinea 58.8 0.7 -25.5 11.4 -25.6 11.1 19.6
CMPP2 Pinus pinea 48.3 0.8 -24.7 11.3 -24.8 11.0 18.8
CMPP3 Pinus pinea 56.7 0.6 -25.4 13.8 -25.5 13.5 19.5

* � 13 C and � 15 N values corrected for charring e�ect.
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of barley, they are considered consistent.

5.6.2 Collagen quality and ZooMS

Collagen yields range between 2.5% to 49.1% (Table 5.3). Collagen extraction was consid-

ered successful for all the bone samples, based on published criteria, with carbon con-

tent between 15.3% and 47.0% (Ambrose, 1990), nitrogen content between 5.5% and

17.3% (Ambrose, 1990), C/N values between 3.15 and 3.50 (conservative upper limit with

0.5% tolerance) (Guiry and Szpak, 2021), C/S values between 300 and 900 (Nehlich and

Richards, 2009), and collagen yields greater than 1% (van Klinken, 1999). The extracted

bone collagen samples exhibit C/N values ranged between 3.1 and 3.5 and C/S values

between 225.9 and 688.4. Carbon and nitrogen amounts range from 20.3% to 50.0% and

7.3% and 18.1% respectively. All the faunal samples exhibited collagen quality parameters

indicative of good preservation. Sheep and goat samples were successfully distinguished

on the basis of ZooMS. The identi�ed sample entries are in bold format (Table 5.3).

5.6.3 Faunal bone collagen isotope values

All �fty faunal samples, demonstrate stable isotope values within the range expected for a

C3 temperate ecosystem with� 15N and � 34S values of fauna ranging from 2.9‡ to 17.3

‡ and 9.5 ‡ to 15.8 ‡ respectively. The isotope composition of the fauna is presented

in Table 5.3 and the mean summary data by species in Table 5.4.

5.7 Discussion

5.7.1 Water and nutrient nitrogen availability for vegetation

The � 13C means of both barley cultivars show no statistically signi�cant di�erence (t-

statistic: -0.04, degrees of freedom: 4,p-value: 0.97). The � 13C values (Figure 5.5(a) )

show barley cultivated in poor to moderate watering conditions, which would indicate

that the plants have been dependent on natural precipitation with little or no arti�cial

irrigation in an arid climatic regime (Fernández-Crespo et al., 2019; Fletcher et al., 2007).

The `watering bands' construct established by (Wallace et al., 2013) has its own limitations.

However, in this thesis the� 13C isotope values of the plant remains are in agreement with
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Figure 5.5: (a). Beeswarm plot showing� 13C values of barley cultivars where the area be-
tween the blue dashed lines represents `moderately-watered' (MW ) condition with the `well-
watered' (WW ) condition being above the top blue line and `poorly-watered' (PW) condition
being below the lower blue line, based on the study of modern crops in varying watering condi-
tions (Wallace et al., 2013). � 13C values of stone pine have been plotted as well for the sake
of visualization. (b). Beeswarm plot showing the manuring status of barley cultivars with green
shaded region representing 1 SD range of estimated wild herbivore forage value (calculated from
subtracting 4 ‡ from red deer � 15N mean ± 1 SD range).
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the regional climatic regime data of Algarve (Fletcher et al., 2007). This combined with

the lack of any other contemporary ethnobotanical isotope data from the region justi�es

the use of watering bands. There is no signi�cant di�erence in � 15N (t-statistic: 0.77,

degrees of freedom: 4,p-value: 0.49) between the two barley cultivars, but Pinus pinea

yields higher � 15N values (Table 5.2). The � 15N mean values of C3 plants near salt-

marshes are higher when compared to coastal and inland sites (Cloern et al., 2002). The

stone pine samples exhibit higher� 15N mean values than the barley cultivars despite the

possibility that the latter could be subjected to manuring regimes (Figure 5.5(b) ) as they

yield enriched � 15N values compare to estimated wild herb forage values. This indicates

that the barley was very likely cultivated in locations farther away from the coastline than

the stone pine and explains their poor to moderate watering conditions despite Castro

Marim being close to Guadiana estuary. Because the settlement was located on a narrow

strip of land surrounded by water (Figure 5.2), the lack of space to grow crops could have

been the primary reason for growing the barley away from the coast. The stone pine on

the other hand seems to have been growing near the salt-marshes.
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Table 5.3: Elemental and isotope (carbon, nitrogen, and sulphur) composition of the fauna from Castro Marim.

Sample ID Species Skeletal Element % col % C % N % S C:N C:S N:S � 13 C (‡ ) � 15 N (‡ ) � 34 S (‡ )

CMOF779 Pluvialis squatarola Tarsometatarsal 2.5 40.8 14.8 0.3 3.2 375.9 81.6 -14.9 10.3 9.5

CMOF777 Rissa tridactyla Humerus 3.9 40.9 15.1 0.3 3.2 376.9 109.7 -15.5 13.9 15.8

CMOF756 Alectoris rufa Tarsometatarsal 8.8 41.0 15.1 0.3 3.2 438.1 53.3 -20.6 5.8 13.9

CMOF737 Alectoris rufa Tarsometatarsal 6.3 40.6 14.9 0.3 3.2 416.8 49.0 -20.0 5.6 13.9

CMOF710 Gallus domesticus Femur 4.5 40.5 14.7 0.3 3.2 415.9 81.5 -18.9 9.3 16.2

CMOF774 Gallus domesticus Tibia 10.5 40.7 14.9 0.2 3.2 452.9 74.4 -20.2 7.8 15.1

CMOF750 Gallus domesticus Femur 6.0 40.6 15.1 0.2 3.1 451.9 94.8 -18.2 9.9 13.5

CMOF751 Gallus domesticus Femur 31.1 40.6 14.8 0.2 3.2 515.8 106.5 -18.1 9.8 14.9

CMOF772 Gallus domesticus Carpometacarpal 3.1 40.7 14.9 0.2 3.2 452.8 91.1 -18.5 9.6 14.9

CMOF743 Gallus domesticus Humerus 4.5 41.1 15.0 0.2 3.2 498.4 100.2 -18.1 9.6 12.5

CMOF746 Gallus domesticus Carpometacarpal 24.7 42.4 15.8 0.2 3.1 514.6 100.4 -17.3 9.6 12.2

CMOF744 Gallus domesticus Humerus 6.5 43.4 16.0 0.3 3.2 429.3 80.1 -17.5 9.5 14.7

CMOF731 Gallus domesticus Carpometacarpal 10.4 42.8 15.6 0.3 3.2 393.6 86.0 -19.3 10.9 16.2

CMOF730 Gallus domesticus Tarsometatarsal 15.8 50.0 18.1 0.2 3.2 606.3 115.5 -19.6 11.1 14.1

CMOF709 Gallus domesticus Tibia 29.1 42.8 15.7 0.2 3.2 544.0 119.8 -18.7 11.0 14.6

CMOF745 Gallus domesticus Carpometacarpal 4.5 41.0 15.3 0.2 3.1 476.1 95.2 -18.2 9.6 15.2

CMOF158 Sus sp. Tibia 5.1 41.0 15.2 0.2 3.2 521.0 119.5 -19.3 11.0 14.6

CMOF439 Sus sp. Humerus 6.6 21.7 8.0 � 3.2 � � -19.8 8.8 �

CMOF354 Sus sp. Humerus 41.4 40.9 15.3 0.2 3.1 496.0 133.8 -18.0 12.9 11.4

CMOF253 Sus sp. Humerus 16.2 40.3 15.0 0.2 3.1 489.3 76.3 -19.6 7.3 11.9

CMOF338 Sus sp. Humerus 6.0 40.8 15.0 � 3.2 � � -20.3 8.5 �

CMOF466 Sus sp. Tibia 19.8 40.8 15.0 0.2 3.2 544.1 100.4 -20.1 8.8 14.4

CMOF323 Sus sp. Humerus 2.6 40.4 14.9 � 3.2 � � -20.3 7.3 �

CMOF435 Bos taurus Humerus 10.9 41.1 14.9 0.2 3.2 477.5 88.9 -20.2 8.9 10.3

CMOF370 Bos taurus Astragalus 41.6 39.8 14.6 0.2 3.2 443.1 66.7 -21.2 7.0 15.2

CMOF402 Bos taurus Tibia 12.3 41.8 15.8 � 3.1 � � -19.0 7.6 �
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Table 5.3: Elemental and isotope (carbon, nitrogen, and sulphur) composition of the fauna from Castro Marim. (continued)

Sample ID Species Skeletal Element % col % C % N % S C:N C:S N:S � 13 C (‡ ) � 15 N (‡ ) � 34 S (‡ )

CMOF201 Bos taurus Astragalus 29.1 41.9 15.6 0.2 3.1 558.6 69.4 -21.4 6.1 8.3

CMOF480 Bos taurus Humerus 10.8 39.1 14.4 0.2 3.2 580.6 52.5 -21.7 4.1 15.3

CMOF147 Bos taurus Metacarpal 19.8 43.0 16.2 � 3.1 � � -20.0 7.2 �

CMOF468 Bos taurus Tibia 22.9 40.9 15.5 0.2 3.1 642.4 122.8 -21.6 9.1 11.6

CMOF393 Bos taurus Metatarsal 36.2 42.1 15.3 � 3.2 � � -20.3 3.9 �

CMOF94 Bos taurus Tibia 34.0 36.7 13.9 0.2 3.1 490.4 58.0 -20.9 5.1 7.8

CMOF397 Capra hircus Astragalus 13.3 38.7 14.2 0.2 3.2 688.4 64.5 -19.8 4.2 10.9

CMOF181 Capra hircus Humerus 24.6 41.3 15.3 0.2 3.2 580.4 59.5 -19.8 4.9 12.6

CMOF420 Capra hircus Humerus 19.8 40.7 15.1 0.2 3.2 494.3 59.4 -19.3 5.7 13.6

CMOF673 Capra hircus Astragalus 20.9 20.3 7.3 0.2 3.3 225.9 51.9 -19.2 5.4 14.8

CMOF660 Capra hircus Metatarsal 4.0 42.3 15.6 0.2 3.2 564.3 48.5 -19.8 4.2 12.8

CMOF14 Capra hircus Astragalus 7.9 36.6 13.1 � 3.3 � � -20.3 3.9 �

CMOF394 Capra hircus Metacarpal 21.4 27.2 10.0 0.2 3.2 426.9 85.7 -19.6 6.4 9.2

CMOF424 Ovis aries Calcaneum 45.7 40.6 14.8 0.2 3.2 493.1 73.3 -20.7 7.0 7.7

CMOF374 Ovis aries Metacarpal 15.6 41.1 15.3 0.3 3.1 406.0 68.4 -17.3 8.1 13.4

CMOF419 Ovis aries Astragalus 9.6 36.8 13.5 0.2 3.2 516.5 67.1 -20.8 5.6 7.0

CMOF463 Ovis aries Humerus 5.3 40.7 15.3 0.2 3.1 543.5 86.6 -20.8 7.6 15.9

CMOF656 Ovis aries Humerus 49.1 40.9 15.2 0.2 3.1 574.2 46.8 -19.8 3.9 17.3

CMOF260 Ovis aries Metacarpal 6.8 42.5 15.9 � 3.1 � � -19.8 5.9 �

CMOF691 Ovis aries Humerus 6.8 40.9 15.4 0.2 3.1 545.9 106.4 -20.7 9.3 12.4

CMOF477 Ovis aries Astragalus 10.8 43.9 15.6 0.2 3.3 558.3 61.0 -19.5 5.6 8.8

CMOF303 Ovis aries Humerus 17.8 42.1 15.7 0.2 3.1 562.5 80.0 -20.2 7.0 9.6

CMOF230 Oryctolagus cuniculus Tibia 8.4 40.9 14.9 0.3 3.2 436.8 43.3 -21.6 4.7 16.7

CMOF254 Oryctolagus cuniculus Humerus 7.2 40.4 14.6 0.3 3.2 385.5 96.8 -21.5 11.8 11.4

CMOF99 Oryctolagus cuniculus Astragalus 6.5 42.9 14.4 0.2 3.5 602.2 99.9 -20.5 8.3 14.3

CMOF457 Oryctolagus cuniculus Humerus 4.9 40.5 15.0 0.2 3.2 450.9 41.3 -23.2 4.3 14.2

CMOF353 Oryctolagus cuniculus Calcaneum 23.1 42.7 15.8 0.2 3.2 495.4 110.2 -21.0 11.1 12.6
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Table 5.3: Elemental and isotope (carbon, nitrogen, and sulphur) composition of the fauna from Castro Marim. (continued)

Sample ID Species Skeletal Element % col % C % N % S C:N C:S N:S � 13 C (‡ ) � 15 N (‡ ) � 34 S (‡ )

CMOF334 Oryctolagus cuniculus Humerus 11.0 43.3 15.9 � 3.2 � � -20.6 11.2 �

CMOF324 Oryctolagus cuniculus Humerus 7.7 43.9 15.4 � 3.3 � � -22.9 4.0 �

CMOF388 Cervus elaphus Calcaneum 6.7 28.3 10.3 0.2 3.2 504.4 62.6 -20.0 4.1 15.6

CMOF373 Cervus elaphus Humerus 6.3 41.3 15.2 0.2 3.2 524.5 39.8 -20.0 3.6 16.3

CMOF677 Cervus elaphus Humerus 6.2 41.4 14.9 0.3 3.2 394.8 31.4 -20.3 3.8 15.8

CMOF467 Cervus elaphus Humerus 15.5 34.4 12.8 0.2 3.1 539.9 59.3 -20.0 4.4 14.3

CMOF508 Cervus elaphus Astragalus 3.0 38.0 14.3 � 3.1 � � -20.0 3.5 �

CMOF643 Cervus elaphus Humerus 8.4 42.8 15.9 � 3.1 � � -19.7 2.9 �

CMOF504 Cervus elaphus Astragalus 10.9 38.6 13.9 � 3.2 � � -19.8 3.4 �

Note:

The ovicaprid samples which were identi�ed as goats and sheep by ZooMS are in bold.

70



CHAPTER 5. CASTRO MARIM

5.7.2 Stable isotopes of wild and domesticated fauna

Figure 5.6: Plot showing mean� 13C and � 15N values (mean± 1 SD range) of faunal bone col-
lagen and botanical remains. The colour palette is produced with the Colorgorical web app (Gra-
mazio et al., 2017).

Red deer when compared to other fauna have similar� 13C isotope values and lower� 15N

values and yield amongst highest� 34S values well within the expected range for areas

a�ected by sea-spray indicating that the foraging occurred in open forests near the coast.

The mean � 13C values of rabbits are signi�cantly lower than those of red deer (t-statistic:

-4.01, degrees of freedom: 12,p-value: 0). This can be attributed to the rabbits' foraging

ground level �ora with high recycling of CO 2 and shade from the higher levels of the

canopy in contrast with the red deer foraging at taller vegetation. Feeding in forested

areas causes the� 13C values to deplete due to the canopy e�ect (Bona�ni et al., 2013).

The � 15N values of rabbits are anomalous with a standard deviation spanning almost

a trophic level (standard deviation of � 15N : 3.5‡ ). It can be observed from Fig. 5.6
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Figure 5.7: Plot showing mean� 15N and � 34S values (mean± 1 SD range) of faunal bone
collagen. The yellow lines mark the range while the arrow indicates the decreasing trend of� 34S
values as one moves inland away from the coast up to 30 km (Mizota and Sasaki, 1996; Nehlich,
2015; Wakshal and Nielsen, 1982).
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that the rabbits consist of two distinct groups, one group with higher � 13C and � 15N

values compared to the other (Figure 5.6). The group of rabbits with higher� 15N values

correspondingly have lower� 34S values (Fig. 5.7) which con�rms salt-marsh foraging

(Guiry et al., 2021) whereas the other group had more terrestrial foraging.

Goat mean� 13C values are not signi�cantly di�erent from those of sheep (t-statistic: 0.61,

degrees of freedom: 14,p-value: 0.55). The slightly positive � 13C values ovicaprids' in-

dicate foraging in open areas. Sheep exhibit signi�cantly higher� 15N values than goats

(t-statistic: 2.5, degrees of freedom: 14,p-value: 0.03), demonstrating that sheep were fod-

dered on food sourced from manured vegetation with the assumption of uniform coastal

impact on all vegetation (Figure 5.6). Sheep are superior to goats both in terms of sec-

ondary products and ease of management (Davis, 2007; Rutter, 2002). Owing to the more

attached economic interests with sheep, it is natural to give food sourced from cultivated

crops. Since proximity to the salt-marsh masks the increase of� 15N (as seen in Figure

5.5) values caused by manuring in cultivated crops, the statistically signi�cant di�erence

of � 15N between goats and sheep is likely due to the consumption of manured crops. The

� 34S values of the ovicaprids fall well within the expected range of herbivores foraging

on vegetation a�ected by sea spray. The cattle have no signi�cantly di�erent (t-statistic:

-1.57, degrees of freedom: 16,p-value: 0.14) � 13C isotope ratios when compared to sheep.

Cattle also seem to have grazed in open areas similar to the sheep. The� 15N isotope

ratios of cattle are also signi�cantly not di�erent from sheep (t-statistic: 0.13, degrees of

freedom: 16,p-value: 0.9), indicating a diet of manured vegetation. Though signi�cantly

not di�erent than sheep, the mean � 15N values of cattle are slightly lower (Figure 5.6).

The � 34S values of cattle are also within the range expected for fauna a�ected by sea spray

e�ect. Most of the cattle bones are from adults, which indicates that they were used as

a source of power and only slaughtered for meat towards the end of their lives (Davis,

2007). Since they were used for labour intense tasks, their diet could have a considerable

amount of cultivated crop components. The slightly positive � 13C and high � 15N values

of pigs re�ect an omnivorous diet consisting of agricultural components and human food

scraps similar to the Neolithic and Chalcolithic periods from Portugal (Waterman et al.,

2016; šalait
e et al., 2018). The slightly more positive � 13C values and � 34S of the pigs,

compare to cattle and sheep are likely due to presence of �sh and shell�sh (molluscs and

crustaceans) in the human food scraps. All the three isotopic values of sheep and cattle

present the image that the two domesticates were treated in a very similar manner and

73



CHAPTER 5. CASTRO MARIM

highly valued. Four sheep, two cattle, and one goat (Fig. 5.7) are the only specimens

showing � 34S values outside the range of sea spray e�ect, which might be indicative of

their non-local origin. The variability of � 34S values in the domesticates could have re-

sulted from being temporarily away from the site, due to transhumance or transtermitance,

which needs further investigations such as strontium isotope analysis to have conclusive

results.

Table 5.4: Summary of mean� 13C, � 15N , and � 34S values, by species from Castro Marim.

� 13 C (‡ ) � 15 N (‡ ) � 34 S (‡ )

Species n (�x) ( � ) (�x) ( � ) (�x) ( � )

Cattle 9 -20.70 0.89 6.56 1.91 11.42 3.27

Chicken 12 -18.55 0.84 9.81 0.90 14.51 1.26

Goat 7 -19.69 0.37 4.96 0.92 12.32 1.99

Partridge 2 -20.30 0.42 5.70 0.14 13.90 0.00

Pig 7 -19.63 0.81 9.23 2.04 13.07 1.66

Rabbit 7 -21.61 1.07 7.91 3.53 13.84 2.00

Red Deer 7 -19.97 0.19 3.67 0.49 15.50 0.85

Sheep 9 -19.96 1.11 6.67 1.60 11.51 3.84

Grey Plover 1 -14.90 � 10.30 � 9.50 �

Kittiwake 1 -15.50 � 13.90 � 15.80 �

Barley 6 -23.12 0.88 9.20 0.51 � �

Stone Pine 3 -25.20 0.44 12.17 1.42 � �

The � 13C values (t-statistic: 2.8, degrees of freedom: 12,p-value: 0.02) and� 15N values

(t-statistic: 6.26, degrees of freedom: 12,p-value: 4 � 10� 5) of chicken and partridge are

signi�cantly di�erent. The � 34S values of chicken and partridge on the other hand are

not signi�cantly di�erent (t-statistic: 0.66, degrees of freedom: 12, p-value: 0.52). Higher

� 13C, � 15N , and � 34S values of the chicken can be due to its domesticated status, and

indicate a diet of human food scraps which have a marine component. Also, chicken could

have eaten insects alongside the human-provided food which can lead to an increase of

� 15N values. Usual partridge diet consists of arthropods, grass seeds, �owers, and weeds

while they prefer foraging at the edges of agricultural �elds (Green, 1984) which can

explain the higher � 15N values in comparison with red deer. All the partridges recovered

are adults, whereas the chickens constitute juvenile-adult mix, further indicative that the

former were hunted for consumption. Grey plover has a mean� 13C value of -14.9‡ and a

mean � 15N value of 10.3‡ . Grey plovers are known to feed in muddy intertidal zones on

insects (such as Coleoptera), polychaetes, molluscs, and crustaceans (Perez-Hurtado et al.,
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1997). The isotope values are consistent with a diet including both terrestrial and marine

prey. The � 34S value of grey plover is outside the range expected for a partial marine diet

since estuarine and intertidal zones have depleted� 34S isotope values (Nehlich, 2015).

Kittiwake's diet consists of �sh, marine invertebrates, and plankton (Bull et al., 2004).

Kittiwake has a mean � 13C value of -15.5‡ , mean� 15N value of 13.9‡ , and a mean� 34S

value of 15.8‡ , as expected of a species with a marine diet.

Overall, the domesticated mammals are not above one trophic level (4‡ � 15N ) over the

plants (both cultivated barley and stone pine) (Figure 5.6). Inland Iron Age domesticated

mammals have mean� 13C values ranging between 21 - 23‡ (for C3 temperate ecosystem)

and � 15N mean values ranging between 3-5‡ for herbivores and > 6‡ for omnivores

(Fernández-Crespo et al., 2019; Hamilton et al., 2019; Schulting et al., 2019; Styring et

al., 2017). In comparison, the fauna at Castro Marim have similar� 13C values and slightly

higher � 15N mean values. Apart from manuring, another reason for these slightly higher

� 15N values could be due to the proximity of the site to the salt-marsh. Most of the Castro

Marim � 34S isotope values are well within the range of sea spray e�ect (Figure 5.7). The

large spread of the� 34S values could be due to the foraging spaces being located away from

the settlement (more than 30 kms) since Iron Age Castro Marim settlement was short of

foraging space (Figure 5.2). The few individuals not within the range can be considered

as non-local.

5.8 Conclusion

The � 13C values of the two barley cultivars indicate a certain level of dependence on

natural precipitation with little to no arti�cial irrigation. Based on the � 13C values,

stone pine seems to have better watering status than the barley cultivars. However, the

small number of stone pine samples available for analysis does not allow for de�nitive

conclusions. The manuring of barley was masked by the high nitrogen nutrient soils of the

salt marshes. The� 15N ratios of the stone pine are elevated likely due to the proximity of

salt marsh. The � 15N values of stone pine are greater than those of the barley, indicating

that the cultivation took place in locations far away from salt marsh which was likely due to

the absence of agricultural land near the settlement in Iron Age. In the case of wild fauna,

the � 13C and � 34S values of rabbits indicate foraging at ground level in closed settings,

while those of red deer indicate grazing in coastal open forests. The� 15N and � 34S values
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of rabbits indicate two di�erent groups, with one group foraging in salt-marshes and the

other in a more terrestrial setting. Ovicaprid � 13C and � 34S values indicate foraging in

open pastures in proximity to the estuary. Comparing the � 15N ratios of sheep and goats

show that the former was fed agricultural produce/by-products, which the latter lacked.

The cattle also foraged in open coastal areas and had cultivated components in its diet

similar to the sheep. Pigs exhibit � 13C and � 15N values consistent with an omnivorous

diet. In the case of the seabirds, both grey plover and kittiwake exhibit � 13C, � 15N , and

� 34S values consistent with their diet. Chicken � 13C and � 15N values are re�ective of its

domesticated status with a mixture of C3 plants, insects, and human food scraps (which

could include of �sh, molluscs, and crustaceans). The� 15N values of the fauna are not a

trophic level above the presented plant isotope values, which can be because of di�erent

isotope baselines or these plants were not a a major component of their diet. The� 34S

values of most fauna indicate foraging near estuary (salt-marsh and coastline), indicative

of a possible local origin. Goats, pigs, and chickens have a low range of� 34S values due

to penning in speci�c spaces. The� 34S values of cattle and sheep have a more extensive

range of values which could be due to wider foraging range or some individuals being of

non-local origin.
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6.1 Site background

Tavira, known as Balsa in the Iron Age, is located atop the Santa Maria Hills on the right

bank of the Gilão River, very close to its mouth and strategically overlooks the river's

entrance (Fig. 6.1). During the 1st millennium BCE, Tavira was a crucial urban nucleus

and part of the Phoenician network. Like Castro Marim, the Phoenician occupation

overlaps with an indigenous late Bronze Age settlement. The Phoenician occupation

layers from the �rst half of the 1 st millennium BCE are marked with characteristic Oriental

artefacts, including painted banded ceramics, red-engobed ceramics, tripod vases, ivory

artefacts, and ostrich eggs (Maia, 2003; Maia, 2000).

Not much has been revealed about the urban spaces' architectural elements because the

modern-day Tavira city exists on top of the ancient settlement. However, a necropolis

linked chronologically has been excavated on the Western side of Tavira, close to the

Convento da Graça (Arruda et al., 2008). Incineration urns of Cruz del Negro type,

characteristic of Western Iberian Peninsula, both in form and ritual from the Tartessian

region were found here. The Cruz del Negro type of urns in other Phoenician colonies

of Sardinia and Ibiza reveal the connections of di�erent regions of the Mediterranean.
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Figure 6.1: Geological map of the region around Tavira on the banks of Gilão River, Algarve
Region of Portugal in EPSG 4326 projection (scale- 1:500000). (Source: Directorate General of
Mines and Geological Services - Carta de Geológica de Portugal).

Phoenician Tavira managed to maintain contact with the Mediterranean throughout the

1st millennium BCE in the form of large-scale commercial exchanges (Arruda, 2007).

The location of the settlement on the Santa Maria hill is a strategic decision to control

the tra�c at the sea and also the access to the immediate inland through the sea (Fig.

6.1). Tavira was similar to Castro Marim in terms of economic and political trajectories.

Both had intense contact with Phoenician colonisers at the Strait of Gibraltar around the

9th century BCE. Much like Castro Marim, Tavira also imported food products and other

manufactured goods from the Mediterranean region (Arruda, 2007). Tavira had two ports

for these commercial activities to take place, each with its dedicated trade and military

installations (Maia, 2004).

Parallel to the evidence of importing foreign goods, areas dedicated to metallurgy and

�sh processing indicate the city's intense industrial and commercial nature. Excavations

at Corte-Real Manor House have revealed evidence of ore processing and metallurgical

activities (Maia, 2000). The ore could have originated either from the interior Algarve

which is noted for its mineral reserves, or from the `Serra Algarvia' mountains. The

abundance of metallurgical activities points out the existence of a skilled metal workforce
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(Maia, 2000). The commercial and industrial activities lasted at least till the 4th century

BCE, and based on theática ceramics at various excavated localities throughout the city,

the presence of dominant elites of exogenous origin is revealed (Covaneiro and Cavaco,

2012).

In this chapter, the faunal bones originate from two localities: Antigo Parque de Festas

and Travessa dos Pelames. Both the excavations are part of rescue e�orts to preserve and

study the archaeological artefacts before modern construction activities. The excavations

at Travessa dos Pelames have material dating to Iron Age II (Covaneiro and Cavaco, 2017).

The context has a high presence of ash, charcoal, and mammalian fauna, all of which are

hallmarks of a rubbish dump. Similarly, at Antigo Parque de Festas, the layers of Iron Age

I had many negative spaces characteristic of rubbish dumps of varying shape and depth.

6.2 Materials

A total of 57 faunal bones (Table 6.1) have been selected from the two excavation localities,

which are the totality of osteological remains corresponding to the Phoenician contexts.

Out of the 57, only four bones are from Travessa dos Pelames. Forty-one bones of the

assemblage belong to mammalian species, and the rest belong to avians. Except for the

chicken, the rest of the bones belong to adult individuals.
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Table 6.1: Elemental and isotope (carbon, nitrogen, and sulphur) composition of the fauna from Parque de Festas and Travessa dos Pelames, Tavira.

Sample ID Species Skeletal Element % col % C % N % S C:N C:S N:S � 13 C (‡ ) � 15 N (‡ ) � 34 S (‡ )

PRFTSOF256 Melanitta fusca Tarsometatarsal 18.7 40.0 14.0 0.3 3.3 355.6 106.7 -17.9 10.2 14.4

PRFTSOF255 Numenius arquata Tibiotarsus 6.6 43.1 14.2 � 3.5 � � -21.1 6.1 �

PRFTSOF241 Gallus domesticus Coracoid 16.3 42.3 14.9 0.2 3.3 451.2 136.2 -18.2 9.4 12.5

PRFTSOF242 Gallus domesticus Scapula 18.2 42.8 15.0 0.3 3.3 422.7 127.0 -21.1 6.5 14.9

PRFTSOF243 Gallus domesticus Humerus 5.3 26.4 8.5 0.2 3.6 391.1 107.9 -19.3 10.0 11.9

PRFTSOF244 Gallus domesticus Ulna 14.4 42.4 15.4 0.3 3.2 434.9 135.4 -18.6 11.1 8.7

PRFTSOF245 Gallus domesticus Ulna 6.2 37.5 11.3 0.3 3.9 344.8 89.1 -20.3 10.4 10.4

PRFTSOF246 Gallus domesticus Femur 5.7 24.7 7.5 0.9 3.8 75.7 19.7 -20.3 10.4 9.9

PRFTSOF247 Gallus domesticus Coracoid 13.8 42.9 16.0 � 3.1 � � -19.0 11.0 �

PRFTSOF248 Gallus domesticus Tibiotarsus 14.0 42.8 15.0 � 3.3 � � -18.4 10.1 �

PRFTSOF249 Gallus domesticus Femur 13.6 37.2 13.5 � 3.2 � � -19.1 11.1 �

PRFTSOF250 Gallus domesticus Carpometacarpus 16.6 41.1 14.4 � 3.3 � � -19.3 9.5 �

PRFTSOF251 Gallus domesticus Humerus 14.3 43.2 15.7 � 3.2 � � -19.3 8.4 �

PRFTSOF252 Gallus domesticus Humerus 4.5 34.1 11.4 � 3.5 � � -20.4 9.7 �

PRFTSOF253 Gallus domesticus Femur 3.5 29.0 6.5 � 5.2 � � -19.2 11.5 �

PRFTSOF254 Gallus domesticus Tibiotarsus 11.7 40.3 13.8 � 3.4 � � -19.6 10.9 �

PRFTSOF200 Sus sp. Radius 31.6 42.4 15.5 0.3 3.2 389.9 122.2 -21.6 4.6 11.3

PRFTSOF201 Sus sp. Humerus 29.4 42.6 15.6 0.2 3.2 454.4 142.6 -20.2 8.5 12.9

PRFTSOF202 Sus sp. Humerus 16.0 42.1 15.6 0.3 3.2 431.8 137.1 -20.7 6.2 10.1

PRFTSOF203 Sus sp. Mandible 31.4 41.8 15.1 0.3 3.2 412.8 127.8 -21.4 5.5 7.1

PRFTSOF204 Sus sp. Mandible 20.8 18.1 7.5 � 2.8 � � -21.2 5.8 �

PRFTSOF205 Bos taurus Metacarpal 23.0 41.7 15.2 � 3.2 � � -20.0 7.3 �

PRFTSOF206 Bos taurus Humerus 21.2 43.4 15.1 � 3.4 � � -21.2 6.5 �

PRFTSOF207 Bos taurus Metatarsal 25.5 42.1 15.6 0.2 3.1 449.1 142.6 -20.8 5.7 10.4

PRFTSOF208 Bos taurus Calcaneum 29.6 38.7 14.2 � 3.2 � � -21.2 6.9 �

PRFTSOF209 Bos taurus Metacarpal 11.9 42.4 15.3 � 3.2 � � -20.9 6.1 �
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Table 6.1: Elemental and isotope (carbon, nitrogen, and sulphur) composition of the fauna from Parque de Festas and Travessa dos Pelames, Tavira.
(continued)

Sample ID Species Skeletal Element % col % C % N % S C:N C:S N:S � 13 C (‡ ) � 15 N (‡ ) � 34 S (‡ )

PRFTSOF210 Bos taurus Humerus 35.0 42.1 15.5 � 3.2 � � -21.6 8.1 �

PRFTSOF216 Capra hircus Astragalus 30.4 41.9 15.3 � 3.2 � � -21.2 7.3 �

PRFTSOF217 Capra hircus Metatarsal 36.9 41.5 15.3 � 3.2 � � -20.3 5.2 �

PRFTSOF219 Capra hircus Tibia 26.6 42.0 15.2 0.2 3.2 533.3 165.4 -21.1 6.6 8.2

PRFTSOF220 Capra hircus Humerus 12.8 42.6 15.4 � 3.2 � � -20.6 10.7 �

PRFTSOF221 Capra hircus Tibia 25.4 42.3 15.5 0.1 1.0 1410.0 442.9 -19.9 4.0 9.6

PRFTSOF222 Capra hircus Humerus 21.1 40.6 14.8 � 3.1 � � -19.3 5.0 �

PRFTSOF223 Capra hircus Astragalus 34.6 42.1 15.4 � 3.2 � � -19.6 5.4 �

PRFTSOF225 Capra hircus Metacarpal 25.1 39.1 14.5 � 3.2 � � -20.2 4.5 �

PRFTSOF227 Capra hircus Tibia 6.1 41.8 15.5 � 3.2 � � -19.5 4.0 �

PRFTSOF228 Capra hircus Metacarpal 16.5 42.0 15.4 � 4.0 � � -19.9 5.9 �

TRPNSOF229 Capra hircus Radius 18.9 47.1 13.6 0.2 3.2 598.1 148.0 -21.4 4.4 13.8

TRPNSOF230 Capra hircus Metatarsal 8.7 41.9 15.5 0.2 3.2 485.8 154.0 -19.8 4.5 16.0

TRPNSOF231 Capra hircus Radius 27.5 42.0 15.3 0.2 3.2 533.3 166.5 -20.0 4.5 16.1

PRFTSOF214 Ovis aries Metacarpal 43.4 41.6 14.9 � 3.3 � � -21.4 5.4 �

PRFTSOF215 Ovis aries Humerus 34.8 42.6 15.7 0.3 3.2 420.7 132.9 -20.8 7.5 11.9

PRFTSOF218 Ovis aries Radius 19.4 41.3 15.3 0.2 3.2 688.3 218.6 -21.2 5.7 14.7

PRFTSOF224 Ovis aries Radius 22.4 1.8 2.0 0.2 3.2 24.0 22.9 -20.4 5.7 11.4

PRFTSOF226 Ovis aries Cubit 5.5 41.8 15.3 0.2 3.1 484.6 152.0 -19.6 3.7 16.2

TRPNSOF232 Ovis aries Metatarsal 36.8 40.9 15.0 0.3 3.2 376.1 118.2 -19.6 4.4 8.3

PRFTSOF233 Oryctolagus cuniculus Tibia 23.4 41.9 15.2 0.3 3.2 429.7 133.6 -21.8 3.6 16.4

PRFTSOF234 Oryctolagus cuniculus Femur 32.7 41.8 15.2 0.3 3.2 428.7 133.6 -21.1 3.5 16.9

PRFTSOF235 Oryctolagus cuniculus Humerus 36.6 42.6 15.4 0.4 3.2 277.1 85.9 -22.0 2.4 13.8

PRFTSOF236 Oryctolagus cuniculus Scapula 22.5 40.1 14.9 0.3 3.1 381.9 121.6 -21.0 4.6 16.3

PRFTSOF211 Cervus elaphus Tibia 12.0 44.2 14.9 � 3.5 � � -20.9 3.8 �

PRFTSOF212 Cervus elaphus Scapula 30.5 41.8 15.3 0.2 3.2 557.3 174.9 -20.4 3.5 12.8
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Table 6.1: Elemental and isotope (carbon, nitrogen, and sulphur) composition of the fauna from Parque de Festas and Travessa dos Pelames, Tavira.
(continued)

Sample ID Species Skeletal Element % col % C % N % S C:N C:S N:S � 13 C (‡ ) � 15 N (‡ ) � 34 S (‡ )

PRFTSOF213 Cervus elaphus Astragalus 13.8 24.0 9.1 0.2 3.1 256.0 83.2 -20.3 3.7 13.9

Note:

The ovicaprid samples which were identi�ed by ZooMS as goats and sheep are in bold.
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6.3 Zooarchaeological assessment

Figure 6.2: Relative proportions of domesticated and wild fauna (excluding birds) in faunal
assemblages from Antigo Parque de Festas and Travessa dos Pelames.

The zooarchaeological analysis for these two sites was performed by Jaquelina Covaneiro

at the Serviço de Arqueologia Conservação e Restauro, Tavira. Ovicaprids are the most

abundant mammal taxa at Tavira, with goats being the dominant species (Figure 6.2).

35% of the mammalian bones belong to goats (con�rmed by ZooMS). Sheep are only half

as abundant as goats. Following the ovicaprids, cattle and pigs are the following most

abundant species, respectively. Red deer and rabbits are the only wild mammalian fauna

recovered. The bird remains primarily consist of chicken bones. The other bird species

that have been recovered belong to the Eurasian curlew (Numenius arquata) and velvet

scoter (Melanitta fusca), both wild.

Both red deer and rabbits are most commonly found in Phoenician faunal assemblages.
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It is understood that because of their ubiquitous presence in the Iberian Peninsula, they

were hunted primarily for their meat, and in the case of red deer, for their horns as well.

The sheep to goats ratio of an assemblage has been used as an indicator of the economic

prosperity of agricultural communities (Davis, 2007). The assumption of this index is

that sheep are economically worth more than goats. Though goats are higher in relative

proportion than sheep, it would not be a reasonable assumption that Phoenician Tavira

was not wealthy. A reasonable assumption would be that Tavira was an industrially ori-

ented society rather than an agricultural one. The assumption of the industrial orientation

comes from the evidence of metallurgy workshops, amongst others presented in the previ-

ous section. With this assumption, goats would be an ideal choice since they can eat any

vegetation and do not need specialised care like sheep. If the local economy is based on

artefact production, cattle being in lower abundance can also be explained. During these

times, cattle were primarily used for ploughing the �elds and carrying heavy loads (Davis,

2007; Gómez Bellard, 2019). The few cattle that the people had must have been su�cient

for meeting the dairy and meat demands of the population apart from the agricultural

work. Pigs in the Phoenician times were mostly slaughtered as juveniles, primarily raised

for meat (Davis, 2007).

Chicken is an ideal domesticate since it provides a steady supply of meat and eggs. The

turnover time of chickens is also relatively short, and they can multiply quickly. Since

Tavira is at the mouth of a river, the presence of a Eurasian curlew is not surprising. The

Eurasian curlew usually feeds on invertebrates and small crabs at times in the soft mud

of the estuaries. The velvet scoter is an aquatic bird closely related to the duck and is a

typical delicacy in the Western Mediterranean (Hirschfeld et al., 2019).

6.4 Results

6.4.1 Collagen quality and ZooMS

Collagen extraction was successful for 53 bone samples, and four rabbit bones failed to

produce any collagen. The evaluation for assessing the extraction as based on the criteria

of van Klinken (1999). All 53 samples gave more than 1% of collagen by weight. The

extracted collagen was considered well preserved in 50 samples based on published criteria,

with carbon content in the range 15.3% - 47.0% (Ambrose, 1990), nitrogen content in the
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Table 6.2: Summary of � 13C, � 15N , and � 34S values, by species from Antigo Parque de Festas
and Travessa dos Pelames, Tavira.

� 13 C (‡ ) � 15 N (‡ ) � 34 S (‡ )

Species n (�x) ( � ) (�x) ( � ) (�x) ( � )

Cattle 6 -21.0 0.5 6.8 0.9 10.4 �
Chicken 14 -19.4 0.8 10.0 1.3 11.4 2.2

Eurasian curlew 1 -21.1 � 6.1 � � �
Goat 12 -20.2 0.7 5.1 1.0 12.7 3.7
Pig 5 -21.0 0.6 6.1 1.5 10.3 2.5

Rabbit 4 -21.5 0.5 3.5 0.9 15.8 1.4
Red Deer 3 -20.5 0.3 3.7 0.2 13.4 0.8

Sheep 6 -20.5 0.8 5.4 1.3 12.5 3.1
Velvet scoter 1 -17.9 � 10.2 � 14.4 �

range 5.5% - 17.3% (Ambrose, 1990), C/N ratios between 3.15 - 3.50 (Guiry and Szpak,

2021), C/S ratios between 300 - 900 (Nehlich and Richards, 2009). The faunal bone

collagen exhibits C/N ratios between 1.0 and 5.2. The percentage of carbon is between

1.8% - 47.1% and the percentage of nitrogen is between 2% - 16%. Three samples had

C/N ratios outside the acceptable range (Table 6.1): (1) a sheep (PRFTSOF224), (2)

a chicken (PRFTSOF253), and (3) a pig (PRFTSOF204). These samples have not been

omitted from the further analysis since the � 13C and � 15N values are consistent with other

samples from their respective taxonomic group. Sheep and goat samples were successfully

distinguished based on ZooMS. The identi�ed sample entries are in bold format (Table

6.1).

6.4.2 Bone collagen isotope values

The stable isotope data of the fauna is presented in Table 6.1 and Table 6.2. Stable

isotope analysis of the faunal collagen yielded� 13C values ranging from -22.0‡ to -17.9

‡ , � 15N values ranging from 2.4‡ to 11.5 ‡ , and � 34S values ranging from 7.1‡ to

16.9‡ . The � 13C values of the fauna are well within the range expected for C3 temperate

environment. One sample, a goat (PRFTSOF220), has been omitted from the analysis

as its � 15N value is a clear outlier (z-score > 3). Sample PRFTSOF242, a chicken, has a

statistically outlying � 15N value, but it is not rejected since it is an acceptable value and

could have arisen from a di�erent diet than other chickens in the assemblage.
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Figure 6.3: Plot showing mean� 13C and � 15N values (mean± 1 SD range) of faunal bone
collagen from Antigo Parque de Festas and Travessa dos Pelames, Tavira.
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Figure 6.4: Plot showing mean� 15N and � 34S values (mean± 1 SD range) of faunal bone col-
lagen from Tavira. The yellow lines mark the range of� 34S values indicative of sea spray e�ect
(Mizota and Sasaki, 1996; Nehlich, 2015; Wakshal and Nielsen, 1982).
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6.5 Discussion

The two wild mammals in this assemblage, rabbits and red deer, show� 13C values typical

of terrestrial herbivores feeding on C3 plants. The rabbits have depleted carbon isotope

ratios compared to red deer (Figure 6.3). This can be explained by the di�erence in

preferred foraging areas for the two species. Rabbits forage at ground-level vegetation,

which is a�ected by the recycling of CO2 and shade by taller vegetation. Red deer prefer

foraging in open forests and can reach taller vegetation than rabbits. This depletion in

� 13C values caused by foraging in shaded and forested areas is termed as canopy e�ect

(Bona�ni et al., 2013). Both rabbits and red deer have similar � 15N values (Table 6.2 and

Figure 6.3) that are much lower than the domestic fauna.

Cattle have mean� 13C values of -21± 0.5‡ that are signi�cantly not di�erent (t-statistic:

-1.2, degrees of freedom: 7,p-value: 0.27) from the mean� 13C values of red deer. Cattle

are grazing animals and typically forage in agricultural �elds similar to open forests (in

terms of carbon isotopic data) preferred by red deer. The mean� 15N values of cattle are

signi�cantly higher (t-statistic: 5.97, degrees of freedom: 7,p-value: 0) than the mean

� 15N values of red deer. The enriched� 15N values of the cattle could result from foraging

in �elds manured by animal dung (Bogaard et al., 2007). Mean� 13C values of sheep and

goats are not signi�cantly di�erent (t-statistic: 0.52, degrees of freedom: 16,p-value: 0.61).

The � 13C values of sheep are not well-clustered, which could have been due to foraging in

di�erent ecological settings. Average goat� 15N values are also not signi�cantly di�erent

from sheep's. In a similar fashion to cattle, the ovicaprids seem to have been foraging on

vegetation enriched by arti�cial manuring. The � 15N values of the cattle are more positive

than other domesticates, which could be due to higher proportion of manured vegetation

in their diet. The average � 13C (t-statistic: 0.21, degrees of freedom: 9,p-value: 0.84)

and � 15N (t-statistic: 0.92, degrees of freedom: 9,p-value: 0.38) values of pigs are not

signi�cantly di�erent from cattle. This indicates a similar herbivorous diet in contrast to

the omnivorous diet reported from the Neolithic and Chalcolithic Periods (Waterman et

al., 2016; šalait
e et al., 2018), as well as from Castro Marim in the previous chapter. One

individual (PRFTSOF201) has enriched carbon and nitrogen isotope values compared to

other pigs (Figure 6.3), indicative that it could have had an omnivorous diet made of

human food refuse consisting of �sh, molluscs, and crustaceans.

Eurasian curlew has similar � 13C and � 15N values to cattle and pigs (Figure 6.3) that
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could arise from a diet consisting primarily of terrestrial soft-bodied insects. Velvet scoter

has the most enriched� 13C value of -17.9‡ along with a � 15N value of 10.2‡ , re�ective

of its marine diet consisting of crustaceans and molluscs. Chickens have the most enriched

� 13C and � 15N values among the domesticated fauna. Chickens are omnivorous birds that

usually eat insects and grains. Due to their domesticated status, chickens were likely fed

on a diet of a diet of cultivated grains and food scraps. The elevated� 13C and � 15N values

similar to that of the velvet scoter can be explained by a diet of grains that are a product

of arti�cial manuring and food scraps with a marine component.

The � 34S values of both rabbits and red deer are well within the range expected for fauna

originating close to the coastline (Figure 6.4). Since rabbits and red deer are neither

migratory nor domesticated (at least in the Iron Age in the case of rabbits), they are often

used as local proxies. The� 34S values of most of the domesticates resemble those animals

living close to the coast, a�ected by sea spray (Figure 6.4). Five individuals (two goats,

one sheep, one pig, and one chicken) are outside the� 34S range expected for fauna that

lived near the coastline (Figure 6.4). These individuals could be of non-local or non-coastal

origin and transported to Tavira later. Nothing conclusive can be said about the origin

of domesticates at Tavira without conducting further analyses such as strontium isotopes.

Given the location of the site, local fauna would most likely be a�ected by sea spray e�ect.

However, given the seafaring nature of the Phoenicians, one cannot simply assume that

the livestock with � 34S values within the sea spray range are local. There is the possibility

that the livestock could have originated from an extraneous coastal location.

6.6 Conclusion

All mammals exhibit stable isotope values typical of a C3 ecosystem. Amongst the two wild

mammalian species, based on the� 13C values, rabbits seem to be foraging on ground-level

vegetation, whereas red deer foraged in open forests. Both rabbits and red deer exhibit

depleted � 15N values compared to the domesticated herbivores and pigs, con�rming the

former group's non-domesticated status. As non-migratory local fauna, the� 34S values

of rabbits and red deer are within the expected range for animals a�ected by sea spray,

given the settlement's location. Cattle have similar average� 13C values and elevated

� 15N values to red deer indicative of grazing in arti�cially manured agricultural spaces.

In the ovicaprids, sheep and goats have similar average� 13C and � 15N values. Like
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the cattle, the ovicaprids also seem to be on a diet of vegetation enriched by arti�cial

manuring. The cattle have highest � 15N values which could be due to higher amount of

manured vegetation in their diet. However, sheep are very non-clustered, which could point

toward foraging in di�erent ecological settings. Most pigs have average� 13C and � 15N

values similar to cattle due to a herbivorous diet, a departure from the omnivorous diet

reported in the Neolithic and Chalcolithic Periods, and those analysed in Castro Marim.

The Eurasian curlew has � 13C and � 15N values expected of a terrestrial insectivorous

diet, whereas the stable isotope values of the velvet scoter are re�ective of a marine diet.

Chickens have the most enriched� 13C and � 15N values from the assemblage, indicative

of an omnivorous diet of grains, insects, and food scraps. Except for �ve individuals, all

other faunas have� 34S values within the range expected for animals living close to the

coast. The �ve individuals are likely of non-local origin and could have arrived at Tavira

through the extensive Phoenician trade networks.
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7.1 Lisbon

The site is located at Largo de Santa Cruz do Castelo near St. George's Castle Hill, Lisbon.

The Iron Age occupation in Lisbon is concentrated on the Southern slope of St. George's

Castle Hill, facing the Tagus (Fig. 7.1). Multiple urban archaeological excavations brought

to light important elements of a settlement founded during the late 8th / early 7 th century

BCE (traditional ceramic chronology) in which the prevalence of the Phoenician culture

matrix is evident. This is perceived through the use of Mediterranean architectonic plans

and construction techniques (Sousa, 2018), the knowledge of the Phoenician language

and writing (Neto et al., 2016), and the material culture which entangles a majority of

wheel-made vases of Phoenician tradition (red slip, grey, common and painted wares, and

amphorae), most of which are produced locally (Ferreira et al., 2020; Sousa, 2016). The

continuous urban nature of this area, which dates back to the early Iron Age, encumbers

the synchronic and diachronic reconstruction of its evolution. Archaeological excavations

occur in small spaces and rarely reach older occupancy layers. In this context, the in-

terventions carried out at Largo de Santa Cruz, located on the top of the hill, stand out

considering the relatively ample areas excavated and the considerably large assemblages of

91



CHAPTER 7. TAGUS ESTUARY

ceramics and fauna which were retrieved and associated adequately with conserved layers.

These archaeological works, which in some cases reached the geologic bedrock, revealed an

occupation that dates back to the 7th till the 5 th / 4 th century BCE (Sousa and Guerra,

2018). The stratigraphic data allowed for the distinction of �ve phases: Phase 1 and 2

� 7 th century BCE; Phase 3 � 1st half of the 6th century BCE; Phase 4 � 2nd half of the

6th century BCE; Phase 5 � 5th century BCE. The �rst two and the last are moments of

primary occupation associated with stone walls, hearths, and dumps, while land�ll strata

characterize the fourth and �fth phases. It is also noteworthy to highlight that in Phase

1, prior to the construction of the �rst pavement, a newborn was placed upon the bedrock

without any o�erings. This singularity may be related to foundational rituals, also known

in the Southern Portuguese area (Arruda, 2005).

Figure 7.1: Geological map of the region around Lisbon and Almada on the banks of Tagus
River, Estremadura Region of Portugal in EPSG 4326 projection (scale- 1:500000). (Source:
Directorate General of Mines and Geological Services - Carta de Geológica de Portugal).

7.2 Almada

The settlement of Quinta do Almaraz, Almada, is located in a long spur on the left bank

of the Tagus mouth (Fig. 7.1). With a maximum height of around 60 meters, it has
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complete visual control over the river and surrounding lands. The site was discovered in

1986 and had the �rst period of archaeological excavations until 2001, during which an

extensive collection of artefacts and faunal remains were collected (Barros et al., 1993).

The artifactual set highlights the Phoenician cultural in�uence of the site, which is per-

ceived from the presence of speci�c ceramic categories of this period, such as red slip and

grayware, pithoi, Cruz del Negro type urns, and amphorae. The architectural elements

also corroborate this, with the domestic structures plans, construction techniques, and

defensive system of distinct Mediterranean in�uence (Olaio et al., 2020). The signi�cant

role of Almaraz in the economic and commercial structure of the Tagus estuary is demon-

strated by the unique imported artefacts, such as the Egyptian scarabs, alabaster vases,

ivory plaques and Middle Corinthian ceramic fragments (Arruda, 2005; Cardoso, 2004),

as well as by the set of lead weights, some of which are within the oriental system (Vilaça,

2011). Evidence also suggests that the settlement was a crucial metallurgical production

centre (Melo et al., 2014) which, along with other production activities attested by various

artefacts - such as pottery, weaving, and �shing, underline the economic importance of

the settlement during the Iron Age (Olaio, 2020).

Regarding chronology, it was argued that the occupation of Almaraz started in the 9th cen-

tury BCE (Barros and Soares, 2004). Nonetheless, as several authors highlighted through-

out the years, up to this point, the archaeological evidence does not support this view

(Arruda, 2005; Sousa, 2014) and suggests, on the other hand, the occupation started at

some point in the 7th century BCE. Furthermore, archaeological data also indicates a

signi�cant development period in the 6th century BCE, which starts to reverse in the 5th

century BCE, when Almaraz appears to lose its previous importance (Olaio, 2018).

7.3 Materials

7.3.1 Largo de Santa Cruz do Castelo

Fifty-three faunal bones (Table 7.1) have been representatively sampled from di�erent

stratigraphic layers corresponding to the Phoenician contexts (Phases 1 and 2, 3, 4, and

5). Out of the 53 bones, eight bones belong to the wild herbivoreCervus elaphus. The rest

belong to domesticated mammals. As the excavation was carried out in rescue-modality,

bones of smaller fauna such as rabbits and birds could not be recovered.
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7.3.2 Quinta do Almaraz

Forty-�ve faunal bones (Table 7.1) have been selected from the excavation locality, cor-

responding to the Phoenician contexts. These are a representative subset of the larger

assemblage. Out of the 45 bones, six bones belong to bird species, and the rest belong to

wild and domesticated mammals. Except for the chicken, the remaining bird bones belong

to adult individuals.

7.4 Zooarchaeological assessment

7.4.1 Largo de Santa Cruz do Castelo

Figure 7.2: Relative proportions of domesticated and wild fauna in faunal assemblages from
Largo de Santa Cruz do Castelo, Lisbon.
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This zooarchaeological assessment is written after personal communications with Dr Cleia

Detry (University of Lisbon) and Pedro Caria, who studied this assemblage. The compre-

hensive zooarchaeological report is not yet published.

This assemblage, from stratigraphic units corresponding to our time period of interest, is

small, with approximately 107 bones. The identi�ed domesticates are ovicaprids, rabbits,

horses, cattle, pigs, dogs, and red deer. Ovicaprids dominate the assemblage with 27% of

the minimum number of individuals (NMI). Post ZooMS analysis, sheep outnumber the

goats (at least from our subset), pointing toward the economic status of the settlement.

Both cattle and suids are the second most abundant domesticates, with a relative NMI

percentage of 18%. The only wild mammal in the assemblage is the red deer. Red deer

corresponds to 9% of the NMI. Based on dental analyses, the average age of ovicaprids is

between 2 - 4 years, indicative that they were primarily raised for slaughter. One senile

individual was identi�ed with possible use for breeding and secondary product exploitation,

such as wool and milk. Most cattle were adults due to their use as draft animals. Being a

game animal, red deer were all adults. Usually, juvenile animals are avoided to maintain

hunt numbers, and adults give much more meat per individual.

7.4.2 Quinta do Almaraz

The zooarchaeological assessment on this assemblage is written after personal commu-

nications with Dr Cleia Detry (University of Lisbon) and Irís Dias, who studied this

assemblage. A comprehensive zooarchaeological report will be published at a later date.

About our time period of interest, the faunal assemblage of Almaraz is a medium-sized

collection with approximately 1000 specimens. The identi�ed domesticates are ovicaprids,

cattle, pigs, and dogs while red deer and lagomorphs are the only wild fauna reported.

An ulna and an incisor from a domestic cat and an Iberian lynx are also reported. Four

horses are reported from various layers and could be identi�ed to the species level due to

diagnostic morphology of the bones. Thus, the novel collagen marker presented later in

this thesis was not applied in this case. Tarso-metatarsal bone of a chicken was the only

recovered bone of the species. Ovicaprids are consistently the most abundant across the

various excavated sector, corresponding with 34% of the minimum number of individuals

(NMI). Both cattle and pigs are 6% and 8% of the NMI, respectively. In the case of cattle,

the low number of NMI is joined by the fact that most of the remains seem incomplete,
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Figure 7.3: Relative proportions of domesticated and wild fauna (excluding birds) in faunal
assemblages from Quinta do Almaraz, Almada.
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such as the complete absence of femurs, which could indicate that more excavations are

needed to understand the bigger picture. Amongst the wild species, rabbits dominate the

record with a relative abundance of 25% NMI while the red deer corresponds to a mere 3%.

Though the meat contribution of a rabbit is incomparable to that of larger domesticates

and red deer, the site could be an excellent example of game resource exploitation.

Goats tended to be slaughtered younger than sheep at the site. On average, goats were

slaughtered between one and four years. Sheep might have been slaughtered at an older age

because of the secondary products they produce. Cattle being valuable as draft animals

in agriculture were slaughtered at a later age. The average age of slaughter of pigs is

around two years, the age at which they are the ideal size. Rabbits were mostly adults,

an indicator for selecting individuals that are large enough for consumption and to allow

continuity of species.
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Table 7.1: Elemental and isotope (carbon, nitrogen, and sulphur) composition of the fauna from Largo de Santa Cruz do Castelo and Quinta do Al-
maraz.

Sample ID Site Code Species Skeletal Element % col % C % N % S C:N C:S N:S � 13 C (‡ ) � 15 N (‡ ) � 34 S (‡ )

QDAZOF566 QDAZ Numenius arquata Ulna 8.8 45.6 16.2 0.3 3.3 380.2 115.4 -17.3 9.8 9.3

QDAZOF514 QDAZ Alectoris rufa Scapula 6.9 43.8 15.9 0.2 3.2 466.8 145.2 -20.3 8.2 6.7

QDAZOF558 QDAZ Alectoris rufa Humerus 18.9 40.8 15.1 0.3 3.2 375.5 118.9 -20.8 4.3 18.4

QDAZOF559 QDAZ Alectoris rufa Carpo-Metacarpal 15.4 41.7 15.3 0.4 3.2 308.6 96.9 -19.7 6.1 16.5

QDAZOF560 QDAZ Alectoris rufa Ulna 9.7 40.9 15.0 0.3 3.2 340.7 106.9 -19.7 6.8 17.7

QDAZOF562 QDAZ Gallus domesticus Tarso-Metatarsal 4.0 45.0 16.0 0.3 3.3 386.7 117.9 -19.0 5.6 5.8

QDAZOF537 QDAZ Sus sp. Tibia 6.5 40.5 15.1 0.4 3.1 292.0 93.5 -21.0 7.2 13.2

QDAZOF538 QDAZ Sus sp. Phalanx 3.1 37.4 12.7 0.2 3.4 623.9 180.9 -18.7 10.0 9.3

QDAZOF539 QDAZ Sus sp. Tibia 8.9 37.7 14.3 0.2 3.1 418.9 136.6 -18.9 10.2 7.3

QDAZOF540 QDAZ Sus sp. Phalanx 10.4 41.7 15.7 0.2 3.1 445.1 143.8 -19.9 9.7 7.2

QDAZOF541 QDAZ Sus sp. Calcaneum 6.7 39.1 14.7 0.2 3.1 521.9 168.3 -19.8 6.2 13.9

LSTCOF138 LSTC Sus sp. Tibia 3.2 41.9 15.7 � 3.1 � � -20.8 7.1 �

LSTCOF131 LSTC Sus sp. Tibia 9.2 32.1 12.3 � 3.0 � � -18.9 5.6 �

LSTCOF132 LSTC Sus sp. Radius 11.4 42.3 15.9 � 3.1 � � -19.3 9.6 �

LSTCOF133 LSTC Sus sp. Tibia 13.3 37.9 14.2 � 3.1 � � -20.0 8.5 �

LSTCOF134 LSTC Sus sp. Calcaneus 6.6 41.9 15.5 � 3.2 � � -21.4 6.4 �

LSTCOF135 LSTC Sus sp. Maxillary 2.5 45.1 15.8 � 3.3 � � -21.7 5.2 �

LSTCOF136 LSTC Sus sp. Scapula 2.0 43.7 15.5 � 3.3 � � -21.1 6.2 �

LSTCOF124 LSTC Sus sp. Radius 12.6 40.4 15.3 0.2 3.1 430.9 139.9 -20.7 6.6 9.0

LSTCOF125 LSTC Sus sp. Fibula 8.9 17.0 5.7 0.2 3.5 226.7 65.1 -18.5 1.9 12.2

LSTCOF126 LSTC Sus sp. Fibula 10.5 45.7 16.2 0.2 3.3 487.5 148.1 -21.1 9.9 11.6

LSTCOF127 LSTC Sus sp. Astragalus 20.7 42.8 16.0 0.2 3.1 456.5 146.3 -20.7 6.0 8.8

LSTCOF128 LSTC Sus sp. Radius 10.7 33.3 11.7 � 3.3 � � -20.3 8.7 �

LSTCOF129 LSTC Sus sp. Mandible 8.6 30.1 11.4 � 3.1 � � -21.1 7.5 �

LSTCOF130 LSTC Sus sp. Mandible 7.9 42.3 15.7 � 3.1 � � -21.1 7.0 �
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Table 7.1: Elemental and isotope (carbon, nitrogen, and sulphur) composition of the fauna from Largo de Santa Cruz do Castelo and Quinta do Al-
maraz. (continued)

Sample ID Site Code Species Skeletal Element % col % C % N % S C:N C:S N:S � 13 C (‡ ) � 15 N (‡ ) � 34 S (‡ )

LSTCOF137 LSTC Sus sp. Radius 7.4 28.1 10.1 � 3.3 � � -21.6 10.6 �

LSTCOF153 LSTC Bos taurus Phalanx 5.3 44.8 16.2 � 3.2 � � -19.1 10.0 �

LSTCOF154 LSTC Bos taurus Phalanx 9.2 13.9 6.1 � 2.6 � � -21.3 7.0 �

LSTCOF150 LSTC Bos taurus Mandible 9.6 37.4 13.2 � 3.3 � � -21.0 4.8 �

LSTCOF151 LSTC Bos taurus Scapula 16.0 33.5 12.1 � 3.2 � � -20.7 5.5 �

LSTCOF152 LSTC Bos taurus Phalanx 20.1 20.4 8.0 � 3.0 � � -20.9 6.7 �

LSTCOF147 LSTC Bos taurus Tibia 18.6 33.3 11.9 � 3.3 � � -20.6 6.5 �

LSTCOF148 LSTC Bos taurus Mandible 20.1 22.6 8.8 � 3.0 � � -19.9 6.0 �

LSTCOF149 LSTC Bos taurus Phalanx 7.2 29.8 11.3 � 3.1 � � -21.4 5.9 �

LSTCOF142 LSTC Bos taurus Metatarsal 18.3 35.7 12.5 0.2 3.3 501.1 150.4 -20.9 10.3 3.4

LSTCOF143 LSTC Bos taurus Calcaneus 16.0 25.3 9.2 0.2 3.2 374.8 116.8 -21.2 14.7 9.9

LSTCOF144 LSTC Bos taurus Tibia 17.2 23.8 9.3 0.2 3.0 317.3 106.3 -21.2 5.7 9.0

LSTCOF145 LSTC Bos taurus Phalanx 20.5 25.3 9.8 � 3.0 � � -20.2 7.5 �

LSTCOF146 LSTC Bos taurus Metatarsal 15.8 17.0 6.6 � 3.0 � � -21.7 6.9 �

LSTCOF139 LSTC Bos taurus Tibia 13.5 23.8 8.0 � 3.5 � � -21.1 4.7 �

LSTCOF140 LSTC Bos taurus Phalanx 1.8 45.2 16.2 � 3.3 � � -21.4 5.1 �

LSTCOF141 LSTC Bos taurus Mandible 7.9 25.4 9.7 � 3.0 � � -21.4 6.7 �

QDAZOF542 QDAZ Bos taurus Astragalus 24.8 38.9 14.5 0.4 3.1 246.8 79.0 -20.9 12.2 11.9

QDAZOF543 QDAZ Bos taurus Phalanx 7.2 40.9 15.6 0.2 3.1 454.2 148.4 -21.1 5.5 6.3

QDAZOF544 QDAZ Bos taurus Metacarpal 9.0 41.2 15.3 0.4 3.1 289.2 92.0 -20.3 9.0 15.7

QDAZOF545 QDAZ Bos taurus Phalanx 13.6 42.0 15.8 � 3.1 � � -21.1 6.7 �

QDAZOF546 QDAZ Bos taurus Astragalus 8.3 41.6 15.6 � 3.1 � � -21.6 5.9 �

QDAZOF551 QDAZ Bos taurus Phalanx 7.8 39.6 14.8 � 3.1 � � -20.8 5.4 �

LSTCOF112 LSTC Capra hircus Metatarsal 17.3 17.4 6.6 0.3 3.1 178.5 58.0 -20.4 3.9 7.4

LSTCOF100 LSTC Capra hircus Tibia 20.3 20.2 8.3 � 2.8 � � -20.0 6.3 �

LSTCOF107 LSTC Capra hircus Metatarsal 11.4 42.2 15.7 � 3.1 � � -20.0 4.1 �
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Table 7.1: Elemental and isotope (carbon, nitrogen, and sulphur) composition of the fauna from Largo de Santa Cruz do Castelo and Quinta do Al-
maraz. (continued)

Sample ID Site Code Species Skeletal Element % col % C % N % S C:N C:S N:S � 13 C (‡ ) � 15 N (‡ ) � 34 S (‡ )

QDAZOF527 QDAZ Capra hircus Astragalus 3.2 40.0 14.3 0.3 3.3 381.3 117.0 -20.8 5.8 12.9

QDAZOF528 QDAZ Capra hircus Astragalus 6.6 43.7 15.6 � 3.3 � � -19.6 4.2 �

QDAZOF529 QDAZ Capra hircus Astragalus 10.6 44.6 16.1 0.2 3.2 625.6 193.8 -20.6 5.5 15.0

QDAZOF530 QDAZ Capra hircus Astragalus 4.9 42.2 14.6 0.2 3.4 450.5 133.7 -19.7 4.3 10.6

QDAZOF531 QDAZ Capra hircus Astragalus 4.7 39.6 13.9 0.3 3.3 406.2 122.3 -19.3 4.7 13.4

LSTCOF114 LSTC Ovis aries Phalanx 20.7 42.8 16.1 0.3 3.1 422.7 136.3 -20.7 4.8 13.4

LSTCOF113 LSTC Ovis aries Tibia 11.8 35.3 13.5 0.2 3.1 409.3 134.2 -21.9 7.6 11.9

LSTCOF111 LSTC Ovis aries Metatarsal 10.8 41.9 15.6 0.3 3.1 385.3 123.0 -20.6 7.1 9.8

LSTCOF101 LSTC Ovis aries Mandible 10.2 41.7 15.5 0.2 3.1 463.3 147.6 -19.7 8.3 6.1

LSTCOF102 LSTC Ovis aries Tibia 11.4 41.6 15.6 � 3.1 � � -19.9 9.1 �

LSTCOF103 LSTC Ovis aries Scapula 8.9 41.7 15.3 � 3.2 � � -21.3 9.9 �

LSTCOF104 LSTC Ovis aries Humerus 15.0 42.0 15.7 � 3.1 � � -21.4 5.8 �

LSTCOF105 LSTC Ovis aries Femur 1.8 39.3 14.5 � 3.2 � � -21.6 6.1 �

LSTCOF106 LSTC Ovis aries Radius 17.0 42.9 16.2 � 3.1 � � -19.2 9.3 �

LSTCOF108 LSTC Ovis aries Phalanx 12.5 41.4 15.6 � 3.1 � � -21.0 7.0 �

LSTCOF109 LSTC Ovis aries Phalanx 16.2 41.6 15.6 � 3.1 � � -19.3 5.8 �

QDAZOF532 QDAZ Ovis aries Astragalus 4.9 39.8 13.8 0.2 3.4 504.8 150.0 -19.5 8.5 10.3

QDAZOF533 QDAZ Ovis aries Astragalus 7.7 37.3 13.0 0.3 3.4 355.5 105.8 -20.5 6.7 17.4

QDAZOF534 QDAZ Ovis aries Astragalus 6.9 37.0 12.9 0.2 3.3 579.9 173.9 -20.5 8.1 9.6

QDAZOF535 QDAZ Ovis aries Astragalus 4.8 36.6 12.9 0.3 3.3 362.0 108.9 -20.2 9.8 10.2

QDAZOF536 QDAZ Ovis aries Astragalus 3.9 36.0 12.5 0.4 3.4 228.5 68.0 -20.4 9.2 7.8

QDAZOF513 QDAZ Equus caballus Phalanx 7.4 42.5 14.9 � 3.3 � � -21.9 6.4 �

QDAZOF552 QDAZ Equus caballus Tibia 5.8 33.7 12.7 0.2 3.1 561.8 181.1 -22.1 7.8 8.9

QDAZOF553 QDAZ Equus caballus Metatarsal 4.4 38.4 14.4 0.2 3.1 426.5 137.0 -20.3 4.1 13.4

QDAZOF554 QDAZ Equus caballus Femur 2.9 25.2 10.0 0.2 2.9 268.5 91.1 -21.9 5.3 7.7

QDAZOF511 QDAZ Oryctolagus cuniculus Humerus 3.4 43.5 15.5 0.3 3.3 400.0 122.0 -23.1 4.2 9.8
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Table 7.1: Elemental and isotope (carbon, nitrogen, and sulphur) composition of the fauna from Largo de Santa Cruz do Castelo and Quinta do Al-
maraz. (continued)

Sample ID Site Code Species Skeletal Element % col % C % N % S C:N C:S N:S � 13 C (‡ ) � 15 N (‡ ) � 34 S (‡ )

QDAZOF512 QDAZ Oryctolagus cuniculus Metacarpal 1.8 42.2 15.0 � 3.3 � � -21.5 4.1 �

QDAZOF520 QDAZ Oryctolagus cuniculus Pelvis 3.9 45.2 15.5 0.2 3.4 502.3 148.0 -21.2 3.1 16.8

QDAZOF521 QDAZ Oryctolagus cuniculus Pelvis 5.4 44.0 15.9 0.3 3.2 404.7 125.7 -19.9 8.1 16.8

QDAZOF522 QDAZ Oryctolagus cuniculus Pelvis 8.8 45.1 16.0 � 3.3 � � -21.0 4.2 �

QDAZOF523 QDAZ Oryctolagus cuniculus Pelvis 3.9 45.8 16.0 � 3.3 � � -22.8 3.8 �

QDAZOF524 QDAZ Oryctolagus cuniculus Pelvis 7.4 46.2 16.7 � 3.2 � � -20.1 4.0 �

QDAZOF526 QDAZ Oryctolagus cuniculus Pelvis 10.4 44.9 16.5 � 3.2 � � -20.0 6.8 �

LSCTOF118 LSTC Cervus elaphus Humerus 9.8 27.8 9.6 0.2 3.4 296.5 87.8 -20.1 3.8 13.6

LSCTOF119 LSTC Cervus elaphus Phalanx 12.6 19.9 7.9 � 3.0 � � -20.2 4.2 �

LSCTOF120 LSTC Cervus elaphus Phalanx 15.6 33.3 12.6 � 3.1 � � -21.4 3.7 �

LSCTOF121 LSTC Cervus elaphus Metatarsal 4.1 30.8 11.8 � 3.0 � � -20.1 4.3 �

LSCTOF122 LSTC Cervus elaphus Phalanx 15.3 42.7 16.1 � 3.1 � � -20.4 4.5 �

LSTCOF115 LSTC Cervus elaphus Tibia 17.4 27.8 10.6 � 3.1 � � -20.3 3.7 �

LSTCOF116 LSTC Cervus elaphus Metatarsal 15.4 30.7 11.5 � 3.1 � � -20.1 2.7 �

LSTCOF117 LSTC Cervus elaphus Mandible 10.1 39.7 14.9 � 3.1 � � -19.8 3.4 �

QDAZOF547 QDAZ Cervus elaphus Metacarpal 18.9 41.9 15.9 0.2 3.1 446.5 145.5 -19.9 4.3 13.4

QDAZOF548 QDAZ Cervus elaphus Metacarpal 0.7 39.4 14.9 0.2 3.1 457.3 148.5 -20.2 5.7 13.9

QDAZOF549 QDAZ Cervus elaphus Tibia 10.2 5.0 2.6 � 2.3 � � -21.5 5.5 �

QDAZOF550 QDAZ Cervus elaphus Tibia 10.4 42.0 15.5 � 3.2 � � -20.1 3.9 �

QDAZOF570 QDAZ Felis catus Pelvis 5.9 33.9 12.8 0.2 3.1 410.8 133.5 -18.3 11.7 8.6

QDAZOF571 QDAZ Lynx pardinus Tibia 8.8 40.0 15.1 0.3 3.1 380.6 123.5 -19.6 6.6 17.9

Note:

The ovicaprid samples which were identi�ed by ZooMS as goats and sheep are in bold.

LSTC = Largo de Santa Cruz do Castelo and QDAZ = Quinta do Almaraz
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7.5 Results

7.5.1 Collagen quality and ZooMS

Collagen extraction was successful for all 53 bone samples from Largo de Santa Cruz do

Castelo and 45 bones from Quinta do Almaraz. The extractions were evaluated on the

criteria reported by van Klinken (1999). One sample (QDAZOF548) gave< 1% of collagen

by weight. The sample was not rejected since the stable isotope values are similar to the

other samples of the same species. The extracted collagen was considered well preserved in

all samples from both sites based on published criteria, with carbon content in the range

15.3% - 47.0% (Ambrose, 1990), nitrogen content in the range 5.5% - 17.3% (Ambrose,

1990), C/N ratios between 3.15 - 3.50 (Guiry and Szpak, 2021), C/S ratios between 300 -

900 (Nehlich and Richards, 2009). Samples LSTCOF154, LSTCOF100, and QDAZOF549

have C/N ratios well outside the acceptable range. However, all the three are evaluated

in the downstream interpretation since the � 13C and � 15N values align with the other

individuals of the same species. The faunal bone collagen exhibits C/N ratios between 2.3

and 3.5. The percentage of carbon is between 5.0% - 46.2% and the percentage of nitrogen

is between 2.5% - 16.6% , and percentage of sulphur between the range 0.16% - 0.42%.

Sheep and goat samples were successfully distinguished based on ZooMS. The identi�ed

sample entries are in bold format (Table 7.1).

7.5.2 Bone collagen isotope values

The stable isotope data and its summary of the faunal collagen is presented by site in

Table 7.1 and Table 7.2 respectively. The range of isotope values at Largo de Santa Cruz

do Castelo are as follows:� 13C is -21.9‡ - -18.5 ‡ and � 15N is 1.9 ‡ - 14.7 ‡ . While

the range of isotope values at Quinta do Almaraz are:� 13C is -23.1 ‡ - -17.3 ‡ , � 15N

is 3.1 ‡ - 12.2 ‡ , and � 34S is 5.8 ‡ - 18.4 ‡ . Based on the z-score evaluation, six

statistical outliers originating from Largo de Santa Cruz do Castelo have been observed.

The outliers are three cattle (LSTCOF142, LSTCOF143, and LSTCOF153) and three

sheep (LSTCOF102, LSTCOF103, and LSTCOF106), which exhibit improbable � 15N

values for the context. Thus these samples are excluded from the downstream analysis.

No outliers have been observed from Quinta do Almaraz.

102



CHAPTER 7. TAGUS ESTUARY

Table 7.2: Summary of � 13C, � 15N , and � 34S values, by species from Largo de Santa Cruz do
Castelo and Quinta do Almaraz.

� 13 C (‡ ) � 15 N (‡ ) � 34 S (‡ )

Site Species n (�x) ( � ) (�x) ( � ) (�x) ( � )

Cattle 13 -21.0 0.5 6.1 0.9 9.0 �

Goat 3 -20.1 0.2 4.8 1.3 7.4 �

Pig 14 -20.7 0.8 7.5 1.7 9.8 1.6

Red Deer 8 -20.3 0.5 3.8 0.6 13.6 �LSTC

Sheep 8 -20.8 0.9 6.6 1.1 10.3 3.2

Cat 1 -18.3 � 11.7 � 8.6 �

Cattle 6 -21.0 0.4 7.4 2.7 11.3 4.7

Chicken 1 -19.0 � 5.6 � 5.8 �

Eurasian curlew 1 -17.3 � 9.8 � 9.3 �

Goat 5 -20.0 0.7 4.9 0.7 13.0 1.8

Horse 4 -21.5 0.9 5.9 1.6 10.0 3.0

Iberian Lynx 1 -19.6 � 6.6 � 17.9 �

Partridge 4 -20.1 0.5 6.4 1.6 14.8 5.5

Pig 5 -19.7 0.9 8.6 1.8 10.2 3.2

Rabbit 8 -21.2 1.2 4.8 1.7 14.5 4.0

Red Deer 4 -20.5 0.7 4.8 0.9 13.7 0.4

QDAZ

Sheep 5 -20.2 0.4 8.5 1.2 11.1 3.7

Note:
LSTC = Largo de Santa Cruz do Castelo and QDAZ = Quinta do Almaraz
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Figure 7.4: Plot showing mean� 13C and � 15N values (mean± 1 SD range) of faunal bone
collagen from Largo de Santa Cruz do Castelo, Lisbon.
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Figure 7.5: Plot showing mean� 13C and � 15N values (mean± 1 SD range) of faunal bone
collagen from Quinta do Almaraz, Almada.
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Figure 7.6: Plot showing mean� 15N and � 34S values (mean± 1 SD range) of faunal bone
collagen from Largo de Santa Cruz do Castelo. The yellow lines mark the range of� 34S values
indicative of sea spray e�ect (Mizota and Sasaki, 1996; Nehlich, 2015; Wakshal and Nielsen,
1982).
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Figure 7.7: Plot showing mean� 15N and � 34S values (mean± 1 SD range) of faunal bone
collagen from Almaraz. The yellow lines mark the range of� 34S values indicative of sea spray
e�ect (Mizota and Sasaki, 1996; Nehlich, 2015; Wakshal and Nielsen, 1982).
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7.6 Discussion

The � 13C and � 15N values of red deer and rabbits are typical of the wild herbivores from

C3 temperate environments (Figure 7.4 and Figure 7.5). The� 13C values of the red deer

re�ect its preferred foraging habit in open forests. Two individuals (LSTCOF120 and

QDAZOF549) have slightly depleted � 13C values compared to the other red deer, which

could have been due to foraging in a more densely forested area (Bona�ni et al., 2013). As

expected, the average� 15N values of red deer are lower than domesticated herbivores. The

average� 13C values of rabbits are depleted compared to the red deer, typical of foraging

on ground-level vegetation (canopy e�ect) and the average� 15N values are lower than the

domesticates. Three rabbits from Almaraz (Figure 7.5) have enriched� 13C values similar

to red deer. These three rabbits also have enriched� 15N values similar to domesticated

herbivores and pigs. Rabbits can also forage in open and arti�cially manured agricultural

spaces, which can lead to enriched� 13C and � 15N values, as in this case. The� 15N values

of red deer and rabbits can generally be considered a baseline for the herbivores foraging on

naturally growing vegetation with no arti�cial manuring. The � 34S values of red deer and

rabbits fall within the expected range for animals originating near the coastline (Figure 7.6

and Figure 7.7). Since both the species are usually hunted for meat, often in the vicinity

of the settlement, it is safe to designate them as local proxies.

In Largo de Santa Cruz, goats have average� 13C values similar to that of red deer (t-

statistic: 0.57, degrees of freedom: 9,p-value: 0.59) and similarly the � 15N values of these

goats are also signi�cantly not di�erent from red deer (t-statistic: 1.8, degrees of freedom:

9, p-value: 0.11). Similarly in Quinta do Almaraz (Figure 7.5), goats have statistically

similar average � 13C (t-statistic: 0.97, degrees of freedom: 7,p-value: 0.36) and � 15N

(t-statistic: 0.12, degrees of freedom: 7,p-value: 0.91) values to red deer. One goat

(LSTCOF100) has elevated � 15N values than the other goats, which could result from

foraging in arti�cially manured �elds or being fed on a diet of manured vegetation or

non-local origin. The elevated� 15N value could also be due to a di�erent isotopic baseline

corresponding to its non-local origin. Goats from both sites seem to be originating from

coastal locations based on� 34S values with the exception of one individual (LSTCOF112)

from Largo de Santa Cruz which has a� 34S value outside the expected range for a coastal

site (Figure 7.6).

Sheep have similar average� 13C values and elevated average� 15N values compared to
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goats at Largo de Santa Cruz and the isotope values of sheep are not well clustered, which

could indicate multiple foraging patterns. This non-clustering could also arise from the

sheep originating from di�erent geographical locations with di�erent isotope baselines.

The elevated average� 15N values of sheep could be from grazing in agricultural spaces

or being fed a diet of manured vegetation. On the other hand, sheep from Quinta do

Almaraz have higher average� 13C and � 15N values compared to goats, similar to cattle

and pigs (Figure 7.5). This enrichment could be due to grazing in agricultural spaces

like cattle or having a diet with some cultivated plant. Most sheep from Almaraz and

one sheep have� 34S values either out of the local range of values or at the lower limit

of the local range (Figure 7.6 and Figure 7.7). Two sheep from Largo de Santa Cruz

have � 34S values resembling that of fauna a�ected by sea spray, while two other fall well

outside the range which could be indicative of their non-local origins. Sheep are often

traded because of their inherent value, and it is normal for a few individuals to be of

non-local origin. Furthermore, it has been reported that sheep have been introduced to

the Iberian Peninsula from the Far East (Pereira et al., 2006). As seen in other sites, sheep

are considered valuable livestock and could have been arrived at this settlement through

the extensive Phoenician trade network.

The average� 13C values of cattle from Largo de Santa Cruz are signi�cantly not di�erent

to the sheep (t-statistic: -0.68, degrees of freedom: 19,p-value: 0.51). Similarly, the

average� 15N values of these cattle are also not signi�cantly di�erent from those of sheep

(t-statistic: -1.09, degrees of freedom: 19,p-value: 0.29). The cattle from Quinta do

Almaraz have average� 13C and � 15N values that are signi�cantly not di�erent from the

average� 13C (t-statistic: -1.46, degrees of freedom: 8,p-value: 0.18) values of the red deer.

The cattle's � 15N values are very scattered but elevated than the wild herbivores. Cattle

are grazers and are usually left to forage in agricultural spaces that are arti�cially manured.

The cattle with lower � 15N values than the average of the taxa could be grazing in open

forests or spaces that are not manured, similar to wild herbivores. The singular Largo de

Santa Cruz cattle � 34S value falls outside the range (sea spray e�ect) that is assumed to

be local for this coastal site. Though it is outside the range, it is very close to the lower

limit of the range and could be an error of measurement. Out of the three� 34S values of

cattle from Quinta do Almaraz, only one individual falls outside the range expected for

coastal sites. Horses have depleted� 13C values compared to other domesticated herbivores

(Figure 7.5). The horses' average� 15N values are also higher than the wild herbivores,
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indicative of their domesticated status. One horse (QDAZOF553) has a more enriched

� 13C value and lower � 15N value than the other horses, which is indicative of grazing in

open spaces that are not agricultural �elds. Except for this horse (QDAZOF553), other

horses have� 34S values that are di�erent from the wild herbivores, which are assumed

to be local. The three horses could have been brought to Quinta do Almaraz from other

places through the extensive Phoenician trade network.

The � 13C value of the Iberian lynx is similar to domesticated herbivores and pigs (Figure

7.5). Iberian lynx are notoriously selective in their diet, primarily the European rabbit

(Ferreira and Delibes-Mateos, 2010). As expected, the� 15N value of the Iberian lynx

is one trophic level (3 ‡ - 4 ‡ ) than the average � 15N values of the rabbits (Table

7.2). The � 34S value of the Iberian lynx falls within the expected range for fauna a�ected

by sea spray. The other feline in the assemblage is the domesticated cat with� 13C and

� 15N values enriched in comparison to the Iberian lynx (Figure 7.5). As a domesticated

carnivore, it has enriched � 13C and � 15N values since cats are often fed a diet of human

food scraps containing meat, �sh, and other seafood remains. Surprisingly the� 34S value

of the cat falls well outside the coastal range of sulphur isotope values which might indicate

its foreign origin. The average� 13C and � 15N values of pigs at Largo de Santa Cruz are

similar to the other domesticated herbivores. However, the� 13C and � 15N values of the

pigs are very varied, probably indicative of diverse foraging strategies. Two groups of pigs

can be observed (Figure 7.4) and are di�erentiated by their � 15N values. The cluster of

pigs with depleted � 15N values could have been primarily on a herbivore diet. In the

case of pigs at Almaraz, the average� 13C and � 15N values are more enriched than the

domesticated herbivores (Figure 7.5). Two pigs (QDAZOF537 and QDAZOF541) have

� 15N values similar to that of herbivores. The pigs with enriched � 15N values at both

sites could be re�ective of an omnivorous diet consisting of plants and human food scraps

as reported in the Neolithic and Chalcolithic Periods in the region (Waterman et al.,

2016; šalait
e et al., 2018). The herbivore diet of pigs in these sites is a departure from

the previous periods. The pigs with low� 15N values also have correspondingly low� 34S

values, which fall out of the local range of sulphur isotope values. This could indicate the

�ow of livestock from other non-coastal regions to the settlement.

Eurasian curlew has the most enriched� 13C and one of the most enriched� 15N values

compared to other fauna (Figure 7.5). Eurasian curlews are estuarine birds which con-

sume soft-bodied insects and estuarine crabs. In this case, this individual's diet seems to
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consist of more estuarine components than terrestrial components. The� 34S value of the

Eurasian curlew falls slightly out of the local range, but this could arise from an error

in measurement. Partridges has average� 13C values of -20.1± 0.5 ‡ and average� 15N

values of 6.4± 0.6 ‡ , indicative of a typical diet of insects and grass seeds in arti�cially

manured agricultural �elds. Except for one partridge, the rest have � 34S values well within

the range expected for local fauna. The chicken has slightly enriched� 13C value compared

to the mean partridge � 13C values but lower � 15N value. This could be because of a diet

of C4 plants such as millet which have been present in Iberia since the late Bronze Age

(Fernández-Crespo et al., 2019). Usually, chickens are reared in urban spaces with a diet

of grain and human food scraps, which seems not to be in this case. This, combined with

the � 34S value outside the range expected for `extraneous' (because of the sea spray ef-

fect), points toward the possible non-local origin of the chicken. Based on the� 34S isotope

values, nothing conclusive can be said about the domesticates at Largo de Santa Cruz and

Quinta do Almaraz without further investigation. Given the location of the sites, local

fauna would most likely be a�ected by sea spray e�ect. Thus, one could presume that

the livestock with � 34S values within the expected range are more likely to be local. This

however does not exclude the possibility that the livestock could have originated from an

extraneous coastal location.

7.7 Conclusion

Typical for the diet of red deer, the � 13C values indicate foraging in open forests while the

� 15N values are depleted in comparison to domesticated fauna, indicative of its wild status.

Due to foraging on ground-level vegetation, rabbits' average� 13C values are depleted

compared to the red deer. However, a few rabbits have enriched� 13C and � 15N values

compared to other rabbits, which indicates that some rabbits could have been foraging in

manured agricultural spaces. The� 34S values of both red deer and rabbits are as expected

of fauna originating close to the coast. As expected of the Iberian lynx, the� 13C and � 15N

values are one trophic level above the average� 13C and � 15N values of rabbits. Cat, a

domesticated carnivore, has enriched� 13C and � 15N values compared to the Iberian lynx,

indicative of its domesticated status. The cat's � 34S value is entirely outside the sea spray

range, possibly due to its foreign origin. The average� 13C and � 15N values of the pigs

at Largo de Santa Cruz are similar to other domesticated herbivores, but there exist two
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clear groups separated by their� 15N values. The group with lower � 15N values likely were

on a herbivorous diet, and the one with elevated� 15N values were omnivorous. The� 13C

and � 15N values of the pigs at Almaraz seem to indicate an omnivorous diet consistent

with the Neolithic and Chalcolithic Periods from the region. Some pigs have low� 15N

values with corresponding low� 34S values, indicative of the �ow of livestock from other

non-coastal regions to the settlement. Goats have similar average� 13C and � 15N values

to red deer, indicative of browsing wild vegetation. As browsers, goats are often left to

forage on wild vegetation. In comparison, sheep have similar average� 13C values to goats

but have elevated average� 15N values. These elevated� 15N values could have arisen from

grazing in arti�cially manured agricultural �elds or eating manured crop products. The

scattered � 13C and � 15N values of sheep could be due to varied foraging strategies. The

average� 13C and � 15N cattle values indicate grazing in arti�cially manured agricultural

spaces. Based on� 34S values, most cattle seem to be of possible coastal origin. As a

domesticate, the average� 15N values of horses are elevated than the wild herbivores and

depleted � 13C values, unlike a grazer. One horse has the typical� 13C and � 15N values

of a grazer and� 34S value within the range of local wild fauna. The other horses have

� 34S values outside the local range and could be of foreign origin. Amongst the birds,

the Eurasian curlews have stable isotope values re�ecting an estuarine diet of crabs and

terrestrial insects. Partridges have stable isotope values that con�rm the reported diet

of grass seeds and insects in agricultural spaces. Chicken as a domesticated bird has a

slightly enriched � 13C value compared to partridges but a lower� 15N value that could be

due to a diet on C4 plants such as millets. The� 34S value of the chicken indicates that it

is of non-coastal origin.
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EQUID COLLAGEN MARKERS

8.1 Introduction

Horse (Equus caballus/ Equus ferus) and donkey (Equus asinus) along with their hybrids

are important large domesticates in Holocene archaeological contexts. Domestic equids

have played roles in the economy, travel, and con�icts of past societies. Horses have

been utilised for riding, racing, and as mounts in war due to their intelligence and speed

(Clutton-Brock, 1992; Hanot and Bochaton, 2018). Donkeys, on the other hand, have been

appreciated for their endurance and adaptations to harsh environments, leading them to

be utilised for load-bearing (Baxter, 1998; Kimura et al., 2013). Accurate identi�cation

of domestic equids and their hybrids is an arduous but imperative task in archaeological

studies. With the exception of situations where one of the species is entirely absent, it is

usually di�cult to distinguish between horse and donkey based on skeletal macroscopic

criteria alone (Hanot and Bochaton, 2018).

Conventional identi�cation criteria are based on the morphology of enamel folds (Armitage

and Chapman, 1979; Davis, 1980; Eisenmann, 1986, 1981, 1980; Uerpmann, 2002), the

skull (Albizuri and Nadal, 1991; Azzaroli, 1978; Eisenmann, 1986, 1980; Groves and
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Mazák, 1967; Kunst, 2000), and post-cranial elements (Arloing, 1882; Eisenmann and

Beckouche, 1986; Hanot and Bochaton, 2018; Peters, 1998). One problem with many

of these criteria is that they are dependent on bone size and assume that horses and

hybrids are larger than donkeys (Forest, 2008; Hanot et al., 2017), which is not always

accurate even when entire skeletons are available for analysis. More practically, intact

skulls and post-cranial remains are rarely encountered in the archaeological record and

equids are more often represented by individual or fragmented bones that are di�cult

to taxonomically assign based on size. For example, two recent studies from England

and Poland point out that horse bones at archaeological sites are partially the result of

distinctive depositional processes, including the standardised post-mortem processing of

their carcasses away from domestic sites at tanneries and knackers' yards (Ameen et al.,

2021; Jaworski et al., 2020). Species level determinations are most frequently made using

teeth, which generally represent a relatively small proportion of equid faunal assemblages.

Further complicating species level identi�cations is the fact that equids are less frequently

consumed than other domesticates, such as cattle, caprines, and suids. This leads to fewer

measurable bones recovered from some sites, and consequently less morphological data is

available to determine site-speci�c size pro�les (Hanot and Bochaton, 2018).

The most reliable means of taxonomic identi�cation of archaeological equids has been

through ancient DNA (aDNA) analysis (Cucchi et al., n.d.; Jónsson et al., 2014; Vilstrup

et al., 2013; Weinstock et al., 2005), which comes with its own challenges, especially in re-

gions such as the Iberian Peninsula that have very low success rates (10% � 30%). Ancient

DNA analyses can also be costly, especially when analysing large assemblages. Alterna-

tively, proteomic based methods such as zooarchaeology by mass spectrometry (ZooMS)

can provide high-throughput, low-cost taxonomic assignments, even in cases where preser-

vation is too poor for aDNA recovery. However, previously published ZooMS markers pro-

vide taxonomic resolution only to the genus level in equids, thereby limiting the usefulness

of the technique for studying species ofEquus. Because of the close evolutionary distance

within Equidae (Orlando et al., 2013), sterile hybrids can be produced between horses

and donkeys: mules (Equus asinus� x Equus caballus� ) and hinnies (Equus caballus� x

Equus asinus� ). Hybrids are both wild born and also intentionally bred for favourable

characteristics. In this thesis, we limit the analysis to Equus caballusand Equus asinus

from Western Iberian Holocene contexts.
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8.2 Domesticated equids in Iberia

Both horse and donkey were domesticated in di�erent regions almost concurrently around

5500 - 5000 years ago, with the horse being domesticated in Western Eurasian steppes

(Librado et al., 2021; Warmuth et al., 2012) and the donkey in Northern Africa (Beja-

Pereira et al., 2004; Rossel et al., 2008). Iberian Peninsula has been home to horses since

the Early Holocene (Warmuth et al., 2012). Equid bones have been reported continuously

in the Western part of Iberia from the Late Pleistocene through the Medieval Period until

the Modern Period (Cardoso, 1995, 1994, 1993; Davis et al., 2008; Davis, 2006; Detry et

al., 2016; Detry, 2007; Detry and Arruda, 2013; Detry and Fabião, 2021; Morales Muñiz et

al., 1998; Rowley-Conwy, 1993; Valente, 2008). They are scarce throughout the Neolithic

with an average of only �ve fragments per site (Martín et al., 2016), but starting from the

Chalcolithic and Bronze Age, there is an increase in the number of equid remains across

sites in the Iberian Peninsula (Castaños, 2005; Harrison et al., 1987; Morales Muñiz et al.,

1998).

The extinct Iberian wild ass has been found in Middle Palaeolithic, Neolithic, and Chal-

colithic contexts from Portugal, but there is no evidence of domestication (Cardoso and

Detry, 2002; Davis, 2002; Davis et al., 2018). It is widely accepted that domestic donkeys

from North Africa were introduced to the Iberian peninsula by the Phoenicians as early as

the 8th century BCE (von den Driesch and Boessneck, 1985). However, earlier dates have

been proposed as a result of the discovery of a molar tooth, con�rmed by mitochondrial

DNA analysis to be donkey, at the Chalcolithic site of Leceia (Cardoso et al., 2013). This

is not surprising given that artefacts of North African origin, such as ivory and ostrich

eggshells, have been reported in Portugal from the Late Neolithic/Chalcolithic onwards

(Schuhmacher et al., 2009; Valera et al., 2015; Valério et al., 2018). Skeletal elements of

donkey are found in higher numbers starting in the Iron Age and the trend continues to

the Middle Ages (Davis et al., 2008; Davis, 2006; Davis and Gonçalves, 2017; Detry et al.,

2016; Detry and Arruda, 2013; Detry and Pimenta, 2017). In this complex scenario with

signi�cant archaeological questions regarding the presence and use of domesticated equids,

ZooMS would be a valuable, cost-e�ective, and reliable tool to: (1) increase identi�cation

rate of horse and donkey remains across time periods; (2) to investigate the brief hiatus of

the horses during the Mesolithic and Early Neolithic (Altuna, 1980; Martín et al., 2016;

Morales Muñiz et al., 1998); (3) interpret slaughter and birthing patterns similar to other
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domesticates (Castaños, 2005).
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Table 8.1: List of published collagen markers for species from the Equidae family.

Scienti�c Name
COL1A1
508-519

COL1A1
586-618

COL1A1
586-618 (+16)

COL1A2
978-990

COL1A2
978-990 (+16)

COL1A2
484-498

COL1A2
502-519

COL1A2
292-309

COL1A2
793-816

COL1A2
454-483

COL1A2
757-789

COL1A2
10-42

References

Equus grevyi 1105.6 2883.4 2899.4 1182.6 1198.6 1427.7 1550.8 1649.8 2145.1 2820.4 2983.4 2999.4 Welker et al. (2016)
Equus quagga 1105.6 2883.4 2899.4 1182.6 1198.6 1427.7 1550.8 1649.8 2145.1 2820.4 2983.4 2999.4 Welker et al. (2016)
Equus caballus 1105.6 2883.4 2899.4 1182.6 1198.6 1427.7 1550.8 1649.8 2145.1 2820.4 2983.4 2999.4 Welker et al. (2016); Buckley et al. (2009); Buckley and Collins (2011); Kirby et al. (2013); Buckley et al. (2017)
Equus asinus 1105.6 2883.4 2899.4 1182.6 1198.6 1427.7 1550.8 1649.8 2145.1 2820.4 2983.4 2999.4 Welker et al. (2016)
Equus hemionus khur 1105.6 2883.4 2899.4 1182.6 1198.6 1427.7 1550.8 1649.8 2145.1 2820.4 2983.4 2999.4 Welker et al. (2016)
Equus hemionus hydruntinus 1105.6 2883.4 2899.4 1182.6 1198.6 1427.7 1550.8 1649.8 2145.1 2820.4 2983.4 2999.4 Welker et al. (2016)
Equus caballus 1105.6 2883.4 2899.4 1182.6 1198.6 1427.7 1550.8 1649.8 2145.1 2820.4 2983.4 2999.4 Welker et al. (2016)

Note:
The nomenclature of the markers follow the scheme recommended in Brown et al. (2021).
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8.3 ZooMS markers for equids

Zooarchaeology by Mass Spectrometry (ZooMS) is a peptide mass �ngerprinting technique

developed to assign taxonomic identities based on collagen type I (COL1) peptide masses.

The primary principle of ZooMS is to generate a peptide mass �ngerprint from tryptic

digests of bone or other collagen containing tissues using a matrix-assisted laser des-

orption/ionization time-of-�ight (MALDI-TOF) mass spectrometer. In the past decade,

researchers have successfully leveraged this technique to distinguish the genusEquusfrom

other large mammal taxa in archaeological records using the standard panel of nine pep-

tide markers (Buckley et al., 2017, 2009; Buckley and Collins, 2011; Kirby et al., 2013;

Welker et al., 2016). However, these markers are invariant across all published species in

the Equusgenus (Table 8.1), which makes them unsuitable for species level identi�cation.

Recent studies have developed alternative markers for other regions of the collagen protein

where amino acid di�erences allow for better taxonomic resolution of speci�c taxonomic

groups, such as marsupials and bovids (Coutu et al., 2021; Janzen et al., 2021; Peters et

al., 2021). We use genetic data to identify collagen sequence di�erences between horses

and donkeys and con�rm a species speci�c ZooMS marker using a chymotrypin digestion.
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Table 8.2: Sample list of all archaeological and taxonomic reference samples analysed in this study.

Sample ID Lab Code Site Country Time Period Skeletal Element Morphological Id. ZooMS Id.

TRAOF100 HZ145 Troia Portugal Roman Left Femur Equus asinus Equus asinus
TRAOF101 HZ146 Troia Portugal Roman Left Scapula Equus asinus Equus asinus
TRAOF102 HZ147 Troia Portugal Roman Mandible Equus asinus Equus asinus
TRAOF104 HZ149 Troia Portugal Roman Pelvis Equus asinus Equus asinus
TRAOF105 HZ150 Troia Portugal Roman Rib Equus sp. Equus asinus
TRAOF107 HZ152 Troia Portugal Roman Long bone fragment Equus sp. Equus asinus

RDA.19.EQ1 HZ156 Rua do Anjos Portugal Roman Molar Equus sp. Equus asinus
RDA.19.EQ2 HZ157 Rua do Anjos Portugal Roman Molar Equus sp. Equus caballus
RDA.19.EQ3 HZ158 Rua do Anjos Portugal Roman Mandible Equus sp. Equus caballus
RDA.19.EQ4 HZ159 Rua do Anjos Portugal Roman Metapode Equus sp. Equus caballus
RDA.19.EQ5 HZ160 Rua do Anjos Portugal Roman Metapode Equus sp. Equus caballus
RDA.19.EQ7 HZ161 Rua do Anjos Portugal Roman Radius Equus sp. Equus caballus
RDA.19.EQ8 HZ162 Rua do Anjos Portugal Roman Pelvis Equus sp. Equus caballus
RDA.19.EQ9 HZ163 Rua do Anjos Portugal Roman Astragalus Equus sp. Equus asinus

RDA.19.EQ10 HZ164 Rua do Anjos Portugal Roman Femur Equus sp. Equus caballus
LCB.15.EQ19 HZ153 Largo do Coutador Portugal Late Antiquity Metapode Equus sp. Equus asinus
LCB.15.EQ18 HZ154 Largo do Coutador Portugal Late Antiquity Molar Equus sp. Equus asinus
LCB.15.EQ17 HZ155 Largo do Coutador Portugal Late Antiquity Molar Equus sp. Equus asinus
RNA63EQ11 HZ165 Rua Nova do Almada 63 Portugal Roman Imperial Molar Equus sp. Equus caballus
RNA63EQ12 HZ166 Rua Nova do Almada 63 Portugal Roman Imperial Incisor Equus sp. Equus asinus

BPLX.246 HZ167 Banco de Portugal Portugal Roman Cranium Equus sp. Equus asinus
H4.1070.1 HZ143 Los Morrones 11 Spain Iron Age Radius Equus caballus Equus caballus
H4.1070.2 HZ144 Los Morrones 12 Spain Iron Age Radius Equus caballus Equus caballus
H4.1075.3 PHD1075.3 Los Morrones 11 Spain Iron Age Radius Equus caballus Equus caballus

TRSLOF100 HZ140 Torre Sal Spain Iberian Radius Equus caballus Equus caballus
TRSLOF103 PHDTSOF100 Torre Sal Spain Iberian Radius Equus caballus Equus caballus

MJV.1 HZ121 Horta da Torre Portugal Late Roman Right Radius Equus caballus Equus caballus
MJV.2 HZ122 Horta da Torre Portugal Late Roman Right Metacarpus Equus caballus Equus caballus
MJV.3 HZ123 Cacela - Poço Antigo Portugal Late Medieval Islamic Calcaneum R Equus sp. Equus caballus
MJV.5 HZ125 Cacela - Largo Fortaleza Portugal Late Medieval Islamic/Christian Upper Incisor 1 or 2 R (root) Equus sp. Equus asinus
MJV.7 HZ127 O�cina Senhor Carrilho Portugal Medieval Islamic Metapodial Equus sp. Equus caballus

MJV.11 HZ131 Castillo de Aracena Spain Medieval Islamic Scapula R Equus sp. Equus caballus
MJV.12 HZ132 Castillo de Aracena Spain Late Medieval Islamic/Christian Scapula L Equus sp. Equus asinus
MJV.13 HZ133 Castillo de Aracena Spain Late Medieval Islamic/Christian Scapula R Equus sp. Equus caballus
MJV.14 HZ134 Rua da Sé Portugal Medieval Islamic Ulna L Equus caballus Equus caballus

MJV.15 HZ135 Rua da Sé Portugal Medieval Islamic Humerus R Equus caballus Equus asinus
MJV.16 HZ136 Convento das Bernardas Portugal Late Modern (18/19th century) Cranium Equus caballus Equus caballus
MJV.17 HZ137 Cerro da Vila Portugal Roman Imperial Metacarpus L Equus sp. Equus asinus
MJV.18 HZ138 Cerro da Vila Portugal Roman Imperial Ulna R Equus sp. Equus asinus
MJV.19 HZ139 Cerro da Vila Portugal Roman Imperial Maxillar Equus caballus Equus caballus

LARC.265 PHD265 Minho Portugal Modern/Reference Vertebra Equus caballus Equus caballus
LARC.238 PHD238 Minho Portugal Modern/Reference Nasal conchae Equus caballus Equus caballus

LARC.2324 PHD2324 Minho Portugal Modern/Reference Scapula Equus caballus Equus caballus
LARC.1498 PHD1498 Baixo Alentejo Portugal Modern/Reference Vertebra Equus asinus Equus asinus
LARC.2000 PHD2000 Trás-os-Montes Portugal Modern/Reference Vertebra Equus asinus Equus asinus
LARC.2313 PHD2313 Trás-os-Montes Portugal Modern/Reference Vertebra Equus asinus Equus asinus

Note:

The entries in bold have a di�erence in traditional zooarchaeological and ZooMS identi�cation.

119



CHAPTER 8. EQUID COLLAGEN MARKERS

Table 8.3: Amino acid di�erences between horse and donkey COL1 proteins and their pre-
dicted visibility by MALDI following enzymatic digestion. Published COL1 sequence data were
obtained from horse (XP_023508478.1, XP_008516208.1, XP_001492989.1) and donkey
(XP_014689063.1, ACM24774.1, XP_014708845.1, ACM24775.1). Proteins were theoreti-
cally digested using Peptide Mass (Gattiker et al., 2002; Wilkins et al., 1997), and peptides were
marked as theoretically visible if betweenm/z 800 and m/z 3500. Nomenclature of the amino
acid locations after Brown et al. (2021).

COL1A1 1016 COL1A2 93 COL1A2 336 COL1A2 411 COL1A2 887

Horse G N S S H
Donkey A K T T N

Mass di�erence (Da) 14 14 14 14 23

Theoretically visible in MALDI for digestion by
Trypsin � X � � X �
Glu-Ca X X X � �

Chymotrypsin � X X � �
Thermolysin X � � X X

a phosphate bu�er.
* visible in horse only as the amino acid di�erence is at a tryptic cut site.

8.4 Material

Reference bone samples (Table 8.2) of horse and donkey (3 of each species) were sourced

from the Mammalogy collection of Laboratório de Arqueociências (Direção Geral do

Património Cultural, Lisbon). 20 � 30 mg bone samples were taken from non-diagnostic

sections of the bones. Archaeological samples (n = 40) originate from various sites across

Portugal and Spain (Table 8.2) ranging from the Early Iron Age to Early Modern period.

Some of the samples were identi�able by morphology as either horse or donkey (n = 15)

while the majority were only identi�able to the genus Equus (n = 25) (Table 8.2). From

each archaeological bone a 10-40 mg sample was clipped (bone fragment) or drilled (bone

powder) from a non-diagnostic portion of the bone.

8.5 Results and Discussion

8.5.1 Identi�cation and con�rmation of biomarkers

Analysis of published collagen sequence data identi�ed �ve amino acid di�erences between

horse and donkey, one on the geneCOL1A1 and four on COL1A2 (Table 8.3). This is

consistent with the known higher mutation rate of COL1A2. Four enzymes (trypsin,

Glu-C in a phosphate bu�er, chymotrypsin, and thermolysin) cut at sites that should
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Figure 8.1: MALDI spectra of chymotryptic peptides of COL1 for horse (blue) and donkey
(brown). The majority of the peaks present in the spectra are identical (upper), with the major
di�erence between the two spectra being the diagnostic marker with horse atm/z 2497 and don-
key at m/z 2511 (lower). The sequence of the peptide con�rmed by LC-MS/MS is shown with
the single amino acid di�erence between the two species highlighted in red.
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theoretically generate two or more peptides containing amino acid di�erences. However,

the MALDI spectra showed no peaks corresponding to these predicted peptides for any

of the enzymes. Further analysis showed no consistent di�erences amongEquus species

based on the MALDI spectra for trypsin, Glu-C, and thermolysin. This is not surprising

as only part of the collagen protein is reliably visible in the MALDI spectra (Buckley et

al., 2009; Janzen et al., 2021).

Spectra produced from the enzyme chymotrypsin had one consistently visible di�erence

between the species corresponding to a 14 Da mass di�erence (Figure 8.1). However,

the masses (m/z 2497 and m/z 2511) did not correspond to any of the masses of the

theoretically chymotryptic digested peptides (Table 8.3).

Figure 8.2: The MS/MS spectra of the peptides for the diagnostic marker COL1A1 991-1018
from horse (a) and donkey (b). Both peptides have 4 proline oxidations.

In order to assess the reliability and authenticity of this proposed marker we: (1) conducted
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LC-MS/MS analysis to sequence the peptide, and (2) compared the sequence data to

enzyme activity pro�les for chymotrypsin. LC-MS/MS con�rmed the sequence (Figure

8.2) of the candidate markers that covered the known amino acid di�erence between the

species at COL1A1 1016 (horse: GRTGDAGPVGPPGPPGPPGPPGPPSGGF, donkey:

GRTGDAGPVGPPGPPGPPGPPGPPS A GF). However, the peptides were only cleaved

on one end at a common chymotryptic cut site (C-terminal to phenylalanine) and the other

site is not commonly reported as a chymotryptic cut site (C-terminal to arginine, before

the glycine in the reported peptide). Because trypsin cuts C-terminal to an arginine, dual

digestions with chymotrypsin and trypsin were attempted. However due to the di�erences

in activity between trypsin and chymotrypsin, only the fully tryptic peaks were visible in

the MALDI-TOF spectra both dual and sequential digestions.

Enzymatic digestion can be variable, with the probability of cutting at any one location

based upon the bu�er solution (Tipton et al., 2009), presence of cofactors (Broderick,

2001), the primary amino acid (Keil, 2012), amino acid composition up to six amino acids

in either direction of the cut site (Keil, 2012), and the structure of the protein (Hartley,

1960). This is commonly seen in ZooMS with trypsin. Trypsin cuts primarily at the

C-terminal side to arginine and lysine but often does not cut when a proline follows the

arginine or lysine in the sequence (Olsen et al., 2004; Rodriguez et al., 2008). Some of

the standard ZooMS markers are based on these predictable missed cleavages due to the

presence of a proline (Keil, 2012). Chymotrypsin activity has been thoroughly investigated

(Keil, 2012). Chymotrypsin cuts at the C-terminal side of tyrosine, phenylalanine, and

tryptophan, and with lower e�ciency at the C-terminal side of leucine, methionine, and

histidine. Cleavages on the C-terminal side of arginine are also possible although rare

(Keil, 2012). Nevertheless, we do observe multiple cleavages C-terminal to arginine during

chymotrypsin digestion of equid COL1.

In this case, the following factors increase the likelihood of cleavage at this particular

arginine. First, there is a low number of preferential cut sites in collagen as tyrosine,

phenylalanine, and tryptophan are largely absent because they generally destabilise the

collagen triple helix (Bella, 2016). Therefore, non-preferential cleavage sites are more com-

monly seen (Gattiker et al., 2002). Second, the sequence around the cleavage is GPR GRT.

The three amino acids around the cleavage site are known to impact the success of cleavage

for chymotrypsin, especially when the a�nity to the primary amino acid (in this case the

arginine before the cut site) is low (Keil, 2012). Both amino acid and location impact that
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success. For example, although a proline directly after an arginine inhibits cleavage by

trypsin, a proline before an arginine increases the likelihood of cleavage by chymotrypsin.

Also increasing the likelihood of cleavage after this particular arginine are the glycine in

the �rst position after the cut site and the arginine in the second position after the cut

site (Gibson and Dixon, 1969; Keil, 2012; Keil, 1987).

When analysing the remaining LC-MS/MS data using semi-speci�c and non-speci�c pa-

rameters (Appendix Table A.1), cleavage was highly speci�c after the few tyrosine, tryp-

tophan, and phenylalanine present in collagen. Cleavage also occurred after lysine and

methionine when they were not followed by a proline inhibiting enzyme binding. The

most common non-preferential cleavage site in both COL1A1 and COL1A2 is between

arginine and glycine, and it most often occurs when there is a proline or alanine preceding

the arginine. Thus, while the identi�ed peptide to distinguish horses and donkeys exhibits

atypical chymotryptic cleavage, it is repeatable and reliable when the sample is predomi-

nantly composed of collagen and the lack of preferential cut sites, causes the enzyme to cut

repeatedly and reliably at non-preferential sites. Data is available in ProteomeXchange

(PXD035509) through Massive (doi:10.25345/C5T727K8H).

8.5.2 Modern and Archaeological samples

The geographical origin and time period of the samples analysed in this study are pre-

sented in Table 8.2. Taxonomic reference samples from the Laboratório de Arqueociências

(Direção Geral do Património Cultural, Lisbon) mammal collection produced high quality

for both tryptic and chymotryptic digests. The tryptic digest spectra were used to con�rm

that the samples were indeed equids based on the presence of previously reportedEquus

marker peaks (Table 8.1) (Welker et al., 2016). All of the archaeological samples (n =

40) analysed had su�cient collagen preservation to allow taxonomic identi�cation as an

Equusin case of tryptic digests, and as either horse or donkey, in the case of chymotryptic

digests (Figure 8.3). Of the 40 archaeological bone specimens, traditional morphological

analyses identi�ed 25 asEquus sp., 11 specimens as horses, and 4 as donkeys. Using the

new collagen marker, we could unambiguously distinguish the samples as either horse (n =

22) or donkey (n = 18). Of the 15 Equusspecimens assigned to the species level based on

morphological analysis, the ZooMS identi�cation was in agreement for all but one (Table

8.2). The sample MJV.15 was identi�ed morphologically as a horse, but ZooMS identi�ed

124

doi:10.25345/C5T727K8H


CHAPTER 8. EQUID COLLAGEN MARKERS

Figure 8.3: Taxonomic assignment of 40 archaeologicalEquus skeletal remains using conven-
tional morphological and ZooMS techniques. (a) Morphological analysis results in a high propor-
tion (62.5%) of bones that cannot be reliably classi�ed below the level of genus (Equus), whereas
all bones could be identi�ed to the species level (E. caballus or E. asinus) using ZooMS. (b) Tax-
onomic analyses based only on bones identi�able to species result in discrepant estimations of the
relative abundance of horses and donkeys depending on the identi�cation method. Morphological
analysis appears to under-identify donkeys, potentially introducing bias into downstream analy-
ses.

the individual as a donkey. This sample originates from a Portuguese Medieval Islamic

context and is from a neonatal individual.

In designing the study, we attempted to exclude bones likely derived from hybrids, al-

though that possibility cannot be excluded entirely. Hybrids are frequently di�cult to dis-

tinguish in the archaeological record using either morphological characteristics or mtDNA,

leaving nuclear DNA as the only entirely reliable indicator at present (Schubert et al.,

2017). However, because hybrids have copies of both horse and donkey COL1 genes, they

should be identi�able by ZooMS. Therefore, further characterization of this ZooMS marker

which separates horses and donkeys in both other species of equids and equid hybrids will

be important.

The archaeological bones in this study were chosen because they were well preserved with

enough morphological characteristics to be able to be identi�ed to at least genus level

across a wide spatial-temporal range in Western Iberia. While this limits the ability

of these samples to provide answers to the archaeological questions surrounding equids

in Iberia, it does showcase the ability of ZooMS to now distinguish between the equid
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species. If we consider this set of bones as an assemblage, there appears to be a bias in

the morphological identi�cation in the case of donkeys (Figure 8.3 (b)). The increased

taxonomic resolution to the species level leads to interpretations that are more credible

and far-reaching.

8.6 Conclusion

We have successfully developed a ZooMS marker using the enzyme chymotrypsin and

demonstrated that it can be used to reliably distinguish domestic horse and donkey. This

is the �rst use of an enzyme other than trypsin for ZooMS on archaeological material, and

therefore we propose an approach for suspected equids in which collagen extracts are split

into two fractions and digested separately, �rst with trypsin for con�rmation of Equus

genus using the standard ZooMS markers, and then with chymotrypsin to distinguish

domestic horse and donkey. The ability to quickly and easily discriminate domestic horses

and donkeys using ZooMS is highly valuable for zooarchaeological studies as these species

are often indistinguishable morphologically, but are treated economically and culturally

very di�erently.
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This thesis used stable carbon, nitrogen, and sulphur isotope analysis in combination with

ZooMS to reconstruct farming and animal husbandry practices during Phoenician times

in Portugal. The information from the analyses is utilised to construct a preliminary

framework to understand the agricultural practices of the Phoenicians in the Western

Mediterranean region, with a focus on Portugal.

Botanical remains have been recovered and studied only from Castro Marim. Thus, it

would not be prudent to generalise the �ndings for all the Phoenician settlements. Barley

was the most abundantly recovered cereal, followed by wheat. Broad beans and peas are

the only pulses recovered from the site though chickpeas have been reported in an earlier

study. Phoenicians also seemed to have used various spices due to the recovery of mustard

and celery during the analyses of this thesis. Coriander has been reported in a previous

study. Only barley was abundant enough to perform stable isotope analyses. The stable

isotope analyses reveal that barley mainly depended on natural precipitation and was

manured to a certain extent.

Across all the sites, ovicaprids are the most abundant domesticated herbivores. Mostly

sheep are more abundant than goats (except for Tavira). Sheep could have been more
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prized than goats because of secondary products such as wool and milk. The milk and

wool of the sheep could have been essential contributors to the agricultural economy. In

the case of Tavira, the current understanding of the excavated structures reveal that it

was more geared towards material processing and production of goods. This orientation

toward industrial production could have left only a small percentage of the population

engaged in agricultural activities. Goats would have served as an ideal domesticate since

they are disease-resistant compared to sheep and, being browsers, can eat a wider variety of

vegetation. Ovicaprids were also slaughtered between two and four years of age, indicating

that not all the reared ovicaprids were meant for secondary products. Cattle and pigs are

mostly the second most abundant domesticated herbivores across all the sites. Most of

the cattle were adults. It was more bene�cial to employ them as ploughing animals in the

�elds and pulling heavy loads than to slaughter them for meat as juveniles. Juveniles could

replace the older animals and then be slaughtered for meat. This strategy would ensure

younger and stronger animals for heavy load-bearing roles while the older animals would

become a source of meat. On the other hand, pigs were slaughtered around two years of

age. They were reared exclusively for meat since they o�er no secondary products. At

two years of age, pigs are the optimum size to slaughter while keeping the cost of fodder

in mind. Horses were only studied in this thesis from the Quinta do Almaraz though they

have been reported from Castro Marim (omitted since it was only one tooth). All the

horses were adults and most probably used for transportation or military purposes. Since

they were highly prized, it is unlikely that they were reared for meat, and no evidence

of horse dairying has been reported from Portugal. Rabbits and red deer are the two

wild herbivores found across all the assemblages and were adults. Adult individuals are

preferred in hunting since they provide abundant meat, and the juveniles are left alone to

replenish the numbers for the next game season. Coming to the subject of birds, chickens

were mostly slaughtered as juveniles for their meat. Chicken also must have been reared

for their eggs which are an excellent source of nutrition. The other birds recovered were

non-domesticated species which were probably hunted for either meat or leisure. The most

common wild bird is the partridge in the Iberian Peninsula and serves as an excellent game

bird due to its abundance and size. It is not surprising that the rest of the bird species

are either marine or estuarine, given the location of Phoenician sites.

The isotope results from the sites reveal that the wild species, red deer and rabbits, have

similar � 13C and lower � 15N values compared to the domesticated herbivores and pigs.
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The � 13C isotopes of rabbits show that they ate more undergrowth vegetation a�ected

by canopy-e�ect while red deer seem to have foraged in open forests. The� 15N values

of domesticated herbivores indicate foraging in agricultural spaces treated with animal

refuse or were fed a diet of manured agricultural products. Nevertheless, enough variation

exists amongst the herbivores from di�erent sites indicating that a diverse range of grazed

habitats and pastures were utilised. Based on� 15N values, goats being browsers, primarily

seem to have foraged on unmanured vegetation. The pigs seem to be primarily omnivorous,

in line with the previous periods, but some seem to be on a herbivorous diet. However,

in Tavira and Lisbon, there is a possibility of some herbivore pigs being non-coastal,

and this hypothesis is partially supported by the � 34S isotope values. � 34S values of the

domesticates indicate that some animals could be of non-coastal origin. For each site, non-

coastal could be interpreted as non-local based on the fact that the studied Phoenician

sites are located near the coast. Since it is already known that sheep have been brought

from Near East to Portugal through maritime routes, it would not be surprising if other

domesticates were also moved along Phoenician trade routes. Horses seem to be mainly

non-local based on their sulphur isotope ratios. Since horses were mobile animals and often

used in transportation, it is not unusual for them to be non-local. The wild birds mainly

served as good reference points for understanding the ecological conditions and establishing

stable isotope baselines. Chickens have been found to have a primarily omnivorous diet,

raised on grains and human food scraps in urban spaces. The �rst chickens were brought

from the Mediterranean to Portugal. Chickens have a fast reproductive cycle; the next

generations must have been raised in a few months. A majority of chickens analysed in

this thesis seem to be raised in a coastal environment based on their� 34S isotope values

and were likely local to the sites. There seems to be no major consistent di�erences in

the agricultural strategies between the sites of the two climatic regions Castro Marim and

Tavira (Mediterranean) and Largo de Santa Cruz do Castelo and Quinta do Almaraz (Pre-

Mediterranean). However, it is complicated to reconstruct farming and animal husbandry

practices using stable isotope approach in an estuarine setting with coastal, salt-marsh,

and slightly inland ecosystems due to the existence of multiple isotope baselines.

The Phoenicians introduced three new species to the Iberian Peninsula: chickens, house

rats, and donkeys. The introduction of the chickens and the house rats are not contested

since they start appearing only in the Phoenician times. In the case of a donkey, the

discovery of a Chalcolithic specimen near Lisbon has cast doubt on the theory of Phoeni-
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cian introduction. Since horses and donkeys have speci�c roles in human societies, it is

crucial to resolve the introduction of the donkey to the Iberian Peninsula. This funda-

mental problem of reliably identifying horses and donkeys was addressed in this thesis by

developing a novel collagen marker, that can be used in ZooMS analysis for the unequiv-

ocal identi�cation of these two equids. This novel marker could not be applied in this

thesis since diagnostic bones, belonging to horses, were recovered from the archaeological

contexts. Though no new contextual information about the arrival of the donkey could

be addressed in this thesis, the collagen marker sets the stage to investigate the arrival of

the donkey robustly in future studies.

9.1 Future perspectives

This thesis does not aim to be conclusive; instead, it tries to begin a conversation about

Phoenician agriculture. The lack of long-term systematic excavations and recovery of

archaeobotanical remains from the sediments severely impedes the design of molecular

studies. This has recently started to change, with multiple researchers undertaking e�orts

to kick o� projects targeting the agricultural aspect. The original concept for this thesis

included the plan to conduct pollen studies to reconstruct the environmental changes tak-

ing place during the Phoenician periods. Many of the below mentioned future perspectives

were supposed to be carried out in the scope of this thesis but had to be dropped due to

the Covid pandemic.

The environmental reconstructions would provide a broader setting to identify the driving

forces behind agricultural strategies adopted by the Phoenicians. Another crucial aspect

necessary in understanding Phoenician agriculture is to compare data from sites across the

Mediterranean to gain a `global' perspective. This thesis provides a basic framework for

future endeavours to understand the potential questions and design future studies based

on these results. To understand the farming component, the �rst step would be to recover

archaeobotanical remains and study morphology. These studies would lead to an under-

standing of crop choices. Stable carbon and nitrogen isotopes can then be used to study

irrigation and manuring practices. More stable carbon, nitrogen, and sulphur isotopes in

conjunction with strontium isotopes would address many questions of geographical origin

and transhumance of the domesticates. Incremental oxygen isotope studies of teeth to

investigate birthing patterns, especially in the case of ovicaprids. The �eld would also
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bene�t from genetic studies to trace the �ow of livestock from Central Mediterranean to

the Iberian Peninsula.
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APPENDIX

A
APPENDIX

Table A.1: Number of proteins in proteome search and coverage of collagen for con�rmation
search digested with chymotrypsin.

Sample Taxonomic ID Sample Type # proteins a COL1A1 best hit b % COV b COL1A2 best hit b % COV b

LARC.265 Equus caballus Modern 7 Equus caballus 93 Equus caballus 95
LARC.1498 Equus asinus Modern 6 Equus asinus 78 Equus asinus 89
a Filters: 2 or more unique peps, log prob > 3, run against database of SwissProt—, horse proteome, donkey proteome.
b from the semi-speci�c Byonic— runs with the limited database.
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APPENDIX A. APPENDIX

A.1 Scienti�c Outputs:

1. Stable isotope approach to farming and husbandry practices at Phoenician site of

Castro Marim between 8th � 5th century BCE ( submitted to Journal of Ar-

chaeological Sciences: Reports )

2. Your horse is a donkey! Identifying domesticated equids from Western Iberia using

collagen �ngerprinting ( under review in Journal of Archaeological Sciences )
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