
TYPE Original Research
PUBLISHED 20 December 2024
DOI 10.3389/fearc.2024.1461150

OPEN ACCESS

EDITED BY

Yaowu Hu,
Fudan University, China

REVIEWED BY

Yu Dong,
Shandong University (Qingdao), China
Bing Yi,
Xiamen University, China

*CORRESPONDENCE

Roshan Paladugu
roshan_paladugu@eva.mpg.de

RECEIVED 07 July 2024
ACCEPTED 25 November 2024
PUBLISHED 20 December 2024

CITATION

Paladugu R, Celant A, Jha G, Di Rita F, de
Sousa E, Arruda AM, Maurer A-F, Magri D and
Barrocas Dias C (2024) Insights into
agricultural practices at the Phoenician site of
Castro Marim between 7th-5th century BCE.
Front. Environ. Archaeol. 3:1461150.
doi: 10.3389/fearc.2024.1461150

COPYRIGHT

© 2024 Paladugu, Celant, Jha, Di Rita, de
Sousa, Arruda, Maurer, Magri and Barrocas
Dias. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that
the original publication in this journal is cited,
in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Insights into agricultural
practices at the Phoenician site
of Castro Marim between 7th-5th

century BCE

Roshan Paladugu1*, Alessandra Celant2, Gopesh Jha3,

Federico Di Rita2, Elisa de Sousa4, Ana Margarida Arruda4,

Anne-France Maurer5, Donatella Magri2 and

Cristina Barrocas Dias5,6

1Max Planck Institute for Evolutionary Anthropology, Leipzig, Germany, 2Dipartimento di Biologia
Ambientale, Sapienza Università di Roma, Rome, Italy, 3Max Planck Institute of Geoanthropology, Jena,
Germany, 4Centro de Arqueologia da Universidade de Lisboa, Lisbon, Portugal, 5Laboratório
HERCULES, Universidade de Évora, Évora, Portugal, 6Departamento de Química, Colégio Luís Verney,
Évora, Portugal

Castro Marim is an Iron Age site from the Algarve region, Portugal. The earliest
evidence of settlement, from the Late Bronze Age, dates to the 9th century
BCE, with the Phoenician-Punic period dating from the 7th to the 3rd century
BCE. This study focuses on the stable isotope analysis of plant and collagen of
faunal remains to reconstruct cultivation and husbandry practices. Barley was
the most abundantly cultivated cereal crop. The stable isotope results of barley
indicate that the primary source of water was natural precipitation and the soil
nitrogen was enriched through manuring. 1

13C and δ15N isotope values of
stone pine support the previously suggested human management hypothesis.
The di�erences from stable isotope data of domesticated fauna indicate a diverse
management strategy for di�erent species based on their economic importance
to capitalize from the animal by-products such as wool and dairy products.
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1 Introduction

The southern Portuguese coast experienced extensive colonization by the Phoenicians,
a culturally homogeneous group of politically independent city-states from the Near East,
during the 9th century BCE. Their settlements, originating from the Levant (modern-day
Lebanon), were part of a broader westward expansion driven by the need for metalliferous
resources (Aubet, 1987, 2001; Markoe, 2005; Arruda, 2009; Dietler, 2009; Gomes and
Arruda, 2018; Eshel et al., 2019; Quinn, 2019). Phoenicians, through the establishment of
agreements and negotiations with the native communities, mined the Iberian Pyrite belt for
silver, tin, lead, and copper in the early 8th century BCE (Renzi et al., 2012; Eshel et al., 2019;
Wood et al., 2019). The intense and prolonged settlements along the Southern Portuguese
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. Other factors influencing settlement density include
agricultural resources (Wagner and Alvar, 1989, 2003), exploitation of marine resources,
such as salt (Manfredi, 1992) and Tyrrhenian Purple (Uriel, 2000), timber (Treumann,
1998, 2009), and labor force (Arrastio, 1999, 2000). Agriculture appears to have played a
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crucial role in sustaining Phoenician communities along the
southern Portuguese coast, particularly in ensuring stable food
supplies to support both the population and industrial activities
due to the region’s natural fertility and rich mineral veins (Neville,
1998; Arruda, 2003, 2009; Roller, 2014). The Phoenician traders
had to ensure stable sources of food for the population in
addition to their industrial activities. While the Phoenician metal
exploitation perspective has been studied, the agricultural aspects
have comparatively received little attention so far.

This study seeks to illuminate the farming strategies and
animal husbandry practices during the Phoenician-Punic period
in Portugal, focusing specifically on Castro Marim. By integrating
traditional zooarchaeological and archaeobotanical analyses
with advanced botanical studies, stable isotope analysis, and
Zooarchaeology by Mass Spectrometry (ZooMS), we aim to deepen
our understanding of the agricultural systems that supported
Phoenician settlements. Previous studies of Phoenician agriculture
have largely centered on zooarchaeological and archaeobotanical
approaches, offering valuable insights into the introduction of
new plant species, arboreal exploitation, meat consumption,
hunting patterns, animal preferences, and the use of secondary
animal products. While these traditional methods provide essential
context, modern molecular techniques are now crucial for refining
these findings and broadening our analytical scope, allowing for a
more detailed picture of Phoenician agricultural practices.

The primary objectives of this study are to identify both
cultivated and wild plant species and reconstruct ancient crop
management strategies through stable carbon and nitrogen isotope
analysis, shedding light on irrigation practices and manuring
regimes; and to investigate animal husbandry practices using
ZooMS and stable isotope analysis of faunal bone collagen, focusing
on carbon, nitrogen, and sulfur isotopes. The sulfur isotopes
are a preliminary tool to trace the local vs. non-local origins
of the livestock, as Phoenician trade networks likely involved
the transport of animals across the Mediterranean. To achieve
these goals, macro-botanical analysis of charred plant remains was
conducted to identify species used by the Phoenicians, and stable
isotope analysis helped reconstruct agricultural techniques such
as watering and fertilization. ZooMS, crucial for differentiating
between morphologically similar species like sheep and goats,
revealed distinct animal management strategies. By analyzing the
δ13C and δ15N values of wild and domestic fauna, we established
ecological baselines and uncovered evidence of foddering and
herding practices. Additionally, sulfur isotope (δ34S) values
provided insights into the mobility of livestock, distinguishing
between local and non-local origins. This integrated approach
improves the resolution of pre-existing research and tries to
develop a comprehensive understanding of how Phoenician
farming and husbandry practices.

2 Principles of stable isotope analysis
and ZooMS

2.1 ZooMS analysis of ovicaprids

Skeletal elements of goats and sheep are a common occurrence
in archaeological contexts. A significant issue plaguing comparative

husbandry studies between sheep and goats is the overlap of
skeletal elements (Boessneck et al., 1964; Schramm, 1967; Payne,
1969). Zooarchaeology by mass spectrometry applies peptide mass
fingerprinting to identify archaeological remains (Buckley et al.,
2009). The main protein used for this is collagen, which is the most
abundant protein in bone. Due to sequence differences in collagen
of sheep and goat, ZooMS is able to differentiate between these two
species, which is often not possible using standard morphological
analysis (Buckley et al., 2010).

2.2 Stable isotope analysis of plants and
animals

Stable isotope (δ13C, and δ15N) analyses of faunal bone collagen
are valuable means of reconstructing foddering practices and
other animal husbandry aspects (Price et al., 2017). The variation
in δ13C of terrestrial organisms is determined by the primary
producers’ photosynthetic pathway, distinguished as C3, C4, and
CAM plants (DeNiro and Epstein, 1978; Farquhar et al., 1989;
Tieszen, 1991; Kohn, 2010). Plant species are overwhelmingly
C3 in nature, including most cultivated plants such as barley,
wheat, oats, and other wild edible plants (Fernández-Crespo et al.,
2019). C4 plants consist primarily of tropical grasses, millets,
sugarcane, corn, and sorghum. C4 plants thrive in warm and
high-temperature environments and thus are restricted to coastal
zones in regions with temperate climates (Leegood, 2013; Price
et al., 2017). For this reason, they are common in Amaranthaceae,
Cyperaceae, Portulacaceae, Poaceae, and other families typical of
Mediterranean environments (Pyankov et al., 2010). The analysis
of faunal bones can help in determining whether these animals
ate C3 or C4 plants, as there is an enrichment in δ13C between
diet and consumers [5‰ for herbivores and 0‰−2‰ between
trophic levels (Bocherens and Drucker, 2003)]. δ13Cmeasurements
are also helpful in differentiating between terrestrial C3 and
aquatic food sources (Kellner and Schoeninger, 2007; Froehle et al.,
2010).

δ15N values indicate the trophic position (herbivore, omnivore,
and carnivore) of consumers in a food chain (Schoeninger, 1985;
Hedges and Reynard, 2007; Price et al., 2017), with an enrichment
between diet and consumer of around 3‰−5‰ (Schoeninger,
1985; Hedges and Reynard, 2007). δ15N values can also be used
to distinguish between terrestrial and marine diets (Deniro and
Epstein, 1981;Webb et al., 2017), and the consumption ofmanured,
and unmanured crops (Deniro and Epstein, 1981; Bogaard et al.,
2013; Fraser et al., 2013; Fernández-Crespo et al., 2019). δ34S of
bone collagen from terrestrial species is often measured along with
δ13C and δ15N to identify consumption of marine foods (Nehlich
et al., 2010).

The global mean δ34S value of terrestrial sources is assumed
to be 0‰ (Nehlich, 2015). Inorganic sulfur enters the food
web through plants from the weathered bedrock (in a complete
terrestrial setting), precipitation (sea spray), and microbial activity
due to flooding events (Nitsch et al., 2019). As the inorganic
sulfur 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 δ34S ratio of collagen
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closely reflects that of the native water source, bedrock, and soluble
sulfur-bearing minerals.

There are two significant inputs that humans can manipulate
to cultivate plants: water and nitrogen input, which can be
investigated using stable isotopes. Variation in δ13C values of plants
is primarily due to water availability as any dry spells affect the
movement of carbon dioxide through the stomata (Ferrio et al.,
2005, 2007; Fiorentino et al., 2015). The water status of crops can be
artificially controlled by irrigation regimes, reflected in δ13C values
(Ferrio et al., 2005; Wallace et al., 2013). δ13C values measured in
archaeological plants must be converted to carbon discrimination
values to be compared with those of the modern crops grown under
controlled watering regimes (Farquhar et al., 1989; Coplen, 2011;
Wallace et al., 2013):

1
13C =

δ
13Cair − δ

13Cplant

1+ δ13Cplant

Another major factor, which affects the δ13C measurements of
plants, is the canopy effect, where forested areas are more depleted
in the heavier 13C isotope compared to open areas (Bonafini et al.,
2013). Thus, the δ13C measurements of plants are the result of
multiple factors and should be interpreted with caution. One of the
most ancient practices to increase soil fertility is the application of
animal manure which significantly enriches the nitrogen content
compared to endogenous soil (Bogaard et al., 2013). Usually, the
plants treated with manure exhibit higher δ15N values (as much
as 10‰) when compared to unfertilized plants (Bogaard et al.,
2007; Fraser et al., 2011). The δ13C and δ15N values themselves
do not reveal the agricultural practices but reveal patterns when
interpreted within a specific archaeological and ecological context.

3 Background

3.1 Phoenician-Punic agriculture

Most knowledge about Phoenician and Punic agriculture comes
from the famous treaty by Mago, of which only a few fragments
have survived and subsequently translated (Martin, 1971). Other
accounts are by authors from the Greek and Roman domains,
usually written centuries after the pinnacle of the Phoenician-
Punic horizon. The current understanding has been mainly
developed due to systematic excavations of different Phoenician–
Punic settlements in Iberia and subsequent zooarchaeological and
archaeobotanical studies on the recovered faunal and plant remains
(Wagner and Alvar, 1989; Aubet, 2001; Wagner and Alvar, 2003).
The Southwest Iberian region has been praised by Strabo (3, 2, 8)
for possessing the rare combination of abundant mineral deposits
and natural fertility (Roller, 2014). From the 9th century BCE, the
Phoenician presence is noted in the Iberian Peninsula along the
Mediterranean and Atlantic coastal zones. This strategic location
gave them reasonable access to the sailing routes and provided them
with a plethora of cultivable land (Aubet, 2001). Colonies in Iberia
were located in a landscape similar to the Levant with proximity
to the coast and marked with steep mountain ranges and riverine
valleys. Being located in a river valley gave the colonizers the ease of
adapting existing practices from the Mediterranean in the Iberian

hinterland. This included modifying and adapting the landscape
to suit their agricultural needs, comprising farming and animal
husbandry (Gómez Bellard, 2019).

Agricultural techniques from the East, such as irrigation, were
probably used to improve upon the native practices, at least in
some areas. The iron production technology gave more robust
implements such as plowshare, to the farmers. Better yielding
cultivars (e.g., grapes and olives) and new species of animals (e.g.,
horse, donkey, and chicken) were introduced (Van Leeuwaarden
and Janssen, 1985; Queiroz et al., 2006; Davis, 2007). Following
the “6th century crisis,” in the period referred to as the Punic
period, an economic change brought a drastic transformation in
space use concerning both settlement and domain. In the latter
phase of the Iron Age, in addition to the cultivation of cash
crops and wine, local usable arboreal products such as timber
and fruits were identified and exploited to boost exports (Neville,
1998; Gómez Bellard, 2019). The exploitation of arboreal products
and perennial crops meant the existence of both short-term and
long-term agricultural investments. Such diverse investments with
different harvest times must have led to the development of a
complex agricultural economy.

3.2 Site information

Castro Marim is located on the Guadiana estuary (Figure 1) as
a portal to the metallogenic 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
natural defensive elements and overlooked vast swatches of land,
which allowed domination of estuarine traffic and agricultural
activities in its domain of influence. These conditions allowed trade
and cultural networks between the indigenous communities and
the Mediterranean communities to flourish. The earliest Iron Age
occupation of the site is characterized by East-West orthogonal
settlement architecture dating from the first half of 7th century
BCE, in the Orientalizing period (Arruda, 1996; Arruda et al.,
2013).This earliest Iron Age occupation corresponds to Castro
Marim’s phase II (1st half of the 7th century BCE), III (2nd half
of the 7th century BCE), and IV (6th century BCE). Phoenician
imports and other evidence for human presence declined from
the second half of the 6th century BCE till the first half of the
5th century BCE (Arruda, 1996). Significant changes in material
culture and restructuring of the settlement architecture with a
Northeast-Southwest orientation are observed from the second half
of the 5th century BCE (Arruda et al., 2006, 2013; Arruda and
de Freitas, 2008). The earlier period’s departure was marked by
imports from Greek products—specifically ceramics such as kilikes,
skyphoi, and kantharoi (Arruda, 1997; Arruda et al., 2020). This
resurgence put Castro Marim back in the main commercial circuits
along the Iberian Peninsula’s Atlantic coast till the 3rd century BCE
(Arruda, 2000; Arruda et al., 2006, 2013; de Sousa, 2019). The
Phoenician-Punic period is represented by archaeological phases
III, IV, and V.

Castro Marim’s location in a littoral zone made it possible
to adopt a wide range of agricultural strategies and husbandry
practices. The presence of cereals (Hordeum and Triticum), grapes
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FIGURE 1

Geological map of the region around Castro Marim on the banks of Guadiana River, Algarve Region of Portugal in EPSG 4,326 projection (source:
Directorate General of Mines and Geological Services - Carta de Geológica de Portugal).

(Vitis vinifera), 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).

3.3 Geological and environmental settings

The geology of Algarve region is constituted of the distinct
Paleozoic southern Portuguese zone, and the Mesozoic and
Cenozoic Algarve basin. Castro Marim is located on the edge of the

Paleozoic zone bordering the Quaternary dunes toward the coast
(Figure 1). The area surrounding Castro Marim is a mosaic of the
geological evolution involving marine transgressions, seismic and
volcanic activities, and erosion (Fletcher, 2005). The Paleozoic zone
which is part of the Hesperic Massif which is primarily made up
of carboniferous turbites. The narrow upper Triassic and lower
Jurassic outcrops parallel to the Paleozoic zone, known as “Grés
de Silves” consist of a series of conglomerates, sandstones, and clay
stones. The Quaternary dunes consist of black clays which go back
to 8,000 years and the salt marsh developed during the last 5,000
years (Fletcher, 2005; Moura et al., 2017). According to the author’s
knowledge, there have been no published studies on sulfur isotopes
of the geological formations around Castro Marim. Since Castro
Marim is located at a distance <30 kilometers from the coastline, it
is affected by the sea-spray effect. Oceanic sulfate salts in the form
of aerosols get deposited in coastal regions. These aerosols have
been reported to have δ34S isotope values around +20.3‰ which
is very distinctive from terrestrial sulfate salts (McArdle et al., 1998;
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FIGURE 2

Reconstruction of the Guadiana estuary during the Phoenician period based on geophysical and lithological data (adapted from Wachsmann et al.,
2009).

Norman et al., 2006). It is reported that the oceanic sulfate salts
can increase the δ34S isotope values of terrestrial soils closest to the
coast values up to +18‰ with a gradual decrease up to +10‰
(Wakshal and Nielsen, 1982; Mizota and Sasaki, 1996; Nehlich,
2015). For distances over 30 kilometers from the coast, no higher
δ34S isotope values were observed (Coulson et al., 2005). This range
of δ34S isotope values can be utilized to determine if an animal is
of coastal/non-coastal origin. As Castro Marim is located near the
coast, we can extend the interpretation of coastal as local to a certain
extent cautiously.

Landscape surrounding during the Iron Age was quite different
from what it is in modern times. Paleogeographic reconstruction
based on geophysical and lithological data of 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 (Figure 2) with
a Pleistocene/mid-Holocene bedrock platform (Wachsmann et al.,
2009). After the arrival of Phoenicians (874 BCE), there was a
decline in pinewood, Quercus forest, and sclerophyllous thickets
with an increase in scrub vegetation consisting of fire-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).

3.4 Archaeobotanical assessment

The original archaeobotanical assessment was carried out by
Queiroz et al. (2006). The assessment reported charcoal, fruits,
and seeds recovered from all the archaeological phases of the
site. As the current study focuses on the period between 7th-5th

century BCE, the findings from the relevant stratigraphic units

from phases III-V are summarized below. The sediments from
phase III did not yield any macro-botanical remains. In phase
IV, pine cones (Pinus pinea) accounted for 44.34% of the 41
individual seeds and fruits recovered. Barley accounted for 31.7%,
Vicia faba, present in Portugal since prehistoric times for 17%,
and finally acorns Quercus sp. for 5%. Cereals make up 95.3%
of the total recovered carpological remains (n = 3,109) in phase
V. The bulk of cereals is barley (Hordeum vulgare) with a tiny
fraction of wheat (Triticum durum/aestivum). Of the remaining
3.7%, broad beans (Vicia faba) were the bulk of the pulses
while the chickpeas (Cicer arietinum), introduced from Asia, were
considered a luxury food in the Roman period were sparsely
present (0.6%). The presence of grape (Vitis vinifera) 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 duringmedieval 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
the Phoenician colonization of the Iberian Peninsula. Due to
unforeseen circumstances, these identified remains could not be
accessed for isotope analyses. Previously unprocessed sediments
were studied again to gain plant remains.

3.5 Zooarchaeological assessment

Based on normalized counts of skeletal remains (NISP) from
phases III-V, ovicaprids (sheep and goats) make up 23.3% of
the Castro Marim assemblage, followed by cattle at 6.7% and
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TABLE 1 Recovered plant remains from archaeological sediments.

Species Quantity Phase

Hordeum vulgare 1,300 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

pigs at 6.1%, dominating the mammalian taxa (Davis, 2007).
Both sheep and goats were equally represented with negligible
fluctuations throughout the Iron Age at Castro Marim. In wild
species, red deer made up 2.7% of the identified bones and while
the rabbits accounted for 3.4%. Both 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. 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 (Alectoris rufa), 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 reached at least 2 years of
age. Cattle were valued for their power to plow in the fields 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, indicating
their domesticated status, while partridges were slaughtered at an
adult age, suggesting they were wild.

4 Materials and methods

4.1 Archaeobotanical analysis

Two hundred grams of sediment from each stratigraphic layer
of phases III and IV along with the layers corresponding to the 5th

century BCE from phase V of the excavation site was weighed and
handpicked for plant macro remains (seeds/fruits and charcoal).
The recovered remains were examined under a stereomicroscope
and taxonomically identified (Table 1).

4.2 Sample selection

Nine charred plantmacroremains (Table 2) ofHordeum vulgare

subsp. vulgare, Hordeum vulgare subsp. nudum, and Pinus pinea

each. Three grains of each barley cultivar and 3 shell fragments
of pine shells were crushed in to a homogeneous powder to make

a representative sample with sufficient mass for measuring stable
carbon and nitrogen isotopes. Fifty faunal bone samples (Table 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.

4.3 Pretreatment of plant macro-remains

In carbonized plant macro-remains, barley caryopses samples
consist of at least 10 whole grains, and pine samples consist of
shell fragments. Morphologically intact samples were chosen after
examination under a stereomicroscope (7–45x magnification) and
removing any visibly adhering foreign contaminant. 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 10mL of 0.5M HCl at 70◦C for 60min (or until effervescing
stops) and then rinsed with ultrapure water until a neutral pH was
achieved. Ten mL of 0.1 NaOH solution was added to the samples
at 70◦C for 60min and then rinsed with ultrapure water to achieve
a neutral pH. Finally, the samples were treated with 0.5M HCl at
70◦C for 30–60min, followed by three rinses with ultrapure water
and subsequent freeze-drying.

4.4 Collagen extraction

500–700mg of bone was cut using a DREMEL R© rotary drill
with a diamond disc and cleaned of dirt, discoloration, and
other foreign content with a dental burr. Compact bone was
sampled over spongy bone. The modified Longin (1971) method
was used to extract collagen from faunal bones pieces previously
analyzed with FTIR by demineralization (Richards and Hedges,
1999). Approximately 600mg of bone sample was demineralized
using 0.5M HCl at 4◦C for a fortnight with daily vortex and an
acid change after 7 days. Repeated rinses with ultrapure water to
reach neutral pH were performed, and the demineralized bones
were subjected to an overnight treatment in 0.125M NaOH at
room temperature to remove fulvic and humic acid contamination.
The samples were then rinsed repeatedly with ultrapure water to
achieve neutrality and gelatinized in 0.01M HCl at 70◦C for 48 h.
The impurities were separated by filtering the collagen-containing
liquid fraction using Ezee–FilterTM filters (Elkay R© Laboratory
Products). The solubilized collagen was frozen and subsequently
lyophilized for 48 h.

4.5 ZooMS analysis

A small subsample of the extracted collagen was placed into
a microfuge tube and 100 µL 50mM ammonium bicarbonate
(AmBic) was added to the samples. The samples were digested
overnight using 1 µL of 0.5 µg/µL porcine trypsin (Promega R©,
UK) at 37◦C and the digestion was stopped by the addition of
trifluoroacetic acid (TFA) at a concentration of 0.5–1% of the
total solution. The samples were desalted using C18 zip-tips (van
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TABLE 2 δ
13C and δ

15N values of the charred plant macro-remains.

Sample ID Species %C %N δ13C (‰) δ15N (‰) δ13Ccr∗ (‰) δ15Ncr∗ (‰) 1
13C (‰)

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

∗δ13C and δ15N values corrected for charring effect.

Doorn et al., 2011) and eluted using 100 µL 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 µL of sample was pipetted onto each sample spot and then mixed
with 1 µL of α-cyano-4-hydroxycinnamic acid matrix solution [1%
in 50% acetonitrile/0.1% trifluoroacetic acid (v/v/v)].

The samples were analyzed on a Bruker R© Ultraflex IIITM

MALDI-ToF mass spectrometer. The resulting MS spectra were
analyzed using mMass (Strohalm et al., 2010) an Open Source mass
spectrometry interpretation tool. The three spectra for each sample
were averaged and the averaged spectrumwas cropped between 800
and 3,000 m/z and peak picking was carried out using a signal to
noise ratio of 6. The resulting spectra were compared to a publicly
available ZooMS database.

4.6 Stable isotope analysis

An amount of 0.5–0.7mg of freeze-dried collagen
powder/barley grain samples were weighed in tin capsules
and combusted in an elemental analyzer (EA) with oxygen (Flash
2000 HTTM, Thermo Fisher Scientific R©, Bremen, Germany) using
pure helium as carrier gas. Isotopic ratios were obtained on a
Delta V Advantage Continuous FlowTM–Isotope Ratio Mass
Spectrometer (Thermo Fisher Scientific R©, Bremen, Germany). The
raw machine output was normalized by a three-point calibration
using international standard reference materials (SRM), namely
IAEA-CH-6 (sucrose, δ13C = −10.499‰), IAEA-600 (caffeine,
δ13C = −27.771‰; δ15N = +1‰), and IAEA-N-2 (Ammonium
Sulfate, δ15N = +20.3‰) and in-house standard L-Alanine (δ13C
= −18.4‰; δ15N = +0.9‰). The standards were regularly (after
11 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 δ13C and δ15N was determined to be ±0.116 and
±0.092 respectively in the basis of repeated measurement of
calibration standards and check standards. Accuracy [u(bias)] of
δ13C is ±0.175 and that of δ15N is ±0.228. The total analytical
uncertainty was determined to be ±0.43 for δ13C and ±0.33 for
δ15N. In order to correct for charring effect in plant remains,

0.11‰ and 0.31‰ were subtracted from their δ13C and δ15N
values, respectively (Nitsch et al., 2015). The fluctuations in δ13C
of the atmospheric CO2 throughout the Holocene were considered
while interpreting the stable carbon isotope ratios. The δ13C of
atmospheric CO2 during the period in the study was approximated
using the AIRCO2_LOESS system, and then this value was used
to compute the δ13C discrimination of plants independent of the
source CO2 (Farquhar et al., 1982; Ferrio et al., 2005).

The collagen samples were combusted with additional V2O5

and an oxygen pulse (IsoPrimeTM Mass spectrometer, Elementar
Analysensysteme GmbH R©, Langenselbold, Germany). Calibration
of δ34S values was performed using international inorganic
standards for stable sulfur isotope analysis: NBS127 (+20.3‰) and
IAEA S1 (−0.3‰). B2155 protein (+6.32 ± 0.8‰) was used as an
internal quality control standard. Precision [u(RW)] and accuracy
[u(bias)] for δ34S are 0.098 and 0.963 respectively. The calculated
uncertainty (uc) for δ34S is 0.967. Stable sulfur isotope values are
reported in parts per thousand relative to Vienna-Canyon Diablo
Troilite (VCDT). The analysis was performed at SIIAF at the
University of Lisbon.

4.7 Statistical analysis

The obtained data were subjected to statistical analysis
using R programming language (Wickham, 2016; R Core Team,
2020). Initially, means and standard deviations were calculated
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 first used to check for significant
equal variance, and subsequently, unpaired Student’s t-tests were
used for two-sample comparison since all the datasets were
normally distributed.

5 Results

5.1 Botanical remains and their stable
isotopes

As the excavation was conducted a decade prior to this study,
only 200 grams of sediment per stratigraphic unit were available
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TABLE 3 Carbon, nitrogen, and sulfur isotope composition of the fauna.

Sample ID Species % C % N % S C:N C:S N:S δ13C (‰) δ15N (‰) δ34S (‰)

CMOF779 Pluvialis squatarola 40.8 14.8 0.3 3.2 385.3 139.8 −14.9 10.3 9.5

CMOF777 Rissa tridactyla 40.9 15.1 0.3 3.2 386.3 142.6 −15.5 13.9 15.8

CMOF756 Alectoris rufa 41.0 15.1 0.3 3.2 387.2 142.6 −20.6 5.8 13.9

CMOF737 Alectoris rufa 40.6 14.9 0.3 3.2 383.4 140.7 −20.0 5.6 13.9

CMOF710 Gallus domesticus 40.5 14.7 0.3 3.2 382.5 138.8 −18.9 9.3 16.2

CMOF774 Gallus domesticus 40.7 14.9 0.2 3.2 576.6 211.1 −20.2 7.8 15.1

CMOF750 Gallus domesticus 40.6 15.1 0.2 3.1 575.2 213.9 −18.2 9.9 13.5

CMOF751 Gallus domesticus 40.6 14.8 0.2 3.2 575.2 209.7 −18.1 9.8 14.9

CMOF772 Gallus domesticus 40.7 14.9 0.2 3.2 576.6 211.1 −18.5 9.6 14.9

CMOF743 Gallus domesticus 41.1 15.0 0.2 3.2 582.3 212.5 −18.1 9.6 12.5

CMOF746 Gallus domesticus 42.4 15.8 0.2 3.1 600.7 223.8 −17.3 9.6 12.2

CMOF744 Gallus domesticus 43.4 16.0 0.3 3.2 409.9 151.1 −17.5 9.5 14.7

CMOF731 Gallus domesticus 42.8 15.6 0.3 3.2 404.2 147.3 −19.3 10.9 16.2

CMOF730 Gallus domesticus 50.0 18.1 0.2 3.2 708.3 256.4 −19.6 11.1 14.1

CMOF709 Gallus domesticus 42.8 15.7 0.2 3.2 606.3 222.4 −18.7 11.0 14.6

CMOF745 Gallus domesticus 41.0 15.3 0.2 3.1 580.8 216.8 −18.2 9.6 15.2

CMOF158 Sus domesticus 41.0 15.2 0.2 3.2 580.8 215.3 −19.3 11.0 14.6

CMOF439 Sus domesticus 21.7 8.0 – 3.2 – – −19.8 8.8 –

CMOF354 Sus domesticus 40.9 15.3 0.2 3.1 579.4 216.8 −18.0 12.9 11.4

CMOF253 Sus domesticus 40.3 15.0 0.2 3.1 570.9 212.5 −19.6 7.3 11.9

CMOF338 Sus domesticus 40.8 15.0 – 3.2 – – −20.3 8.5 –

CMOF466 Sus domesticus 40.8 15.0 0.2 3.2 578.0 212.5 −20.1 8.8 14.4

CMOF323 Sus domesticus 40.4 14.9 – 3.2 – – −20.3 7.3 –

CMOF435 Bos taurus 41.1 14.9 0.2 3.2 582.3 211.1 −20.2 8.9 10.3

CMOF370 Bos taurus 39.8 14.6 0.2 3.2 563.8 206.8 −21.2 7.0 15.2

CMOF402 Bos taurus 41.8 15.8 – 3.1 – – −19.0 7.6 –

CMOF201 Bos taurus 41.9 15.6 0.2 3.1 593.6 221.0 −21.4 6.1 8.3

CMOF480 Bos taurus 39.1 14.4 0.2 3.2 553.9 204.0 −21.7 4.1 15.3

CMOF147 Bos taurus 43.0 16.2 – 3.1 – – −20.0 7.2 –

CMOF468 Bos taurus 40.9 15.5 0.2 3.1 579.4 219.6 −21.6 9.1 11.6

CMOF393 Bos taurus 42.1 15.3 – 3.2 – – −20.3 3.9 –

CMOF94 Bos taurus 36.7 13.9 0.2 3.1 519.9 196.9 −20.9 5.1 7.8

CMOF397 Capra hircus 38.7 14.2 0.2 3.2 548.3 201.2 −19.8 4.2 10.9

CMOF181 Capra hircus 41.3 15.3 0.2 3.2 585.1 216.8 −19.8 4.9 12.6

CMOF420 Capra hircus 40.7 15.1 0.2 3.2 576.6 213.9 −19.3 5.7 13.6

CMOF673 Capra hircus 20.3 7.3 0.2 3.3 287.6 103.4 −19.2 5.4 14.8

CMOF660 Capra hircus 42.3 15.6 0.2 3.2 599.3 221.0 −19.8 4.2 12.8

CMOF14 Capra hircus 36.6 13.1 – 3.3 – – −20.3 3.9 –

CMOF394 Capra hircus 27.2 10.0 0.2 3.2 385.3 141.7 −19.6 6.4 9.2

CMOF424 Ovis aries 40.6 14.8 0.2 3.2 575.2 209.7 −20.7 7.0 7.7

CMOF374 Ovis aries 41.1 15.3 0.3 3.1 388.2 144.5 −17.3 8.1 13.4

(Continued)
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TABLE 3 (Continued)

Sample ID Species % C % N % S C:N C:S N:S δ13C (‰) δ15N (‰) δ34S (‰)

CMOF419 Ovis aries 36.8 13.5 0.2 3.2 521.3 191.3 −20.8 5.6 7.0

CMOF463 Ovis aries 40.7 15.3 0.2 3.1 576.6 216.8 −20.8 7.6 15.9

CMOF656 Ovis aries 40.9 15.2 0.2 3.1 579.4 215.3 −19.8 3.9 17.3

CMOF260 Ovis aries 42.5 15.9 – 3.1 – – −19.8 5.9 –

CMOF691 Ovis aries 40.9 15.4 0.2 3.1 579.4 218.2 −20.7 9.3 12.4

CMOF477 Ovis aries 43.9 15.6 0.2 3.3 621.9 221.0 −19.5 5.6 8.8

CMOF303 Ovis aries 42.1 15.7 0.2 3.1 596.4 222.4 −20.2 7.0 9.6

CMOF230 Oryctolagus cuniculus 40.9 14.9 0.3 3.2 386.3 140.7 −21.6 4.7 16.7

CMOF254 Oryctolagus cuniculus 40.4 14.6 0.3 3.2 381.6 137.9 −21.5 11.8 11.4

CMOF99 Oryctolagus cuniculus 42.9 14.4 0.2 3.5 607.8 204.0 −20.5 8.3 14.3

CMOF457 Oryctolagus cuniculus 40.5 15.0 0.2 3.2 573.8 212.5 −23.2 4.3 14.2

CMOF353 Oryctolagus cuniculus 42.7 15.8 0.2 3.2 604.9 223.8 −21.0 11.1 12.6

CMOF334 Oryctolagus cuniculus 43.3 15.9 – 3.2 – – −20.6 11.2 –

CMOF324 Oryctolagus cuniculus 43.9 15.4 – 3.3 – – −22.9 4.0 –

CMOF388 Cervus elaphus 28.3 10.3 0.2 3.2 400.9 145.9 −20.0 4.1 15.6

CMOF373 Cervus elaphus 41.3 15.2 0.2 3.2 585.1 215.3 −20.0 3.6 16.3

CMOF677 Cervus elaphus 41.4 14.9 0.3 3.2 391.0 140.7 −20.3 3.8 15.8

CMOF467 Cervus elaphus 34.4 12.8 0.2 3.1 487.3 181.3 −20.0 4.4 14.3

CMOF508 Cervus elaphus 38.0 14.3 – 3.1 – – −20.0 3.5 –

CMOF643 Cervus elaphus 42.8 15.9 – 3.1 – – −19.7 2.9 –

CMOF504 Cervus elaphus 38.6 13.9 – 3.2 – – −19.8 3.4 –

The ovicaprid samples which were identified as goats and sheep through ZooMS are in bold.

for analysis from the archaeological depot. No botanical remains
could be recovered from the soil samples of phases III and 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 1). Hordeum vulgare var. nudum and Hordeum vulgare

subsp. vulgare (Figures 3F, G, respectively) are the two cultivars
that constitute the barley fraction with equal abundance. Wheat
(Triticum aestivum/durum, Figure 3E) is the secondmost 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, 1990, 1992), two sites
which are located in similar geographical settings to Castro Marim.
Cereal cultivation seems to be a significant 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, pea (Pisum sativum)
and broad bean (Vicia faba) (Figures 3D, 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
blackmustard (Brassica nigra) (Figure 3A) has been recorded. Black
mustard is a common species along the rockyMediterranean coasts
and has long found its place as a culinary taste enhancer (Dixon,
2006). Like many members of Brassica, black mustard was also
used as a source of oil (Peña-Chocarro et al., 2019). Galeopsis
tetrahit (Figure 3C), a commonly found weed in Europe has also
been recovered.

A fragment of a charred fruit has been attributed to Apium

taxon, suspected to be a seed of celery (Apium graveolens)
(Figure 3B). This attribution is done due to the presence of five
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 1,600s, originating in Italy,
and 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 16th 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 (Figure 3H) belong to the
species Pinus pinea, commonly known as Mediterranean stone
pine. Pine nut consumption has been documented in Portugal since
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FIGURE 3

Charred plant remains of settlement phase V from Castro Marim; (A) Brassica nigra; (B) Apium cf. graveolens; (C) Galeopsis tetrahit; (D) Pisum
sativum; (E) Triticum aestivum/durum; (F) Hordeum vulgare var. nudum; (G) Hordeum vulgare subsp. vulgare; (H) Pinus pinea; and (I) Vicia faba.

the Paleolithic 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 2 shows the results of stable isotope ratios of the two
barley cultivars and stone pine and Table 4 shows their mean
summary. In the case of barley, the isotope ratios fall within the
established predicted ranges obtained from experimentally charred
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TABLE 4 Summary of mean δ
13C, δ15N, and δ

34S values, by species.

δ13C (‰) δ15N (‰) δ34S (‰)

Species n (x) (σ) (x) (σ) (x) (σ)

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

Gray 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 – –

modern cereals (Fraser et al., 2013). Since the isotope ratios of
the stone pine are similar to that of barley, they are considered
consistent.

5.2 Collagen quality and ZooMS

Collagen yields range between 2.5% to 49.1% (Table 3).
Collagen extraction was considered successful for all the bone
samples, based on published criteria, with carbon content 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), N/S values between 100 and 300 (Nehlich and Richards,
2009), and collagen yields >1% (van Klinken, 1999). The extracted
bone collagen samples exhibit C/N values ranging between 3.1 and
3.5, C/S values between 225.9 and 688.4, and N/S vales between
103.4 and 256.4. Carbon and nitrogen amounts range from 20.3%
to 50.0% and 7.3% and 18.1% respectively. All the faunal samples,
with the exception of one sample (CMOF673) exhibited collagen
quality parameters indicative of good preservation. CMOF673
which is a goat had N/S value of 287.6 which is slightly outside
the acceptable range proposed in Nehlich and Richards (2009).
However, the stable isotope values of the sample are coherent
with the other goats and thus considered for interpretation. The
taxonomic identification of sheep and goat samples was successfully
performed based on ZooMS. The identified sample entries are in
bold format (Table 3).

5.3 Faunal bone collagen isotope values

All fifty faunal samples, demonstrate stable isotope values
within the range expected for a C3 temperate ecosystem with δ15N

and δ34S 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 3 and the mean summary data by species in
Table 4.

6 Discussion

6.1 Water and nutrient nitrogen availability
for vegetation

The δ13C means of both barley cultivars show no statistically
significant difference (t-statistic: −0.04, degrees of freedom: 4, p-
value: 0.97). The 1

13C values (Figure 4A) 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 artificial irrigation in an arid climatic regime (Fletcher et al.,
2007; Fernández-Crespo et al., 2019). The authors acknowledge
the fact that the “watering bands” construct established by Wallace
et al. (2013) has its limitations. However, in this study the 1

13C
isotope values of the plant remains are in agreement with 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, justifies the use of watering bands.
There is no significant difference in δ15N (t-statistic: 0.77, degrees
of freedom: 4, p-value: 0.49) between the two barley cultivars,
but Pinus pinea yields higher δ15N values (Table 2). The δ15N
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 mean values than the barley
cultivars despite the possibility that the latter could be subjected
to manuring regimes (Figure 4B). Both cultivars of barley yield
enriched δ15N values compared to estimated wild herb forage
values (green shaded area in Figure 4B). The 1

13C and δ15N values
indicate that the barley was very likely cultivated in agricultural
fields farther away from the coastline which would explain their
poor to moderate watering conditions despite Castro Marim being
close to the Guadiana estuary. Because the settlement was located
on a narrow strip of land surrounded by water (Figure 2), the
lack of space to grow crops could have been the primary reason
for growing the barley away from the coast. The higher δ15N
values of stone pine when compared to barley does not imply that
the former originates from the salt marshes. This is reflected by
the elevated 1

13C values of stone pine which are similar to one
sample of barley. The elevated 1

13C and δ15N values observed
in stone pine are inconsistent with natural coastal conditions, as
C3 plants typically exhibit lower 1

13C values under saline stress
(Smith and Epstein, 1970), and the absence of coastal salinity
rules out salt-induced stress as the cause of increased δ15N values
(Heaton, 1987). Instead, anthropogenic activities of irrigation and
manuring can explain both elevated 1

13C and δ15N values of the
stone pine relative to the two barley cultivars. This interpretation
is supported by earlier pollen-based studies which hypothesized
proto-silvicultural management of naturally occurring or planted
stone pine formations in parts of Portugal including Castro Marim
since the Neolithic (Mateus and Queiroz, 1991, 2000; Mateus,
1992; Queiroz, 1999). Further evidence of stone pine’s significance
is found in the form of limestone pine cone idols from the
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FIGURE 4

(A) Beeswarm plot showing 1
13C values of barley cultivars where the area between the blue dashed lines represents “moderately-watered” condition

with the “well-watered” condition being above the top blue line and “poorly-watered” condition being below the lower blue line, based on the study
of modern crops in varying watering conditions (Wallace et al., 2013). 113C 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 subtraction 4‰ from red deer δ15N mean ± 1 SD range).

Chalcolithic dolmen of Casaínhos (Queiroz et al., 2006; Sousa and
Gonçalves, 2022). Previously published pollen and current isotopic
data point toward deliberate human management of stone pine at
Phoenician Castro Marim.

6.2 Stable isotopes of wild and
domesticated fauna

Red deer when compared to other fauna have similar δ13C
isotope values and lower δ15N values. Red deer mainly inhabit
forested areas and surrounding open fields with a diet of grass,
sedges, fruits, and seeds (Gebert and Verheyden-Tixier, 2001).
The δ13C values and δ15N values of red deer indicate foraging
on wild vegetation in open fields near the edges of forests of
the coast. Red deer also exhibit some of the highest δ34S values
which fall well within the expected range for areas affected by
sea-spray. The red deer most likely were of local origin hunted
as game for their meat. The mean δ13C values of rabbits are
significantly 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 flora with high recycling of CO2 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 δ13C values to deplete due to the canopy effect (Bonafini
et al., 2013). The δ15N values of rabbits are anomalous with
a standard deviation spanning almost a trophic level (standard
deviation of δ15N: 3.5‰). It can be observed from Figure 5
that the rabbits consist of two distinct groups, one group with
higher δ13C and δ15N values compared to the other (Figure 5).
The group of rabbits with higher δ15N values correspondingly
have lower δ34S values (Figure 6) which confirms salt marsh
foraging (Guiry et al., 2021) whereas the other group had more
coastal foraging.

Goatmean δ13C values are not significantly different from those
of sheep (t-statistic: 0.61, degrees of freedom: 14, p-value: 0.55).
Though, the δ13C values of sheep and goats are not significantly
different, the species have very different foraging preferences
(Balasse and Ambrose, 2005). Sheep are predominantly grazers and
their dietary composition remains relatively unchanged throughout
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FIGURE 5

Plot showing mean δ13C and δ15N values (mean ± 1 SD range) of faunal bone collagen and botanical remains. The color palette is produced with the
Colorgorical web app (Gramazio et al., 2017).

the year (Dawson and Ellis, 1996; Balasse and Ambrose, 2005).
δ13C values of ovicaprids indicate that the vegetation was C3 in
its nature. The sheep could have been grazing in open spaces such
as agricultural fields or the fodder could be harvested grass or
hay. Goats on the other hand have been reported prefer browsing
over grazing, usually on the leaves of deep-rooted herbs, bushes,
and trees (Papachristou, 1997). The δ13C values of goats from
Castro Marim also suggests a scenario of goats foraging in open
forests. Sheep exhibit significantly higher δ15N values than goats
(t-statistic: 2.5, degrees of freedom: 14, p-value: 0.03). The δ15N
values further support a scenario where sheep were foddered on
manured vegetation with the assumption of uniform coastal impact
on all vegetation (Figure 5). Sheep are superior to goats both in
terms of secondary products and ease of management (Rutter,
2002; Davis, 2007). Owing to the more attached economic interests
with sheep, it is natural to give food sourced from cultivated crops.
This could either be in the form of the sheep grazing in manured
agricultural fields or were penned in the settlement space with
the fodder sourced from cultivated crops. Goats were most likely
raised for meat and given their preference for browsing, were left
to forage on wild vegetation. Although, proximity to the salt marsh
masks the increase of δ15N (as seen in Figure 4) values caused by
manuring in cultivated crops, the statistically significant difference
of δ15N between goats and sheep is likely due to the consumption of
manured crops. The δ34S values of the ovicaprids fall well within the

expected range of herbivores foraging on vegetation affected by sea
spray with no statistically significant difference between each other
(t-statistic: −0.47, degrees of freedom: 12, p-value: 0.65). As, δ15N
and δ34S values have been shown to have negative correlation in
salt marsh foraging animals, it is safe to conclude that the elevated
δ15N values of the sheep are due to manured vegetation and not
saline stress (Guiry et al., 2021). The δ34S values suggest that the
ovicaprids are most likely of coastal and local origin. This does
not negate the possibility that the individuals could have arrived at
Castro Marim from another coastal place which is equally possible
due to the sea-faring nature of the Phoenicians. The cattle have
no significantly different (t-statistic: −1.57, degrees of freedom:
16, p-value: 0.14) δ13C isotope ratios when compared to sheep.
Cattle also seem to have grazed in open areas similar to the sheep.
The δ15N isotope ratios of cattle are also significantly not different
from sheep (t-statistic: 0.13, degrees of freedom: 16, p-value: 0.9).
The δ34S values of cattle are also very similar to that of the sheep
(t-statistic: 0.05, degrees of freedom: 12, p-value: 0.96). Most of
the cattle bones are from adults, which indicates that they were
used as a source of power and only slaughtered for meat toward
the end of their lives (Davis, 2007). Since they were used for
labor intense tasks, their diet could have a considerable amount
of cultivated crop components. All the three isotopic values of
sheep and cattle present the image that the two domesticates were
treated in a very similar manner and highly valued. Four sheep,
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FIGURE 6

Plot showing mean δ15N and δ34S values (mean ± 1 SD range) of faunal bone collagen. The yellow lines mark the range while the arrow indicates the
decreasing trend of δ34S values as one moves inland away from the coast up to 30 km (Wakshal and Nielsen, 1982; Mizota and Sasaki, 1996; Nehlich,
2015).

two cattle, and one goat (Figure 6) are the only specimens showing
δ34S values lower than +10‰, falling outside the range of sea
spray effect, which might be indicative of their non-coastal and
non-local origin. The slightly less negative δ13C and high δ15N
values of pigs reflect an omnivorous diet consisting of agricultural
components and human food scraps similar to the Neolithic and
Chalcolithic periods from Portugal (Waterman et al., 2016; Žalaite
et al., 2018). The slightly less negative δ13C values and δ34S of
the pigs (Table 4), compared to cattle and sheep are likely due to
presence of fish and shellfish (mollusks and crustaceans) in the
human food scraps.

The δ13C (t-statistic: 2.8, degrees of freedom: 12, p-value: 0.02)
and δ15N values (t-statistic: 6.26, degrees of freedom: 12, p-value:
0.4−6) of chicken and partridge are significantly different, while
their δ34S values are not (t-statistic: 0.66, degrees of freedom:
12, p-value: 0.52). Higher δ13C and δ15N values of the chicken
can be attributed to its domesticated status, and indicate a
diet of human food scraps with probably a marine component.
Also, chicken eat insects alongside the human-provided food
which can lead to an increase of δ15N values (Żabiński, 1959;
Reitsema et al., 2013). Usual partridge diet consists of arthropods,
grass seeds, flowers, and weeds while they prefer foraging at
the edges of agricultural fields (Green, 1984) which can explain
the higher δ15N 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.

Gray plover has a mean δ13C value of −14.9‰ and a mean
δ15N value of 10.3‰. Gray plovers are known to feed on insects
(such as Coleoptera), polychaetes, mollusks, and crustaceans from
lakes and muddy intertidal zones (Perez-Hurtado et al., 1997).
The δ34S value of gray plover is outside the range expected for
a full marine diet (Nehlich, 2015). Being long-distance migratory
birds, gray plovers cross Western Europe on their way to Western
Africa from Siberia and northwestern Russia often stopping near
large lakes for nesting and feeding (Snow et al., 1998). The isotope
values of gray plover are consistent with a diet including both
terrestrial and marine prey. Kittiwake’s diet consists of fish, marine
invertebrates, and plankton (Bull et al., 2004). Kittiwake has a mean
δ13C value of −15.5‰, mean δ15N value of 13.9‰, and a mean
δ34S value of 15.8‰, as expected of a species with a complete
marine diet.

Overall, the domesticated mammals are not above one trophic
level (4‰ δ15N) over the plants (both cultivated barley and stone
pine) (Figure 5). Inland Iron Age domesticated mammals have
mean δ13C values ranging between 21‰−23‰ (for C3 temperate
ecosystem) and δ15N mean values ranging between 3‰−5‰
for herbivores and >6‰ for omnivores (Styring et al., 2017;
Fernández-Crespo et al., 2019; Hamilton et al., 2019; Schulting
et al., 2019). In comparison, the fauna at Castro Marim have
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similar δ13C values and slightly higher δ15N mean values. Apart
from manuring, another reason for these slightly higher δ15N
values could be due to the proximity of the site to the salt
marsh. Most of the Castro Marim δ34S isotope values are well
within the range of sea spray effect (Figure 6). The large spread
of the δ34S values could be due to the foraging spaces being
located away from the settlement (<30 kms) since Iron Age
Castro Marim settlement was short of foraging space (Figure 2).
The few individuals below the range can be considered as non-
local.

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.

7 Conclusions

The 1
13C values of the two barley cultivars indicate a certain

level of dependence on natural precipitation with little to no
artificial irrigation. Based on the 1

13C values, stone pine seems
to have better watering status than the barley cultivars. The
manuring of barley was masked by the high nitrogen nutrient
soils of the salt marshes. The elevated 1

13C and δ15N values
of stone pine relative to those of the barley are likely due to
anthropic watering and manuring of the taxon in the Iron Age.
The significant difference between the mean δ15N values of sheep
and goats can be due to manuring of cultivated crops. In the
case of wild fauna, the δ13C and δ34S values of rabbits indicate
foraging at ground level in closed settings, while those of red
deer indicate grazing in coastal open forests. The δ15N and δ34S
values of rabbits indicate two different groups, with one group
foraging in salt marshes and the other in a more coastal setting.
Ovicaprid δ13C and δ34S values indicate foraging in open pastures
in proximity to the estuary. Comparing the δ15N ratios of sheep and
goats shows that the former was fed by 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 δ13C and δ15N values consistent with
an omnivorous diet. In the case of the seabirds, both gray plover
and kittiwake exhibit δ13C, δ15N, and δ34S values consistent with
their diet. Chicken δ13C and δ15N values are reflective of its
domesticated status with a mixture of C3 plants, insects, and
human food scraps (inclusive of fish, molluscs, and crustaceans).
The δ15N values of the fauna are not a trophic level above the
presented plant isotope values, which can be because of different
isotope baselines or these plants were not a part of the former’s
diet. The δ34S values of most fauna indicate foraging near an
estuary (salt marsh and coastline), indicative of a local origin.
Goats, pigs, and chickens have a low range of δ34S values due to
penning in specific spaces. The δ34S 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.

This study is the first of its kind on Phoenician-Punic fauna
from the Iberian Peninsula and provides a preliminary insight into
the cultivation and husbandry practices in CastroMarim during the
Iron Age.
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