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ABSTRACT
The faunal remains from the late Neolithic site of Ness of Brodgar on the Orkney Islands (UK)
provide a unique opportunity to investigate past adaptations of animal husbandry strategies to
the Northern island environment, as well as the potential management of red deer. In this
study, sheep and red deer mandibles and loose teeth (dP4 & M3) from the Ness of Brodgar
were studied to construct age-at-death profiles, and analysed for δ13C, δ15N and δ18O. The
mortality profile showed that around half of the analysed sheep were slaughtered when
they reached maturity (i.e. after 2–4 years of life), consistent with a husbandry regime
targeted at meat production. The stable isotope evidence indicates seaweed consumption
in winter by several sheep (domesticates), but not by red deer (wild, possibly managed
fauna). This dietary difference may have resulted from anthropogenically mediated
influences, e.g. restriction of red deer habitats to upland areas. The varying extent of
seaweed consumption between individual sheep and between Neolithic Orkney sites
suggests differences in sheep husbandry practices across Orkney, indicating that the
adaptation to consume seaweed was not ubiquitous on Orkney in the Neolithic, and did not
follow a linear development.
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Introduction

The Ness of Brodgar is a multiphase Neolithic site that
spans the whole of the Neolithic period in Orkney (ca.
3500–2300 cal BC), with its main period of site activity
in the Later Neolithic (Card et al. 2018, 2020a). It cov-
ers over 2.5 hectares at the ‘Heart of Neolithic Orkney’
UNESCO World Heritage Site on the Orkney Islands,
Scotland (Figure 1). This site has a density of monu-
mental Neolithic structures unparalleled on Orkney,
and is located between two stone circles, the Ring of
Brodgar and the Stones of Stenness (both within 1
km of the site). The Ness of Brodgar has been
suggested as a key gathering place for communities
across Orkney and beyond in the Late Neolithic
(Card, Edmonds, and Mitchell 2020b, 2018) based
on its sheer size, quality of workmanship, the deliber-
ate placement of large numbers of animal remains
(Mainland et al. 2014), and the range of materials
from other areas present at the Ness of Brodgar (e.g.
pitchstone from Arran in Western Scotland, mace-
heads from the Scottish Western Isles, and an axe

blank from Langdale in the English Lake District;
Card et al. 2018).

Excavations at the Ness of Brodgar are still ongoing,
and research on the estimated 175,000 bone fragments
recovered to date at the Ness of Brodgar is still in its
initial phases (Mainland et al. 2020, 2014). As the lar-
gest bone collection in Neolithic Scotland, the study of
these animal remains has great potential to further
explore the central role the Ness of Brodgar seems to
have played in Late Neolithic Orkney, and to investi-
gate animal husbandry practices and adaptations to
the environment at this time. However, since the
Ness of Brodgar appears to be exceptional not just in
its size, but also in the type of deposits, the faunal
remains at this site might not reflect domestic Neo-
lithic animal husbandry on Orkney in the way remains
at smaller settlement sites would be expected to.

Cattle (Bos taurus) dominate the faunal assemblage
at the Ness of Brodgar, followed by sheep/goats (ovica-
prid), and a small number of pigs (Sus scrofa domesti-
cus; zooarchaeological analysis ongoing; Mainland
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et al. 2020). A bone deposit around the largest struc-
ture at the Ness of Brodgar, Structure 10, has revealed
the deliberate placement of tibiae from over 400 cattle,
suggesting the importation of non-local cattle (tibiae)
due to the sheer number of animals involved (Main-
land et al. 2014). This deposit appears to be unique
on Neolithic Orkney so far, and gives further evidence
of potential ceremonial behaviour, as well as the possi-
bility of conspicuous consumption of beef/marrow
(Mainland et al. 2020). Ovicaprid remains are far
less common than cattle in the bone deposit at Struc-
ture 10, and pigs appear to be absent (minimum num-
bers of individuals: MNIcattle = 37, MNIsheep= 2,
MNIpigs = 0; Mainland et al. 2014). In contrast, in
Southern British Late Neolithic feasting contexts,
pigs appear to have been the main feasting animal, fol-
lowed by cattle (reviewed in Serjeantson 2011),

whereas sheep played a minor role (Albarella and Ser-
jeantson 2002; Rowley-Conwy and Owen 2011; Ser-
jeantson 2011). It has been suggested that sheep
were more likely to be consumed in more domestic
settings due to giving a lower, more manageable
amount of meat than e.g. cattle (Serjeantson 2011).
It is still unclear whether sheep at the Ness of Brodgar
were similarly predominantly locally raised for dom-
estic purposes (possibly for milk rather than meat),
or also had a major part in feasting and exchanges
during communal gatherings on Orkney.

In addition to domesticated animals, the excavation
at the Ness of Brodgar has also yielded remains of red
deer (Cervus elaphus; Mainland et al. 2020). Red deer
were introduced to Orkney and the Outer Hebrides at
the beginning of the third millennium BC (Serjeant-
son 1990; Tresset 2002) from an unknown location;

Figure 1. Locations of the Neolithic archaeological sites mentioned in this paper on the Orkney Islands (using present-day coast-
lines). The inset map shows the location of the Orkney Islands in Britain. Map modified from Digimap.
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their genetic diversity is inconsistent with an origin
from mainland Scotland, Ireland or Norway (Stanton
et al., 2016). Subsequent management by humans has
been suggested (Clarke et al. 2017). Red deer seem to
have had a special significance for the inhabitants of
the Orkney Islands in the Late Neolithic and Early
Bronze Age (Morris 2005). This is evidenced most
clearly by a deliberately deposited heap of red deer
remains at the late Neolithic and Bronze age settle-
ment Links of Noltland on Westray, Orkney. This
heap consisted of at least 15 partly articulated individ-
uals, laid out on their left-hand side, and had no evi-
dence of butchery (approximately 2200 cal BC;
Clarke et al. 2017; Sharples 2000; Figure 1). Several
smaller Late Neolithic deposits of red deer have been
found on the Orkney Islands which have been
suggested to form a type of ‘sealing’ (a final deposit
overlying other remains), and appear to be associated
with an abandonment of houses or places (Clarke et al.
2017; Richards et al. 2015). At the Ness of Brodgar, red
deer remains (in some cases articulated) also appear to
have been deliberately deposited on top of other
remains in several contexts associated with Structure
10 toward the end of the site’s activity (Mainland
et al. 2020, 2014). In addition to examining the nature
of these bone depositions, the study of the lives these
animals had prior to death also has great potential to
inform current understanding of the significance of
red deer. For example, the study of red deer diets
enables insights into past habitats, which in turn can
reveal information about potential deer management.

Previous studies have shown coastal sheep grazing
to have been of particular importance on Orkney in
the Neolithic (Jones and Mulville 2016), with dietary
studies indicating that sheep consumed moderate
amounts of seaweed upon their introduction to
Orkney (at Knap of Howar, fourth millenium cal
BC; Balasse et al. 2019) and significant amounts later
in the Neolithic at Papa Westray North Cairn, Point
of Cott, Quanterness, Skara Brae and Tofts Ness (see
Figure 1; Balasse et al. 2019, 2009, 2006, 2005; Balasse
and Tresset 2009; Dockrill et al. 1994; Schulting et al.
2017). Studies of soil micromorphology at the Ness of
Brodgar have shown increased amounts of sand grains
in ovicaprid dung, which have been suggested to be
due to seaweed consumption (Sawyer, Shillito, and
Card n.d.). While still close to the sea (3-4 km walking
distance), the Ness of Brodgar was likely further
inland than most of these sites and seaweed would
not have grown locally, as it is located on an isthmus
between two freshwater lakes, with only gradual
ingress of ocean water likely from the early Neolithic
into the southwestern Loch of Stenness (turning it
brackish today; Bates et al. 2016). Fish remains are
rare at the Ness of Brodgar (Harland 2020), and
apart from remains of a non-determinate whale
species (Mainland et al. 2020), there is currently little

evidence of marine animal use at the Ness of Brodgar.
It remains to be investigated whether the evidence of
seaweed-consumption by sheep follows this trend of
marine-food avoidance, or was as wide-spread
among sheep excavated from the Ness of Brodgar as
it appears to have been at other Late Neolithic sites
on Orkney.

Previously published archaeozoological research at
the Ness of Brodgar provided reviews of the zooarch-
aeological remains (Harland 2020; Mainland et al.
2020), and focused on bone deposits, yielding a
detailed description and evaluation of a small number
of deposits (Mainland et al. 2014). This study takes a
large-scale, site-wide approach to gain a further
understanding of the lives and deaths of sheep and
red deer excavated from the Ness of Brodgar by
means of an integrated study of sheep and red deer
mandibles and loose teeth excavated at the Ness of
Brodgar, comprising the study of dental wear and
eruption, and stable carbon, oxygen, and nitrogen iso-
tope ratio analysis (δ13C, δ18O, and δ15N). These data
are analysed to construct mortality profiles, and to
investigate diets and the time of birth. The combi-
nation of these methods can provide detailed infor-
mation on past animal management (e.g. by
controlling lambing times of sheep to occur when
sufficient grazing is available), patterns of human
exploitation (e.g. presence or absence of specific age
groups in the mortality profile), and land use and
land access over time (e.g. coastal grazing or inland
grazing). The study and comparison of the diets of
Neolithic deer and sheep on the Orkney Islands may
also yield more information on the management and
significance of deer, whereby similar diets might indi-
cate parallels in sheep and deer management.
Additionally, local adaptations to the wider landscape
may be studied further by exploring the role of marine
resource use at the Ness of Brodgar in the form of sea-
weed consumption.

The primary objectives of this study were therefore:
1) to establish the mortality profiles of sheep and deer
at the Ness of Brodgar to assess patterns of exploita-
tion, 2) to study sheep and deer diets using stable iso-
tope ratio analysis to investigate the extent of seaweed
consumption and 3) to study sheep birth seasonality.

Materials and Methods

Age-At-Death Assessment

The material studied for age-at-death assessments
included all Neolithic unburnt sheep/goat and deer
mandible fragments, loose deciduous lower fourth
premolars (dP4s) and lower third molars (M3s) from
the Ness of Brodgar (NOB) excavated prior to 2020
(Supplementary Table S.1). Sheep/goat teeth were
categorised as either sheep-like, goat-like, or

ENVIRONMENTAL ARCHAEOLOGY 3



indeterminate based on the morphological distinc-
tions described in Payne (1985) and Halstead, Collins,
and Isaakidou (2002). The minimum number of indi-
viduals (MNI) based on mandible fragments and loose
dP4s and M3s were assessed taking into account side,
size, morphology, tooth wear and state of eruption.
Sheep tooth wear was assessed following Payne
(1987, 1973) with some alterations necessitated by
the predominance of loose teeth (see Supplementary
Table S.2). Deer crown heights and tooth development
were assessed and converted to estimated ages follow-
ing Lowe 1967 and Steele and Weaver 2012 (see sup-
plementary material, 1.2 Deer tooth wear).

None of the excavated sheep and deer mandibles
and loose teeth have yet been dated directly, but the
chronology of the surrounding contexts was estab-
lished based on radiocarbon and magnetic dates as
well as stratigraphic analyses (Card et al. 2018). None
of the sheep and deer mandibles and loose teeth appear
to be associated with pre-Grooved Ware contexts, and
the vast majority are associated with contexts postdat-
ing 2500 cal BC (see list of contexts in Supplementary
Tables S.8 and S.12). A more detailed chronology of
these remains cannot yet be given, as excavation, dat-
ing, stratigraphic analyses and chronological model-
ling of the site are still ongoing.

Stable Carbon, Oxygen, and Nitrogen Isotope
Ratios

Seaweeds commonly consumed by seaweed-eating
sheep have higher δ13C values than the terrestrial C3

plants present on Orkney (Balasse, Mainland, and
Richards 2009; Blanz et al. 2020; Hansen, Hector,
and Feldmann 2003). Since bone collagen and tooth
enamel δ13C values reflect dietary δ13C values, the
consumption of seaweed can be tracked (Balasse,
Mainland, and Richards 2009, 2005; Blanz et al.
2020; Guiry and Szpak 2020). Bone collagen δ13C
values represent dietary averages over the period of
tissue formation and remodelling, potentially span-
ning multiple years, such that smaller seasonal contri-
butions of seaweed to diet may be undetectable (Blanz
et al. 2020; Schulting et al. 2017). In contrast, sequen-
tial enamel analyses deliver time-resolved datasets and
can reveal seasonal changes in the amounts of seaweed
consumed (Balasse et al. 2019), as well as allowing the
investigation of birth seasonality via the reconstruc-
tion of the seasonal cycle record in molars from
δ18O values (Balasse et al. 2017).

Seven sheep M3s were selected from the Central
Midden Area (CMA), and ten sheep (9 M3s and 1
M2) and three deer M3s from Structure 10, giving pre-
ference to M3s still in mandibles to enable compari-
sons between bone collagen and tooth enamel
isotope ratios from the same individual (see Sup-
plementary Table S.12). The teeth all belonged to

different individuals based on comparisons of side,
tooth wear, size and morphology. The CMA, mainly
between Structures 1, 8, 11 and 12 (including over a
central paved area between these buildings, associated
with Structure 25), is composed of widespread, multi-
context, deep midden deposits, which postdate the
construction of Structure 10 at around circa 2900 cal
BC (Card et al. 2018), with some of the upper layers
possibly being contemporary with the infills at Struc-
ture 10 (i.e. 2500 cal BC). The samples from Structure
10 date to the final abandonment and decommission-
ing of Structure 10, around 2500 cal BC, with five
associated with the bone deposit (NOBovis59, NOBovis-
61, NOBovis62, NOBcervus10, NOBcervus11), and the
remaining 8 being part of the infill at Structure 10.

Sequential tooth enamel samples were taken as
described in Balasse et al. (2005) and treated with
0.1M acetic acid for 4 hours (0.1 ml/mg). The pre-
treated samples were reacted with 100% phosphoric
acid at 70°C in an automated cryogenic distillation
system (Kiel IV carbonate device) coupled to an iso-
tope ratio mass spectrometer (DELTA V Advantage,
both ThermoFisher Scientific). Laboratory carbonate
standard Marbre LM (normalised to the international
standard NBS19) was used on a routine basis to moni-
tor the accuracy and precision of the measurements,
whereby repeated analyses (N = 6-8) showed standard
deviations <0.03‰ for δ13C and <0.06‰ for δ18O.
Over the course of the analysis, Marbre LM (N = 80)
gave a mean δ¹⁸O value of −2.08‰ (expected value:
−1.83‰) and a mean δ¹³C value of 2.19‰ (expected
value: 2.13 ‰), and corrections were made for these
offsets.

Seaweed consumption is expected to be higher
during winter, at a time when significant amounts of
seaweed are driven ashore by the storms. Consuming
13C-enriched seaweed in winter, when rainwater δ18O
values are the lowest, leads to δ13C and δ18O sequences
varying in opposite phase (Balasse et al. 2019). The
shift in position between the δ13C and δ18O seasonal
cyclic variations in enamel (phase shift, expressed in
°) was modelled as described in Balasse et al. (2019):
in-phase variation of δ13C and δ18O is described by
a phase shift around 0° or 360°, while phase shifts
around 180° express opposed variations in the δ13C
and δ18O sequences (e.g. as a result of seaweed con-
sumption in the winter).

Birth seasonality (i.e. the length and timing of the
lambing period) was investigated by studying inter-
individual variability in the position of the highest
value of the δ18O annual cycle in the tooth crown
(x0; distance from the enamel-root-junction in mm).
Since sequential sampling is undertaken at discrete
intervals, this x0 position is not measured directly,
and was therefore modelled (following Balasse et al.
2012; see also supplementary material, 1.3 Stable iso-
tope ratio modelling). The distance x0 was normalised
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to the δ18O cycle period (X; length of crown formed
over one year in mm) for each tooth to eliminate
inter-individual variability in tooth size (Balasse
et al. 2012). The season of birth was then established
by comparison to modern reference teeth (Balasse
et al. 2020). Seasonal consumption of seaweed in win-
ter has been shown to elevate δ18O values due to the
ingestion of oceanic water, whose large reservoir size
dampens seasonal variations (Balasse, Mainland, and
Richards 2009, 2005). Therefore, large extents of sea-
weed consumption in the middle and end of winter
may shift the x-axis position of the minimum δ18O
value to a small extent. This would affect the modelled
period length. For this reason, the determination of
the time of birth of sheep that consumed large
amounts of seaweed may be slightly less accurate
than for solely terrestrially feeding sheep.

All excavated sheep and deer mandibles with M3s
(and in the case of NOBovis107, anM2) in situwere ana-
lysed for bone collagen δ13C and δ15N (nStr.10 = 3 and
nCMA= 2 for sheep; nStr.10 = 1 for deer). Collagen was
extracted following a modified Longin (1971) pro-
cedure described inDunbar et al. (2017). Extracted col-
lagen was analysed by isotope ratio mass spectrometry
(IRMS) on a Delta V Advantage instrument following
combustion in an EA IsoLink that was coupled to the
Delta V via a Conflo IV (all ThermoFisher Scientific).
Typical analytical precisions were ±0.15‰ for δ15N
and ±0.1‰ for δ13C (see Sayle et al. 2019).

Results and Discussion

Sheep Ages-At-Death

None of the sheep/goat teeth from the Ness of Brodgar
showed a majority of goat-like features and are there-
fore all referred to as sheep. Only one matching, and
one possibly matching pair of sheep teeth were ident-
ified among the 116 sheep mandible fragments and
loose teeth, indicating almost all mandible frag-
ments/loose M3/dP4 likely represent different individ-
uals. For this reason, the mortality profiles were
plotted including all sample material. However, con-
sidering that several of the severely broken teeth
could technically match others, and that dP4s and
M3s may co-exist in the mandible during Payne
wear stage D, a total MNI of 78 was calculated (Sup-
plementary Tables S.3, S.4, S.5, S.6).

Around half of the sheep mandible fragments and
loose teeth indicate death after 2−4 years (Figure 2;
ages following Payne 1973). The primitive seaweed-
eating sheep populating North Ronaldsay (Orkney)
today reach maturity after three to four years (Ryder
1983) and are slaughtered after three years (K. Wood-
bridge, personal communication 2019). This suggests
sheep husbandry at the Ness of Brodgar was aimed
primarily at meat production (although hides, sinews,

etc., would likely also have been valued). Only a fifth of
the sheep were estimated to be aged 4−8 years, and
none were older than 8 years old. This low amount
of longer-lived sheep at the Ness of Brodgar indicates
that hair production was not of importance (cf. Payne
1973; Serjeantson 2011), consistent with the earliest
evidence of wool-producing sheep in Europe not
appearing until the Bronze Age (Sabatini et al. 2019).

The lack of remains of 0–2-month-olds suggests
that young sheep were not routinely slaughtered for
dairying purposes (Payne 1973), and, as lambs
would regularly have died naturally at birth, may
also indicate that sheep were not generally lambing
close to the site - or at least that dead lambs were dis-
posed of elsewhere. However, bone preservation at the
Ness of Brodgar is comparatively poor considering the
large amount of loose teeth compared to intact mand-
ibles, and younger mandibles appear to be more sus-
ceptible to postdepositional loss of material (Munson
and Garniewicz 2003). But while dog bones were
recovered from the Ness of Brodgar, gnawing appears
to have beenminimal at the Ness of Brodgar, with only
1% of bone fragments recovered from structure 10
having been gnawed, 0.09% in Trench T, and none
in Structure 8 (I. Mainland, unpublished data). Of
the 218 ageable cattle hemimandible fragments and
loose dP4s and M3s, 3–5 were from cattle that were
foetal or up to a few days old at birth (Ayres et al. in
prep.), suggesting that the lack of recovered sheep
teeth aged less than 0–2 months may indeed be due
to a low frequency/absence of such young sheep.

There was no evidence of systematic differences in
the sheep age distributions between Structure 10, the
CMA and the remaining material at the Ness of Brod-
gar (see Supplementary Fig. S.1 and Table S.7).

Red Deer Ages-At-Death

Wear comparison between left and right loose dP4s
and M3s indicates an MNI of 12 deer, with three

Figure 2. Ness of Brodgar sheep mortality profile. The line
graph indicates the estimated survival percentage until the
specified age (dotted lines: all Payne wear stage ‘GH’ teeth
considered as either G (lower), or H (upper)). The histogram
shows the frequency density of sheep mortalities using a
12-month time unit (after Brochier 2013 and Payne 1973).
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well-matching pairs and several possible pairs of teeth.
Around a third of the red deer were younger than 26
months (likely mostly around 10 months old), and
around two thirds were older than five years (Figure
3 and Supplementary Table S.8). It was impossible to
age the M3s precisely enough to distinguish between
prime-aged and older deer. In contrast, the deposit
of at least fifteen partly articulated red deer at the
Links of Noltland comprises generally younger deer,
with eleven deer aged approximately 9 months, two
2-year-olds, and two 5-year-olds (Clarke et al. 2017).

Sheep and Red Deer Diets, and the Marine
Reservoir Effect

For 14 of 17 sheep and all three deer, enamel δ13C
values ranged between −14.2‰ and −11.0‰ (Figure
4 and Supplementary Tables S.9, S.10 and Fig. S.2),
with δ13C and δ18O values varying nearly in-phase
(phase shift range 271–349°), reflecting terrestrial
diets throughout the year (Figure 5). However, three
sheep M3s (NOBovis39, NOBovis61, NOBovis111), all
from Structure 10, had elevated enamel δ13Cmax values
and showed opposite variations in δ13C and δ18O
values (phase shifts close to 180°). This reflects
mixed diets with an increased contribution of seaweed
in winter for these sheep (Figure 5). A fourth sheep M3

(NOB33) from the central midden area may also have
consumed small amounts of seaweed in the cold sea-
son (Figure 4). In contrast to the enamel δ13C data,
none of the sheep and deer mandible δ13Ccollagen

values (Figure 6) were indicative of seaweed consump-
tion. This is likely in part due to different individuals
being sampled (only 6 individuals could be sampled
both for enamel and bone due to poor mandible pres-
ervation; unfortunately, NOBovis39, NOBovis61 and
NOBovis111, showing evidence for winter

consumption of seaweed from tooth enamel δ13C
values, are loose teeth and therefore could not provide
bone collagen values), but possibly also because
δ13Ccollagen is less sensitive to seasonal seaweed-con-
sumption (Blanz et al. 2020). Therefore, at the Ness
of Brodgar none of the δ¹³C values measured in
sheep bone collagen (n = 8, this study; Budd and
Schulting 2011; Jones and Mulville 2016) clearly indi-
cate seaweed consumption, while in 3–4 cases (out of
17) the δ¹³C values measured in enamel reflect winter
consumption of seaweed. Consequently, seaweed con-
sumption is attested, but was not a dominant pattern
among sheep or at least did not regularly contribute
to an extent that could be measured in bone collagen.

Despite evidence from present-day that red deer
may eat seaweed (Conradt 2000), it did not contribute
substantially to any of the analysed deer’s diets during
the time reflected in the M3 enamel (likely mid-late
winter to early summer, as reflected in the δ¹⁸O
values). This is consistent with deer δ13Ccollagen values
from the Ness of Brodgar (Figure 6), and with data
from other M2s and M3s of deer from Neolithic
Orkney (from Skara Brae, n = 3, Links of Noltland,
n = 3, Balasse et al. unpublished results; Holm of
Papa Westray, n = 1; Balasse and Tresset 2009).

These results also have implications for radiocar-
bon dating at the Ness of Brodgar and across Neolithic
Orkney due to the marine reservoir effect (i.e. the pro-
portion of radiocarbon in the ocean being depleted
compared to that in the contemporaneous atmos-
phere; Alves et al. 2018; Stuiver, Pearson, and Braziu-
nas 1986). In unburnt bones, corrections for the
marine reservoir effect may be made based on δ13C
results (giving the amount of marine food consump-
tion). However, in calcined bones, the unknown
extent of carbon isotope replacement and fraction-
ation during the burning process prevents the accurate
quantification of marine carbon in burnt bones (Zazzo
et al. 2012), and thereby also the correction of radio-
carbon dates for the marine reservoir effect. Therefore,
radiocarbon dates from calcined sheep bones (and
unidentified bones) may be unreliable at the Ness of
Brodgar and across Neolithic Orkney due to the possi-
bility of seaweed consumption. This may affect three
radiocarbon dates of unidentified calcined bone
from Structure 5 at the Ness of Brodgar (OxA-X-
2633-41, UBA-29753, UBA-29754; Card et al. 2018),
which may be younger if these bones were from sea-
weed-eaters. However, the extent of the potential mar-
ine reservoir effect for seaweed-eaters from Late
Neolithic Orkney has not yet been determined and
may well be low. Photosynthesis by some intertidal
seaweeds during periods of exposure to air appears
to incorporate carbon from atmospheric CO2 (Ní
Longphuirt et al. 2013; instead of the use of dissolved
inorganic carbon from the ocean when submerged).
Additionally, even when submerged, seaweeds

Figure 3. Age-at-death of Ness of Brodgar red deer, showing
the MNI in the columns and the total number of recovered
dP4s and M3s above the columns.
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growing close to the surface will also incorporate
newly dissolved atmospheric CO2. This means that
the marine reservoir effect of these seaweeds will be
less than that of deep-sea organisms obtaining 100%
of their carbon from the marine environment.

Sheep Birth Seasonality

Close grouping of x0/X values (range: 0.38–0.45) was
observed for 8 of 14 modellable M3 δ18O sequences
(Figure 7), indicating that over half of the sheep

Figure 4. Intra-tooth sequential δ13C and δ18O values of sheep and deer M3s. Sample positions on the tooth crown are expressed
as distances from the enamel-root junction. The three teeth with the highest δ13Cmax are shown in black (with high δ¹³C values
attributed to seaweed consumption in the cold season), and NOBovis33 (possible seaweed consumption in the cold season) in
yellow. M2 NOBovis107 was excluded here.

Figure 5. Phase shift between the intra-tooth seasonal variations in sheep enamel δ13C and δ18O values, plotted against the high-
est δ13C value of the intra-tooth sequence (δ13Cmax). The patterns refer to the diets of modern reference sheep, with Pattern 1:
terrestrial grazing, Pattern 2: almost only seaweed, Pattern 3: mixed diet with increased contribution of seaweed in winter.
NOBovis33 and the deer were excluded as they had too low δ13C amplitudes to be modelable. Data: this study (NOB); Balasse,
Tresset, and Ambrose 2006, 2009, 2019.
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teeth analysed from the Ness of Brodgar were of sheep
born within the same 1–2 months in mid to late
spring/early summer, two thirds were born over
approximately 3 months, and only a few individuals
in late summer and autumn. This restricted lambing
period is expected in temperate Europe, where sheep
have a photoperiodic-controlled seasonal reproductive
behaviour, alternating between a period of sexual
activity and a period of sexual rest (Hafez 1952; Karsch
et al. 1984). Previous studies at other Neolithic sites in
Orkney have shown similarly restricted lambing
periods occurring at the same time of the year (Figure
7), i.e. slightly later than the late winter/spring lamb-
ing observed at lower latitudes sites (Balasse et al.
2020). The occurrence of a few late births (in late sum-
mer and autumn) also suggests that sheep reproduc-
tion was not generally strictly controlled by humans
in Neolithic Orkney, or at least not with the objective
of concentrating births to a minimally short lambing
period.

To study whether differences in the time of birth
correlate with differences in diet, comparisons
between dietary groups were made encompassing all

analysed sheep from Neolithic Orkney sites, i.e. Ness
of Brodgar, Knap of Howar, Holm of Papa Westray
North and Skara Brae (data: this study and Balasse
et al. 2020, 2019). Sheep that consumed seaweed in
their first winter had largely similar x0/X values
(mean(x0/X) = 0.46, σ = 0.12, n = 18) compared to
those which did not display evidence of seaweed con-
sumption (mean(x0/X) = 0.56, σ = 0.16, n = 20; t(36) =
2.03, p = 0.501; see Supplementary Fig. S.3).

Seaweed-Consumption and Adaptations to the
Environment

Previous evidence from Neolithic Orkney has shown a
gradual introduction of seaweed into the Neolithic
sheep diet on Orkney. Stable isotope analyses of
tooth enamel have shown only minor consumption
of seaweed by sheep excavated from Knap of Howar
(mid-late 4th millennium cal BC; Balasse et al. 2019;
Bayliss et al. 2017) and no evidence of seaweed con-
sumption in Phase 0 at Skara Brae (ca. 3400–3200
cal BC; Balasse et al. 2019; Bayliss et al. 2017), followed
by an increased uptake of seaweed at Skara Brae in

Figure 6. Bone collagen δ13C and δ15N from the Ness of Brodgar (left; this study), and comparison to other Neolithic Orkney sites
(right; includes literature data): Holm of Papa Westray North Cairn (HPWN), Knap of Howar (KH), Links of Noltland (LON), Point of
Cott (POC), Skara Brae (SB) and Tofts Ness (TN). Excludes animals reported as <6 months to avoid the inclusion of elevated δ15N
values that are due to milk consumption, and effects of seaweed-consumption by the mother ewe on lamb δ¹³C values (see Schult-
ing et al. 2017). Data: this study; Schulting and Richards 2009; Budd and Schulting 2011; Jones and Mulville 2016; Card et al. 2018;
Blanz et al. 2020.

Figure 7. Timing of births of sheep in Neolithic Orkney, shown as x0/X values for M3s and corrected x0/X values for M
3s (see Balasse

et al. 2020). The circular graph shows the individual datapoints, the mean (red line) and 66% confidence interval (black lines), with
outliers outside of the 95% confidence interval in grey. Sheep showing evidence of seaweed consumption are indicated as black
triangles without adjustments to x0/X for potential dietary effects. NOBovis83 and NOBovis50 were not modelable and excluded.
Data: this study (NOB), Knap of Howar (KH), Skara Brae (SB) and Holm of Papa Westray North (HPWP) from Balasse et al. 2017, 2020.
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phase 1 (ca. 2900 cal BC; Balasse et al. 2019; Bayliss
et al. 2017), in turn followed by seaweed consumption
becoming predominant among sheep from Holm of
Papa Westray North Cairn (third quarter of the
third millennium cal BC; Balasse and Tresset 2009;
Bayliss et al. 2017), and Phase 2 of Skara Brae (ca.
2750–2500 cal BC; Balasse et al. 2019; Bayliss et al.
2017). Additional evidence from Point of Cott (mid-
4th to mid-3rd millennia BC, Balasse, Mainland, and
Richards 2009) and Quanterness (third millennium
cal BC; Schulting et al. 2017) also indicates seaweed
consumption. This chronological development
suggests an ongoing adaptation to the coastal environ-
ment; but with only 3–4 out of 17 analysed sheep exca-
vated from the Ness of Brodgar consuming significant
amounts of seaweed (sheep postdating 2500 cal BC),
this study shows that by the Late Neolithic, seaweed-
consumption was not a ubiquitous adaptation on
Orkney as a result of a simple linear development,
but was pluridirectional, and subject to considerable
local and chronological variability. By the Middle
Iron Age at Mine Howe, one of three analysed sheep
teeth showed evidence of seaweed consumption
(Balasse, Mainland, and Richards 2009). This variabil-
ity is likely the result of many different factors, includ-
ing access and distance to terrestrial and shore
grazing, the amount of stock to overwinter and the
severity of the current and previous winters, and
potentially even the herders’ previous experiences
with seaweed (as excessive seaweed-consumption
may be harmful; see seaweed-stagger description in
Blanz et al. 2020; and Ingimundarson 1995).

Seaweed-consumption by Neolithic sheep on
Orkney appears to have been largely restricted to the
cold season (this work; Balasse et al. 2019, 2009,
2006, 2005; Balasse and Tresset 2009), and accord-
ingly, it seems that seasonal seaweed consumption
by sheep was the result of shortages of winter grazing
(Balasse et al. 2005) or fodder. For Late Neolithic
farmers on Orkney, these shortages of winter grazing
would have been a regular (annual) occurrence that
effectively controlled the size of the flock that could
be kept, and accordingly calculations would have
been made every autumn as to how many animals to
cull with reference to the amount of likely available
winter grazing, and already collected winter fodder
(Amorosi et al. 1998). Without availability of seaweed
or winter fodder, nutritional stress is particularly high
in early spring, when resources from the previous year
have been exhausted but new vegetation has yet to
grow (Upex and Dobney 2012). However, the sequen-
tial tooth enamel δ13C and δ18O results of Neolithic
seaweed-eating sheep on Orkney show that the peak
of seaweed-consumption generally occurred earlier,
i.e. already in winter, rather than in early spring (e.g.
on Holm of Papa Westray; Balasse, Tresset, and
Ambrose 2006; Balasse and Tresset 2009; at Skara

Brae; Balasse et al. 2019; and at the Ness of Brodgar).
This corresponds with stranded seaweed being readily
available from late autumn to early spring, when it is
cast onto the shores following storms (Fenton 1986,
65–66). Accordingly, for the sampled sheep (i.e.
those that survived into adulthood and developed
sampleable molars) seaweed-consumption was likely
not a last-ditch effort to ensure survival in the begin-
ning of spring, but was more likely part of a planned
decision by the herders before winter, or the result
of animals with a taste for seaweed being left to
roam freely.

Only 3–4 of the analysed sheep excavated from the
Ness of Brodgar consumed significant amounts of sea-
weed, whereas seaweed-consumption appears to have
been more common during Phase 2 of the smaller,
domestic site of Skara Brae (Balasse et al. 2019). The
observed difference in sheep diet may be due to the
Ness of Brodgar having been a particularly affluent
and prestigious site with access to a larger extent of
terrestrial grazing areas compared to Skara Brae, but
could also be due to the Ness of Brodgar being situated
at a further distance to the sea (Figure 1). However, the
origin of the sheep excavated from the Ness of Brodgar
is also still unclear, apart from the seaweed diets of 3–4
sheep indicating likely proximity to the coast during
winter.

So far, there is no evidence of cattle consuming sig-
nificant amounts of seaweed in Neolithic Orkney
(Figure 6; Balasse et al. 2019; Schulting et al. 2017),
despite numerous reports of cattle consuming seaweed
elsewhere (Hall and Moore 1986; Hallsson 1964;
Landsborough 1857; Martin 1716; Sauvageau 1920).
The lack of seaweed consumption by Neolithic
Orkney cattle could simply be an indication of a lack
of adaptation and suitability to the foreshore. How-
ever, this difference in diet to sheep could also be
the result of cattle being pastured on differing grazing
areas. Coupled with the apparent greater importance
of cattle to sheep in Late Neolithic Orkney, this
could possibly indicate that terrestrial resources were
held to be of higher value than seaweed.

Red deer appear to have had a special significance
in Neolithic Orkney, as several deposits of articulated
and disarticulated deer carcasses without evidence of
butchery or consumption have been reported at the
Ness of Brodgar (Mainland et al. 2020, 2014), adjacent
to Skara Brae (Richards et al. 2015) and at the Links of
Noltland (Clarke et al. 2017). At the Ness of Brodgar,
all deer hemimandible fragments and loose dP4s and
M3s (n = 19, MNI = 12) were from Structure 10, in
contrast to only 34% of sheep so far excavated (n =
116). This may also indicate a special significance of
red deer. Historically and in present-day, red deer
have been reported to consume significant amounts
of seaweed in the Scottish Western Isles and on Rùm
(Inner Hebrides, Scotland) when access to seaweed-
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rich shores is available (Conradt 2000; Martin 1716).
The lack of evidence of seaweed consumption even
on a seasonal basis by deer in Neolithic Orkney is
therefore noteworthy and may be related to a possible
lack of shore access, which could be due to anthropo-
genic influences. The prevalence of human activity
near the coast in Neolithic Orkney may have restricted
the range of red deer, perhaps confining populations
to the interior of the islands.

However, on the isle of Rùm, not all deer that have
access to seaweed make use of it in present-day.
Mother’s preferences for seaweed were shown to be
passed on to the offspring, implying that seaweed con-
sumption is learnt early in life (Conradt 2000). There-
fore, it is also possible that the Neolithic deer on
Orkney had access to seaweed but chose not to con-
sume it to a measurable extent – potentially because
they had not ‘developed a taste’ for seaweed.

Conclusion

Age-at-death analyses revealed most sheep at the Ness
of Brodgar died after 2–4 years of life, with a lack of
very young and old animals. This deviation of the
assemblage from a viable herd structure suggests that
prime-aged sheep were preferentially brought to the
site, likely for exploitation of their meat. Further
work on the characteristics of the faunal assemblage
(selection of parts of the carcass, intensity of butchery
practices, joints in articulation) will be undertaken to
study the importance of sheep for feasting at the
Ness of Brodgar.

Only 3–4 of 17 analysed sheep teeth excavated from
Late Neolithic Ness of Brodgar showed evidence of
seaweed consumption based on stable isotope ratio
analyses. This, in combination with the scarcity of
marine animal remains (Harland 2020), supports pre-
vious suggestions that marine resources likely did not
play a major role at the Ness of Brodgar. The scarcity
of seaweed-eating sheep at the Ness of Brodgar also
indicates that seaweed consumption was not a ubiqui-
tous adaptation to the coastal environment on Orkney
in the Late Neolithic. Combined with the breadth of
evidence of seaweed consumption by sheep from
other sites in Neolithic, Chalcolithic and Iron Age
Orkney (Balasse et al. 2019, 2009, 2006, 2005; Dockrill
et al. 1994; Jones and Mulville 2016; Schulting et al.
2017), the results show that the extent of prehistoric
seaweed consumption by sheep varied both geo-
graphically and chronologically throughout the archi-
pelago, possibly reflecting changes to animal ranges,
stocking density, terrestrial resource abundance and
landscapes.

Red deer appear to have had a special status at the
Ness of Brodgar, with red deer mandibles and loose
dP4s andM3s only being found associated with the lar-
gest structure at the Ness of Brodgar, Structure 10. In

contrast to sheep, none of the analysed Neolithic red
deer on Orkney were found to have consumed mea-
surable amounts of seaweed, potentially indicating
differing grazing ranges due to anthropogenic influ-
ences, which bears further investigation.

Acknowledgments

Analysis of bone collagen δ13C and δ15N values was per-
formed at SUERC by Kerry Sayle. Analysis of enamel δ13C
and δ18O values was performed at SSMIM(MNHN) Paris.
Special thanks are due to Helen Aiton, and all NOB volun-
teers, Anne Mitchell for facilitating access to the NOB
material, and Paul Halstead for his aid in distinguishing
sheep and goats. The authors would also like to thank
Rick Schulting for access to HPWN and KH stable isotope
ratio data, Chelsea Budd and Malcolm Lillie for providing
additional NOB collagen δ13C and δ15N data, and Sheena
Fraser and the Links of Noltland Project for access to
tooth-wear data from the Links of Noltland.

Disclosure Statement

Nopotential conflict of interest was reported by the author(s).

Funding

This research was funded by the European Social Fund and
Scottish Funding Council as part of Developing Scotland’s
Workforce in the Scotland 2014–2020 European Structural
and Investment Fund Programme, with support from the
Orkney Archaeology Institute and Ness of Brodgar Trust,
and European LEADER Development Funding.

Notes on contributors

Magdalena Blanz is a postdoctoral researcher at the Vienna
Institute for Archaeological Science (VIAS) of the Univer-
sity of Vienna, Austria. This study was undertaken as part
of her doctoral research at the University of the Highlands
and Islands Archaeology Institute. She specialises in the
dietary analysis of archaeological and present-day animal
remains by stable isotope and trace element analysis, and
in the study of seaweed consumption by terrestrial
mammals.

Marie Balasse is Directrice de Recherche at the CNRS,
affiliated with the ‘Archaeozoology, Archaeobotany:
Societies, Practices, Environments (AASPE)’ research team
at the Muséum national d’Histoire naturelle (Paris, France).
She has expertise in stable isotope analysis of animal
remains. Her research focusses on the adaptation of husban-
dry systems and domestic animals to the diverse environ-
mental settings of Europe during the Neolithic.

Nick Card is the director of the Ness of Brodgar excavation
for the University of the Highlands and Islands Archaeology
Institute and the Ness of Brodgar Trust.

Philippa Ascough is the Head of the National Environ-
mental Isotope Facility (NEIF) Radiocarbon laboratory at
the Scottish Universities Environmental Research Centre,
Scotland, UK. Her expertise includes stable isotope analysis
and palaeodietary reconstruction in human and animal
publications, with a focus on the North Atlantic over the
Holocene period.

10 M. BLANZ ET AL.



Denis Fiorillo is a Laboratory Technician at the CNRS,
affiliated with the ‘Archaeozoology, Archaeobotany:
Societies, Practices, Environments (AASPE)’ research team
at the Muséum national d’Histoire naturelle (Paris, France).

Mark A. Taggart is a Senior Research Fellow and Theme
Leader (for Environmental Contamination and Ecological
Health) at the Environmental Research Institute, part of
the University of the Highlands and Islands. His research
focusses on environmental/analytical chemistry and
ecotoxicology.

Jörg Feldmann is an environmental analytical chemist at the
University of Graz, Austria. His trace element speciation
laboratory, TESLA, develops novel analytical approaches
to characterise environmental and biological processes of
trace elements, mainly by using mass spectrometry.

Ingrid Mainland is Professor of Archaeological Science at
the University of the Highlands and Islands Archaeology
Institute. She is a zooarchaeologist whose research focuses
on human-animal relations in North Atlantic island ecosys-
tems and the resilience of these island communities over
deep time, with a specific interest in the zooarchaeology of
food and fodder.

ORCID

Magdalena Blanz http://orcid.org/0000-0003-0195-6744

References

Albarella, U., and D. Serjeantson. 2002. “A Passion for Pork:
Meat Consumption at the British Late Neolithic Site of
Durrington Walls.” In Consuming Passions and Patterns
of Consumption, edited by N. Milner and P. Miracle,
33–49. Cambridge: McDonald Institute for
Archaeological Research.

Alves, E. Q., K. Macario, P. Ascough, and C. Bronk Ramsey.
2018. “The Worldwide Marine Radiocarbon Reservoir
Effect: Definitions, Mechanisms, and Prospects.”
Reviews of Geophysics 56: 278–305. doi:10.1002/
2017RG000588.

Amorosi, T., P. C. Buckland, K. J. Edwards, I. Mainland, T.
H. McGovern, J. P. Sadler, and P. Skidmore. 1998. “They
Did Not Live by Grass Alone: The Politics and
Palaeoecology of Animal Fodder in the North Atlantic
Region.” Environmental Archaeology 1: 41–54. doi:10.
1179/env.1996.1.1.41.

Balasse, M., I. Mainland, and M. P. Richards. 2009. “Stable
Isotope Evidence for Seasonal Consumption of Marine
Seaweed by Modern and Archaeological Sheep in the
Orkney Archipelago (Scotland).” Environmental
Archaeology 14: 1–14. doi:10.1179/174963109X400637.

Balasse, M, G. Obein, J. Ughetto-Monfrin, and I. Mainland.
2012. “Investigating seasonality and season of birth in
past herds: A reference set of sheep enamel stable oxygen
isotope ratios.” Archaeometry 54 (2): 349–368. doi:10.
1111/arcm.2012.54.issue-2.

Balasse, M., L. Renault-Fabregon, H. Gandois, D. Fiorillo, J.
Gorczyk, K. Bacvarov, and M. Ivanova. 2020. “Neolithic
Sheep Birth Distribution: Results from Nova Nadezhda
(Sixth Millennium BC, Bulgaria) and a Reassessment
of European Data with a new Modern Reference set
Including Upper and Lower Molars.” Journal of
Archaeological Science 118, doi:10.1016/j.jas.2020.
105139.

Balasse, M., and A. Tresset. 2009. “A Key to the Adaptation
of Neolithic Husbandry in the Orkneys: Contribution of
Seaweed to the Sheep Diet at the Holm of Papa
Westray, Revealed Through Stable Isotope Analysis
(δ13C and δ18O) of Teeth.” In On the Fringe of
Neolithic Europe, edited by A. Ritchie, 74–83.
Edinburgh: Society of Antiquaries of Scotland.

Balasse, M., A. Tresset, and S. H. Ambrose. 2006. “Stable
Isotope Evidence (δ13C, δ18O) for Winter Feeding on
Seaweed by Neolithic Sheep of Scotland.” Journal of
Zoology 270: 170–176. doi:10.1111/j.1469-7998.2006.
00104.x.

Balasse, M., A. Tresset, A. Balaşescu, E. Blaise, C. Tornero,
H. Gandois, D. Fiorillo, et al. 2017. “Animal Board
Invited Review: Sheep Birth Distribution in Past Herds:
A Review for Prehistoric Europe (6th to 3rd Millennia
BC).” Animal 11: 2229–2236. doi:10.1017/
S1751731117001045.

Balasse, M., A. Tresset, K. Dobney, and S. H. Ambrose. 2005.
“The Use of Isotope Ratios to Test for Seaweed Eating in
Sheep.” Journal of Zoology 266: 283–291. doi:10.1017/
S0952836905006916.

Balasse, M., A. Tresset, G. Obein, D. Fiorillo, and H.
Gandois. 2019. “Seaweed-Eating Sheep and the
Adaptation of Husbandry in Neolithic Orkney: New
Insights from Skara Brae.” Antiquity 93: 919–932.

Bates, C. R., M. R. Bates, S. Dawson, D. Huws, J. E.
Whittaker, and C. R. Wickham-Jones. 2016. “The
Environmental Context of the Neolithic Monuments on
the Brodgar Isthmus, Mainland, Orkney.” Journal of
Archaeological Science: Reports 7: 394–407. doi:10.1016/
j.jasrep.2016.05.032.

Bayliss, A., P. Marshall, C. Richards, and A. Whittle. 2017.
“Islands of History: The Late Neolithic Timescape of
Orkney.” Antiquity 91: 1171–1188. doi:10.15184/aqy.
2017.140.

Blanz, M., I. Mainland, M. Richards, M. Balasse, P. Ascough,
J. Wolfhagen, M. A. Taggart, and J. Feldmann. 2020.
“Identifying Seaweed Consumption by Sheep Using
Isotope Analysis of Their Bones and Teeth: Modern
Reference δ13C and δ15N Values and Their
Archaeological Implications.” Journal of Archaeological
Science 118, doi:10.1016/j.jas.2020.105140.

Brochier, JÉ. 2013. “The use and Abuse of Culling Profiles in
Recent Zooarchaeological Studies: Some Methodological
Comments on “Frequency Correction” and its
Consequences.” Journal of Archaeological Science 40:
1416–1420. doi:10.1016/j.jas.2012.09.028.

Budd, C., and R. Schulting. 2011. Ness of Brodgar Faunal
δ13C and δ15N Stable Isotope Results. Kirkwall:
Unpublished Report for the Orkney Research Centre
for Archaeology.

Card, N., M. Edmonds, and A. Mitchell. 2020a. The story so
far, in: The Ness of Brodgar: As It Stands. pp. 38–55.

Card, N., M. Edmonds, and A. Mitchell. (Eds.) 2020b. The
Ness of Brodgar: As it Stands. Kirkwall: Orcadian.

Card, N., I. Mainland, S. Timpany, R. Towers, C. Batt, C. B.
Ramsey, E. Dunbar, et al. 2018. “To Cut a Long Story
Short: Formal Chronological Modelling for the Late
Neolithic Site of Ness of Brodgar, Orkney.” European
Journal of Archaeology 21: 217–263. doi:10.1017/eaa.
2016.29.

Clarke, D., A. Sheridan, A. Shepherd, N. Sharples, M.
Armour-Chelu, L. Hamlet, C. B. R. E. Dunbar, et al.
2017. “The End of the World, or Just ‘Goodbye to All
That’? Contextualising the Red Deer Heap from Links
of Noltland, Westray, Within Late 3rd-Millennium cal

ENVIRONMENTAL ARCHAEOLOGY 11

http://orcid.org/0000-0003-0195-6744
https://doi.org/10.1002/2017RG000588
https://doi.org/10.1002/2017RG000588
https://doi.org/10.1179/env.1996.1.1.41
https://doi.org/10.1179/env.1996.1.1.41
https://doi.org/10.1179/174963109X400637
https://doi.org/10.1111/arcm.2012.54.issue-2
https://doi.org/10.1111/arcm.2012.54.issue-2
https://doi.org/10.1016/j.jas.2020.105139
https://doi.org/10.1016/j.jas.2020.105139
https://doi.org/10.1111/j.1469-7998.2006.00104.x
https://doi.org/10.1111/j.1469-7998.2006.00104.x
https://doi.org/10.1017/S1751731117001045
https://doi.org/10.1017/S1751731117001045
https://doi.org/10.1017/S0952836905006916
https://doi.org/10.1017/S0952836905006916
https://doi.org/10.1016/j.jasrep.2016.05.032
https://doi.org/10.1016/j.jasrep.2016.05.032
https://doi.org/10.15184/aqy.2017.140
https://doi.org/10.15184/aqy.2017.140
https://doi.org/10.1016/j.jas.2020.105140
https://doi.org/10.1016/j.jas.2012.09.028
https://doi.org/10.1017/eaa.2016.29
https://doi.org/10.1017/eaa.2016.29


BC Orkney.” Proceedings of the Society of Antiquaries of
Scotland 146: 57–89. doi:10.9750/PSAS.146.1226.

Conradt, L. 2000. “Use of a Seaweed Habitat by red Deer
(Cervus ElaphusL.).” Journal of Zoology 250: 541–549.

Dockrill, S. J., J. M. Bond, A. Milles, A. Simpson, and J.
Ambers. 1994. “Tofts Ness, Sanday, Orkney. An
Integrated Study of Buried Orcadian Landscape.” In
Whither Environmental Archaeology. Vol. 38, edited by
R. Luff and P. Rowley-Conwy, 115–132.

Dunbar, E., P. Naysmith, G. T. Cook, E. M. Scott, S. Xu, and
B. G. Tripney. 2017. “Investigation of the Analytical F14C
Bone Background Value at SUERC.” Radiocarbon 59:
1463–1473. doi:10.1017/RDC.2017.67.

Fenton, A. 1986. The Shape of the Past 2. Edinburgh: John
Donald Publishers Ltd.

Guiry, E. J., and P. Szpak. 2020. “Seaweed-Eating Sheep
Show Thatδ34S Evidence for Marine Diets Can be Fully
Masked by Sea Spray Effects.” Rapid Communications
in Mass Spectrometry 34: 1–10. doi:10.1002/rcm.8868.

Hafez, E. E. S. 1952. “Studies on the Breeding Season and
Reproduction of the Ewe Part I. The Breeding Season
in Different Environments Part II. The Breeding Season
in one Locality.” The Journal of Agricultural Science 42:
189–231. doi:10.1017/S0021859600056896.

Hall, S. J. G., and G. F. Moore. 1986. “Feral Cattle of Swona,
Orkney Islands.”Mammal Review 16: 89–96. doi:10.1111/
j.1365-2907.1986.tb00026.x.

Hallsson, S. V. 1964. The Uses of Seaweeds in Iceland. IV
Congr. Int. des Sigues Mar. 1961, Pergamon 398–405.

Halstead, P., P. Collins, and V. Isaakidou. 2002. “Sorting the
Sheep from the Goats: Morphological Distinctions
between the Mandibles and Mandibular Teeth of
AdultOvis and Capra.” Journal of Archaeological Science
29: 545–553. doi:10.1006/jasc.2001.0777.

Hansen, H. R., B. L. Hector, and J. Feldmann. 2003. “A
Qualitative and Quantitative Evaluation of the Seaweed
Diet of North Ronaldsay Sheep.” Animal Feed Science
and Technology 105: 21–28. doi:10.1016/S0377-8401
(03)00053-1.

Harland, J. 2020. “The Ness of Brodgar: Fish and Marine
Shell Remains.” In The Ness of Brodgar, as It Stands., edi-
ted by N. Card, M. Edmonds, and A. Mitchell, 278–289.
The Orcadian: Kirkwall.

Ingimundarson, J. H. 1995. Of sagas and sheep: Toward a
historical anthropology of social change and production
for market, subsistence and tribute in early Iceland
(10th to the 13th century).

Jones, J. R., and J. Mulville. 2016. “Isotopic and
Zooarchaeological Approaches Towards Understanding
Aquatic Resource use in Human Economies and
Animal Management in the Prehistoric Scottish North
Atlantic Islands.” Journal of Archaeological Science:
Reports 6: 665–677. doi:10.1016/j.jasrep.2015.08.019.

Karsch, F. J., E. L. Bittman, D. L. Foster, R. L. Goodman, S. J.
Legan, and J. E.Robinson. 1984.Neuroendocrinebasis of sea-
sonal reproduction., Recent progress in hormone research.

Landsborough, D. 1857. A Popular History of British
Seaweeds. London, UK: L. Reeve.

Longin, R. 1971. “New Method of Collagen Extraction for
Radiocarbon Dating.” Nature 230: 241–242. doi:10.
1038/230241a0.

Lowe, V. P. W. 1967. “Teeth as Indicators of age with Special
Reference to Red Deer (Cervus Elaphus) of Known age
from Rhum.” Journal of Zoology 152: 137–153. doi:10.
1111/j.1469-7998.1967.tb01881.x.

Mainland, I., M. Blanz, J. Ayres, and C. Webster. 2020.
“Cattle and Other Animals: Human-Animal

Relationships at the Ness of Brodgar.” In The Ness of
Brodgar: As It Stands, edited by N. Card, M. Edmonds,
and A. Mitchell, 266–277. Kirkwall: The Orcadian.

Mainland, I., N. Card, M. K. Saunders, C. Webster, L.
Isaksen, J. Downes, and M. Littlewood. 2014.
“‘SmartFauna’: A Microscale GIS-Based Multi-
Dimensional Approach to Faunal Deposition at the
Ness of Brodgar, Orkney.” Journal of Archaeological
Science 41: 868–878. doi:10.1016/j.jas.2013.10.019.

Martin, M. 1716. A Description of the Western Islands of
Scotland. 2nd ed. London, UK: A. Bell.

Morris, J. T. 2005. “Red Deer’s Role in Social Expression on
the Isles of Scotland.” BAR Int. Ser 1410: 9–18.

Munson, P. J., and R. C. Garniewicz. 2003. “Age-mediated
Survivorship of Ungulate Mandibles and Teeth in
Canid-Ravaged Faunal Assemblages.” Journal of
Archaeological Science 30: 405–416. doi:10.1006/jasc.
2002.0850.

Ní Longphuirt, S., C. Eschmann, C. Russell, and D. B.
Stengel. 2013. “Seasonal and Species-Specific Response
of Five Brown Macroalgae to High Atmospheric CO2.”
Marine Ecology Progress Series 493: 91–102. doi:10.3354/
meps10570.

Payne, S. 1973. “Kill-off Patterns in Sheep and Goats: The
Mandibles from Aşvan Kale.” Anatolian Studies 23:
281–303.

Payne, S. 1985. “Morphological Distinctions Between the
Mandibular Teeth of Young Sheep, Ovis, and Goats,
Capra.” Journal of Archaeological Science 12: 139–147.

Payne, S. 1987. “Reference Codes for Wear States in the
Mandibular Cheek Teeth of Sheep and Goats.” Journal
of Archaeological Science 14: 609–614. doi:10.1016/0305-
4403(87)90079-3.

Richards, C., A. Clarke, C. Ingrem, J. Mulville, and I.
Mainland. 2015. “Containment, Closure and red Deer:
A Late Neolithic Butchery Site at Skaill Bay, Mainland,
Orkney.” Proceedings of the Society of Antiquaries of
Scotland 145: 91–124.

Rowley-Conwy, P., and A. C. Owen. 2011. “Grooved Ware
Feasting in Yorkshire: Late Neolithic Animal Consumption
at Rudston Wold.” Oxford Journal of Archaeology 30: 325–
367. doi:10.1111/j.1468-0092.2011.00371.x.

Ryder, M. L. 1983. Sheep and Man. London: Duckworth.
Sabatini, S., S. Bergerbrant, L. Brandt, A. Margaryan, and M.

E. Allentoft. 2019. “Approaching Sheep Herds Origins
and the Emergence of the Wool Economy in
Continental Europe During the Bronze Age.”
Archaeological and Anthropological Sciences 11: 4909–
4925. doi:10.1007/s12520-019-00856-x.

Sauvageau, C. 1920. Utilisation des algues marines. Paris: O.
Doin.

Sawyer, A., S. L.-M. Shillito, and N. Card. n.d.
Micromorphological analysis of dung in middens at the
Ness of Brodgar: seaweed eating sheep and fuel in
Neolithic Orkney. Manuscript in prep.

Sayle, K. L., C. R. Brodie, G. T. Cook, and W. D. Hamilton.
2019. “Sequential Measurement of δ15N, δ13C and δ34S
Values in Archaeological Bone Collagen at the Scottish
Universities Environmental Research Centre (SUERC):
A new Analytical Frontier.” Rapid Communications in
Mass Spectrometry 33: 1258–1266. doi:10.1002/rcm.8462.

Schulting, R., and M. Richards. 2009. “Radiocarbon Dates
and Stable Isotope Values on Human Remains.” In On
the Fringe of Neolithic Europe, edited by A. Ritchie, 66–
74. Edinburgh: Society of Antiquaries of Scotland.

Schulting, R. J., P. Vaiglova, R. Crozier, and P. J. Reimer.
2017. “Further Isotopic Evidence for Seaweed-Eating

12 M. BLANZ ET AL.

https://doi.org/10.9750/PSAS.146.1226
https://doi.org/10.1017/RDC.2017.67
https://doi.org/10.1002/rcm.8868
https://doi.org/10.1017/S0021859600056896
https://doi.org/10.1111/j.1365-2907.1986.tb00026.x
https://doi.org/10.1111/j.1365-2907.1986.tb00026.x
https://doi.org/10.1006/jasc.2001.0777
https://doi.org/10.1016/S0377-8401(03)00053-1
https://doi.org/10.1016/S0377-8401(03)00053-1
https://doi.org/10.1016/j.jasrep.2015.08.019
https://doi.org/10.1038/230241a0
https://doi.org/10.1038/230241a0
https://doi.org/10.1111/j.1469-7998.1967.tb01881.x
https://doi.org/10.1111/j.1469-7998.1967.tb01881.x
https://doi.org/10.1016/j.jas.2013.10.019
https://doi.org/10.1006/jasc.2002.0850
https://doi.org/10.1006/jasc.2002.0850
https://doi.org/10.3354/meps10570
https://doi.org/10.3354/meps10570
https://doi.org/10.1016/0305-4403(87)90079-3
https://doi.org/10.1016/0305-4403(87)90079-3
https://doi.org/10.1111/j.1468-0092.2011.00371.x
https://doi.org/10.1007/s12520-019-00856-x
https://doi.org/10.1002/rcm.8462


Sheep from Neolithic Orkney.” Journal of Archaeological
Science: Reports 11: 463–470. doi:10.1016/j.jasrep.2016.
12.017.

Serjeantson, D. 1990. “The Introduction of Mammals to the
Outer Hebrides and the Role of Boats in Stock
Management.” Anthropozoologica 13: 7–18.

Serjeantson, D. 2011. Review of Animal Remains from the
Neolithic and Early Bronze age of Southern Britain
(4000 BC – 1500 BC). English Herit. - Environ. Stud. Rep.

Sharples, N.. 2000. “Antlers and Orcadian Rituals: An
Ambiguous Role for Red Deer in the Neolithic.” In
Neolithic Orkney in its European context, edited by A.
Ritchie, 107–116. Cambridge: McDonald Institute for
Archaeological Research.

Stanton, David W. G, Jacqueline A. Mulville, and Michael
W Bruford. 2016. “Colonization of the Scottish islands
via long-distance Neolithic transport of red deer
(Cervus elaphus).” Proceedings of the Royal Society B:
Biological Sciences 283 (1828): 20160095. doi:10.1098/
rspb.2016.0095.

Steele, T. E., and T. D. Weaver. 2012. “Refining the
Quadratic Crown Height Method of age Estimation: Do

Elk Teeth Wear Quadratically with Age?” Journal of
Archaeological Science 39: 2329–2334. doi:10.1016/j.jas.
2012.02.017.

Stuiver, M., G. W. Pearson, and T. Braziunas. 1986.
“Radiocarbon Age Calibration of Marine Samples Back
to 9000 Cal Yr BP.” Radiocarbon 28: 980–1021. doi:10.
1017/S0033822200060264.

Tresset, A. 2002. “De la mer au bétail en domaine atlan-
tique : unité et diversité des processus d’apparition de
l’élevage à la marge nord-ouest de l’Europe.”
Anthropozoologica 36: 13–35.

Upex, B., and K. Dobney. 2012. “Dental Enamel Hypoplasia
as Indicators of Seasonal Environmental and
Physiological Impacts in Modern Sheep Populations: A
Model for Interpreting the Zooarchaeological Record.”
Journal of Zoology 287: 259–268. doi:10.1111/j.1469-
7998.2012.00912.x.

Zazzo, A., J. F. Saliège, M. Lebon, S. Lepetz, and C. Moreau.
2012. “Radiocarbon Dating of Calcined Bones: Insights
from Combustion Experiments Under Natural
Conditions.” Radiocarbon 54: 855–866. doi:10.1017/
S0033822200047500.

ENVIRONMENTAL ARCHAEOLOGY 13

https://doi.org/10.1016/j.jasrep.2016.12.017
https://doi.org/10.1016/j.jasrep.2016.12.017
https://doi.org/10.1098/rspb.2016.0095
https://doi.org/10.1098/rspb.2016.0095
https://doi.org/10.1016/j.jas.2012.02.017
https://doi.org/10.1016/j.jas.2012.02.017
https://doi.org/10.1017/S0033822200060264
https://doi.org/10.1017/S0033822200060264
https://doi.org/10.1111/j.1469-7998.2012.00912.x
https://doi.org/10.1111/j.1469-7998.2012.00912.x
https://doi.org/10.1017/S0033822200047500
https://doi.org/10.1017/S0033822200047500

	Abstract
	Introduction
	Materials and Methods
	Age-At-Death Assessment
	Stable Carbon, Oxygen, and Nitrogen Isotope Ratios

	Results and Discussion
	Sheep Ages-At-Death
	Red Deer Ages-At-Death
	Sheep and Red Deer Diets, and the Marine Reservoir Effect
	Sheep Birth Seasonality
	Seaweed-Consumption and Adaptations to the Environment

	Conclusion
	Acknowledgments
	Disclosure Statement
	Notes on contributors
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


